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Preface

This Edited Volume is a collection of reviewed and relevant research chapters,
concerning the developments within the “Voltammetry” field of study. The book
includes scholarly contributions by various authors and edited by a group of experts
pertinent to Chemistry. Each contribution comes as a separate chapter complete in
itself but directly related to the book’s topics and objectives.

The book is divided in 6 chapters: “Cyclic Voltammetry and Its Applications”, “Tips
of Voltammetry”, “Cyclic Voltammetry of Phthalocyanines”, “Electrochemical
Preparation and Characterization of Chemically Modified Electrodes”,
“Investigation of Electrochemical Pitting Corrosion by Linear Sweep Voltammetry:
A Fast and Robust Approach” and “Carbon-Based Electrode Application for
Determination and Differentiation of Chromium Ion Species Using Voltammetric
Method.”

The target audience comprises of all the players in academic communities: scien-
tists, university and college professors, research professionals, students and users of
academic libraries.

IntechOpen






Chapter1

Cyclic Voltammetry and Its
Applications

Pipat Chooto

Abstract

Cyclic voltammetry is a versatile method for scientific investigation and innova-
tion due to the fact that most processes involve electron transfer, which makes them
be able to be monitored by this technique. Its uses cover characterization, synthesis,
mechanisms, and analysis. In all applications, the technique can work well with
a large variety of compounds including organic, inorganic, polymer, films, and
semiconductors, among others. Furthermore, the method operates satisfactorily
whether in a direct or an indirect approach. It can be considered to be an essential
part at the very beginning that leads further to the grand project. As an analytical
tool, it plays an important role in not only chemistry but also other involving areas.
This review sheds the light on the way the technique proves to become one of the
important instruments in research, development, and application labs.

Keywords: cyclic voltammetry, electrochemistry, electrochemical applications,
characterizations, analysis

1. Introduction

Cyclic voltammetry has long been well known for its versatile applications in a
number of areas involving electron transfer process, both directly and indirectly. It
should be recognized at first that the techniques are normally not the main or the
most important one in the research. Rather, their data are really useful in fulfilling
the work as an essential complementary technique. It has been well applied in moni-
toring electrochemical behavior of a great variety of substances due to the fact that it
can provide the insights into the relationship of structure, potential, and characteris-
tic activities. The technique is prominent with its advantages of simplicity, sensitiv-
ity, speed, and low costs, among others, which results in a wide range of applications
so far. Only important cases of previous studies are presented. Brief information for
examples of recent applications is focused here along with corresponding references
for further studies in specific area of interest. Furthermore, due to the fact that there
have been a large variety of applications, it is not easy to categorize. Therefore, the
content has been arranged to suit its further use, vision extension, and initiation of
new research. Finally, it has to be emphasized that at this point, readers are sup-
posed to be familiar with basics of this technique as well as involving theories (for
example, ref. [29] and [30]). If not, available pertaining literature can be very useful.
In discussing the application of cyclic voltammetry, we are going to talk about the
three main uses of cyclic voltammetry first for different types of compounds, then
continue with involving areas that cyclic voltammetry is considered useful. CV is
used starting from here instead of cyclic voltammetry for convenience.
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2. Classifications of usage
2.1 Characterization and synthesis

General concepts on using CV for the characterization of polymers as well as
inorganic materials can be found elsewhere [1].

2.1.1 Organic compounds and polymers

CV has been proved to be helpful in characterizing xanthone, a bioactive compound,
revealing that catechol is the key moiety to make it an effective scavenger for reactive
species [2]. CV in methanol of antibiotic named amoxicillin revealed quasi reversible
behavior and the change of redox potential upon the interactions with both metal ions
and amino acids, which helps guiding in prescribing the medicine that they should not
to be used together with the antibiotic [3-5]. Electrochemical behavior of ibuprofen
and its degradation could be monitored closely by CV and found to be different for
various types of electrode; for example, adsorption was observed on silver composite
electrode, providing the insights into selecting the suitable electrode for removing this
pollutant [6]. Together with EIS, CV is also found to be very useful in characterizing
redox designing biosensors their behaviors depend on diffusion and capacitance, which
might well shed the light on designing biosensors [7]. N-dodecylacrylamide (DDA) can
form copolymer well with ferrocene derivatives on ITO to be applicable in the catalytic
and sensor devices [8]. Its electron transfer characteristic is determined by the forma-
tion of monolayer or multilayer on the surface. A polymer-modified electrode namely
poly(vinylferrocenium) on Pt was investigated and developed successfully by CV tech-
nique to make it applicable in analyzing organic compounds such as adenine [9]. The film
of ruthenium complex can be synthesized via electropolymerization and then modified
onto Pt electrode as a sensor for hydrazine with the characterization by CV [10]. Due to
the fact that pyrrole is electroactive, the behavior of various types of polypyrrole can be
conveniently followed by electrochemical methods, especially CV, and they were widely
investigated in the 1990s and beyond [11-14]. CV could also be applied well in character-
izing polyaniline to get suggestion in film preparations that its kinetic behaviors have the
influence from the dopant acid [15]. Our work has also proved that CV can be used in
electrografting born-doped diamond (BDD) surface via CV cycling without the use of
reducing agent to prepare ex-situ working electrode for Cd determination [16]. With its
advantage of speed, fast scan CV has been used to recommend the use of paraffin wax as
a sealant instead of epoxy in making electrode for both in vivo and in vitro applications
[17]. For natural polymers, CV has paved its way in analyzing specific electroactive com-
pounds such as quinones in natural rubbers, which is very helpful in understanding their
properties [18]. It is therefore clear that CV will still be greatly used for organic synthesis
and characterizations for a number of years to come.

2.1.2 Metals, metal complexes, and inorganic compounds

Due to the fact that complex formation involves electron transfer, understanding
the behavior of metal-ligand interaction can be studied well by CV and proven satis-
factorily for simulations for both higher and lower ligand concentrations as well as for
obtaining overall formation constants [19]. Our contribution has shown the use of CV
to support the results from X-ray crystallography to explain the behavior of copper-
thiourea-halide complexes [20]. Redox potential and reversibility obtained by CV have
been proved to be useful in studying metalloenzymes with cofactor of molybdenum
complexes as a model to describe its physiological role [21]. The characterizations of
metal complexes have also been indicated to help investigate the catalytic activities
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of complexes for the removal of toxic phenolic substances, especially dyes [22].

At quantum level, redox potentials from CV can be used in calculating LUMO and
HOMO as well as the gaps of new organic semiconductors, which are applicable in
everyday life [23]. CV has been proved to be advantageous in characterizing quantum
dots (QDs), particularly in terms of their stabilities in vivo [24]. CV has been shown

to be effective in following molecular imprinting of copper complexes [25]. CV can
also be used in tracing activated iridium oxide film (AIROF) microelectrode via the
variation of scan rate during the steps of fabrications and animal implantation [26]. In
particular, CV from gold rotating disk electrode (Au RDE) has also been proved to be
useful in determining surface coverage of silica microparticle monolayer and revealing
that the adsorption is stronger with increasing diameter and surface coverage, which
sheds the light on the deposition of a variety of particles onto the surface [27]. In terms
of fuel cells, CV has been used to characterize the synthesized Pt-Ru catalysts and their
catalytic activities [28]. CV has been used in the characterization of metal hydride.
Using NaOH instead of KOH reduces hydrogen adsorption/desorption, resulting in
better performance of nickel-metal hydride batteries [29].

2.2 Mechanism

Generally, CV has been widely recognized to be able to identify the mechanism
of coupled chemical reaction [30-32]. For recent applications, cyclic voltammetry
was applied together with voltabsorptometry in understanding the reaction of luma-
zine [33]. Special technique of fast Fourier transform continuous cyclic voltammetry
was developed to be used well in investigating the mechanism of 4-nitrocatechol and
its electrochemical synthesis [34]. This technique is also used in investigating proteoly-
sis of milk protein by the research group in the same country [35]. The nontriangular
waveform of CV has also been adopted with the advantage of convenient determina-
tion of transfer coefficient and electron transfer rate constant [36]. Additionally,
staircase was compared with linear scan to assist in investigating adsorbed species [37].
Surprisingly, CV can also be used in studying the mechanism of surface coating [38].
Cyclic voltammetry was used together with potentiometry in understanding interac-
tions between nicotine and metal ions [39]. The mechanism of electropolymerization
and catalytic reaction of phenol red can be explained well by CV in order to analyze
acetaminophen and dopamine [40]. The technique is also helpful in interpreting Ni
electrodeposition for extending methanol oxidation [41]. Additionally, it can be used
in understanding the mechanism of synthesizing graphene-coated graphene-coated
electrode conveniently and fast in only one step [42]. The technique has been proved to
be a helpful tool for mechanistic modeling for biosensors [43].

2.3 Analysis

CV can be used extensively for a wide range of both inorganic and organic
compounds. In addition, it can be applied indirectly to analyze other types of char-
acteristics, for example, microorganisms or antioxidant properties. Here the focus is
on recent examples for analysis applications.

2.3.1 Organic compounds

For the analysis of organic compounds, cyclic voltammetry can be considered
versatile in terms of a great variety of compounds. The technique has been used in the
detection of glucose with graphene modified electrode [44]. Due to the overlapping of
redox peaks in cyclic voltammetry, mathematical operation such as deconvolution has
been applied in analyzing electroactive species including explosives, especially nitro
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compounds. With modern technology in data analysis, the techniques can be used in
the determination of pesticides [45]. Separation technology, for example, electromem-
brane is also helpful in eliminating interferences in diclofenac analysis [46]. Carbon
black-modified GCE was used in estradiol by voltammetry in cooperation with FIA
and amperometry [47]. Another important natural compound that has been widely
used is curcumin, and its characteristics from CV can shed the light for its analysis

in various corresponding products [48, 49]. CV was also proved to be supersensitive
for hydrazine sensing [50]. Boron-doped diamond also exhibits its performance as an
electrode with superb sensitivity for metronidazole in the analysis by CV [51], whereas
bismuth electrode proved its specific characteristic in monitoring thiol content in fossil
fuel [52]. The determination of 2,4,6-trichloroanisole in cork stoppers to reduce the
wine defect can be accomplished satisfactorily with CV [53]. Recently, CV has played
very important role in the analysis of juice [54] and wine [55] with particular analytes
such as phenolic compounds. The analysis by CV helps in investigating perspective
ionic liquids (ILs) to be used as solvents and electrolytes with their specific properties
of cation and anion dependence [56]. It is also important to state here that CV can

be used in analysis with the increase or decrease of the current signals of indicator
compounds such as quinones [57] or ferricyanide [58]. Analyses of organic compounds
by CV are sure to appear extensively in the near future in the analytical literature.

2.3.2 Inorganic compounds

Cyclic voltammetry can be used well with numerous inorganic compounds. It is
normally applied to simple inorganic compounds probably because their electro-
chemical behavior is less complicated. It is worth mentioning here that metal ions
are normally monitored by stripping voltammetry, so it is not going to delve into
details here. Certainly, voltammetry is sensitive to metal ions, but its specificity
can be enhanced by electrode modifications and stripping potential. Those who
are interested in this area are suggested to get more details elsewhere [59-61]. An
example of application of cyclic voltammetry to complicated inorganic compounds
is the case of nanostructured iron oxides [62]. Additionally, corrosive impurities
can be monitored closely in molten chloride by CV, which is very useful for energy
storage [63]. With the use of chitosan and silver nanocomposite modified electrode,
hydrogen peroxide can be detected [64], and this can be further extended to the
determination of other compounds involving hydrogen peroxide such as glucose.

2.3.3 Other aspects of analysis

With electrochemical characteristics of CV, various analytical aspects of appli-
cations in analysis can be achieved as well. It was used in the valuation of antioxi-
dant potential, which is very important in making wine [65]. The technique, along
with EIS, CV can be used in assessing emulsion stability [66]. Furthermore, CV can
be used in determining HOMO and LUMO levels with an acceptable accuracy [67].
Surprisingly, it can be applied in monitoring the formation of biofilms [68]. With
its sensitivity for antioxidant, CV can be used in classifying black tea [69]. It is clear
that indirect uses of CV can be used in the future in a variety of applications.

3. Areas of applications

3.1 Chemistry

Electron transfer definitely plays an important role in all reactions; therefore,
electrochemistry and CV in particular have an essential part in all aspects of
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Areas of chemistry Typical applications
Analytical chemistry Preparation and synthesis
Analysis
Mechanism
Inorganic chemistry Metal interactions and reactions

Structure characterizations

Analysis

Organic chemistry Synthesis

Analysis

Characterization

Mechanism

Physical chemistry Thermodynamic studies

Kinetic studies

Theoretical equations

Surface and adsorption

Analysis

Mechanism

Biochemistry (and biology) Metabolic processes

Continuous monitoring

In vivo and in vitro analysis

Kinetic of enzymes

Biosensors

Table 1.
Summary of the main uses of CV in chemistry.

chemistry as summarized in Table 1. Typical examples have already been men-
tioned in the previous text.

3.2 Other areas

Due to the fact that CV provides essential information for better understanding
and the instrument is quite cost-effective now, thanks to modern technology, not
to mention the way that it is easy to access, cyclic voltammograph in the form of
potentiostat and specific programs is a must in most research and development labs.
Table 2 summarizes the use of CV in other areas besides chemistry.

4, Conclusive remarks

Cyclic voltammetry has long provided essential information in a number of
areas and obviously will continue to facilitate research work as an analytical tool.
The technique gives researchers an insight into the systems they are working on. For
chemistry, the technique has shed the light on the mechanism of electron transfer
reactions as well as their quantitative and synthetic relevance. The way that the
electron transfer responses to the parameters of the surrounding environment
leads scientists to be able to follow the behavior of target substances and therefore
supports their characterizations. With smaller and cheaper instruments in addition
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Areas Reference for typical example
Paint [70]

Medical [71]

Engineering [72]

Pharmaceutical sciences [73-75]

Polymer and polymer films [76]

Material sciences [77]

* microporous materials

¢ semiconductors

Surface science and interface [78]
Corrosion [79]
Energy [80]
Battery [81]
Fuel [82]
Fuel cell and microbial fuel cell [41]
Processing and production [83]
Flow detection [84]
Food [85]

* wine product
* antioxidant

* preservation

Environment [86]

Catalysis [87]

Forensics [88]
Table 2.

Summary of the main uses of CV in other areas besides chemistry.

to the ease the ease to operate, the technique can be available anywhere to serve

all types of needs. The given examples are just only a handful of its usefulness in
applications to initiate the understanding and further search. It is hoped that this
review can form fundamental database to be implemented for further uses in the
areas of individual interest. The opportunity is still there to investigate as well as to
develop beneficial innovations. The more newly things are discovered and invented,
the greater role the CV data play in feeding the world with much more meaningful
scientific prosperity.
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Chapter 2
Tips of Voltammetry

Koichi Jeremiah Aoki and Jingyuan Chen

Abstract

Theories of cyclic voltammetry, AC-impedance techniques, and the double-layer
capacitive currents are described concisely to touch their principles. Applications of
the theory to experimental data do not always lead to reasonable interpretation
consistent with other techniques. Several tips are presented not only in the experi-
mental viewpoint but also in a perspective of the data analysis. Most of them are
devoted to cyclic voltammetry. They include shape of voltammograms, information
from peak currents and peak potentials, criteria of diffusion and adsorption controls,
the static and the dynamic numbers of electrons, handling of reference and counter
electrodes, usage of AC impedance, concepts of heterogeneous charge-transfer rates,
and combination with data by scanning probe microscope. They belong partially to
recommendation and prohibition.

Keywords: current-voltage curves, cyclic voltammetry, AC impedance,
double-layer capacitance, diffusion control, surface wave

1. Introduction

Voltammetry is an electrochemical technique for current-voltage curves, from
which electrode reactions at electrode-solution interfaces can be interpreted. Since
current-voltage curves, called voltammograms, include sensitive properties of solu-
tion compositions and electrode materials, their analysis provides not only chemical
structures and reaction mechanisms on a scientific basis but also electrochemical
manufacture on an industrial basis. The voltammograms vary largely with mea-
surement time except for steady-state measurements, and so it is important to pay
attention to time variables. Voltage is a controlling variable in conventional
voltammetry, and the current is a measured one detected as a function of applied
voltage at a given time.

The equipment for voltammetry is composed of electrodes, solution, and electric
instruments for voltage control. Electrodes and electric instruments are keys of
voltammetry. Three kinds of electrodes are desired to be prepared: a working
electrode, a counter one, and a reference one. The three will be addressed below.

Let us consider a simple experiment in which two electrodes are inserted into a
salt-included aqueous solution. When a constant current is applied to the two
electrodes, reaction 2H" + 2e” — H, may occur at one electrode, and reaction
20H™ — H,0, + 2e™ occurs at the other. The current is the time variation of the
electric charge, and hence it is a kind of reaction rate at the electrode. Since the
applied current is a sum of the two reaction rates, one being in the positive direction
and the other being in the negative, it cannot be attributed to either reaction rate.
A technique of attributing the reactions is to use an electrode with such large area
that an uninteresting reaction rate may not become a rate-determining step.
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This electrode is called a counter electrode. The current density at the counter
electrode does not specifically represent any reaction rate. In contrast, the current
density at the electrode with a small area stands for the interesting reaction rate.
This electrode is called a working electrode. It is the potential difference, i.e.,
voltage, at the working electrode and in the solution that brings about the electrode
reaction. However, the potential in the solution cannot be controlled with the
working electrode or the counter one. The control can be made by mounting
another electrode, called a reference electrode, which keeps the voltage between an
electrode and a solution to be constant. However, the constant value cannot be
measured because of the difference in phases. A conventionally employed reference
electrode is silver-silver chloride (Ag-AgCl) in high concentrated KCl aqueous
solution.

An electric instrument of operating the three electrodes is a potentiostat. It has
three electric terminals: one being a voltage follower for the reference electrode
without current, the second being a current feeder at the counter electrode, and the
third being at the working electrode through which the current is converted to a
voltage for monitoring. A controlled voltage is applied between the working elec-
trode and the reference one. These functionalities can readily be attained with
combinations of operational amplifiers. A drawback of usage of operational ampli-
fiers is a delay of responses, which restricts current responses to the order of
milliseconds or 10 kHz frequency.

Voltammetry includes various types—linear sweep, cyclic, square wave, strip-
ping, alternating current (AC), pulse, steady-state microelectrode, and hydrody-
namic voltammetry—depending on a mode of the potential control. The most
frequently used technique is cyclic voltammetry (CV) on a time scale of seconds. In
contrast, currently used voltammetry at time as short as milliseconds is AC
voltammetry. We describe here the theory and tips for practical use of mainly the
two types of voltammetry.

2. Theory

The theory of voltammetry is to obtain expressions for voltammograms on a
given time scale or for those at a given voltage. First of all, it is necessary to specify
rate-determining steps of voltammograms. There are three types of rate-
determining steps under the conventional conditions: diffusion of redox species in
solution near an electrode, adsorption on an electrode, and charging processes at the
double layer (DL). Electric field-driven mass transport, called electric migration,
belongs to rare experimental conditions, and hence it is excluded in this review.
When a redox species in solution is consumed or generated at an electrode, it is
supplied to or departed from the electrode by diffusion unless solution is stirred.
When it is accumulated on the electrode, the change in the accumulated charge by
the redox reaction provides the current. Whenever electrode voltage is varied with
the time, the charging or discharging of the DL capacitor causes current. Therefore,
the three steps are frequently involved in electrochemical measurements.

A mass transport problem on voltammetry is briefly described here. The redox
species is assumed to be transported by one-directional (x) diffusion owing to het-
erogeneous electrode reactions. Then, the flux is given by f = —D(dc/ax), where ¢ and
D are the concentration and the diffusion coefficient of the redox species, respec-
tively. Redox species in solution causes some kinds of chemical reaction through
chemical reaction rates, %(c, t). Then the reaction rate is the sum of the diffusional
flux and the chemical reaction rate, dc/dt = —df/ox — h(c, t). Here the equation for
h = 0 is called an equation of continuum. Eliminating f with the above equation on the
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assumption of a constant value of D yields dc/ot = D(0%c/ax?) — h(c, t). This is an
equation for diffusion-chemical kinetics. The expression at & = 0 is the diffusion
equation. A boundary condition with electrochemical significance is the control of ¢ at
the electrode surface with a given electrode potential. If the redox reaction occurs in
equilibrium with the one-electron transfer at the electrode, the Nernst equation for
the concentrations of the oxidized species, ¢,, and the reduced one, c¢,, holds.

(¢o/€r) = = exp [F(E-E®)/RT] M

where E° is the formal potential. If there is no adsorption, the zero-flux condi-
tion in the absence of accumulation is valid:

Do(dco/0x),_o + Dr(0cr/0x),_o =0 2)

The other conditions are concentrations in the bulk (x — ) and the initial
conditions.

2.1 Diffusion-controlled current

If the mass transport is controlled only by x-directional diffusion, ¢, and ¢, are
given by the diffusion equations, dc/dt = D(0%c/at?) for ¢ = ¢, or ¢,. An electro-
chemically significant quantity is not concentration in any x and ¢, but a relation
between the surface concentrations and the current (the flux at x = 0). On the
assumption of D, = D, = D, of the initial and boundary conditions, (¢,); - ¢ = ¢,
(co)i - 0=0,and (cr)x - oo =€ » (Co)x - o = 0, a solution of the initial-boundary
problem is given by [1].

(oheco = (D) | i)/l ) e 3

where j is the current density. The common value of the diffusion coefficients
yields ¢, + ¢, = ¢* for any x and ¢. Inserting this relation and Eq. (3) into the Nernst
equation, (¢o)x - 0 = ¢ /1 + exp[—F(E — E°)/RT1]], we obtain the integral equation
for j as a function of ¢ or E.

2.1.1 Linear sweep voltammetry by diffusion

When the voltage is linearly swept with the time at a given voltage scan rate, v,
from the initial potential E;,, Eq. (3) through the combination with the Nernst
equation becomes

The above Abel’s integral equation can be solved by Laplace transformation.

When the time variation is altered to the voltage variation through E = E;, + vz, the
current density is expressed as

._C*F3/2 Dv (° -1/2 2 [C(n)
i== “nR—TL (C—u) /“sech {T} du (5)

i

where { = (E — E°)F/RT and {; = (E;, — E°)F/RT. Evaluation of the integral has to
resort to numerical computation. Current at any voltage should be proportional to
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v'2, as can be seen in Eq. (5). The voltammogram for » > 0 rises up from E,, takes a

peak, and then deceases gradually with the voltage. The decrease in the current
is obviously ascribed to relaxation by diffusion. The peak current density is
expressed by

j, = 0.446¢"F**(Dv/RT)"/? (6)

at E, = E° + 0.029 V at 25°C, where 0.446 comes from the numerical calculation
of the integral of Eq. (5).

Practical voltage-scan voltammetry is not simply linear sweep but cyclic
voltammetry (CV), at which applied voltage is reversed at a given voltage in the
opposite direction. The theoretical evaluation of the voltammogram should be at
first represented in the integral form with the time variation and then express the
time as the voltage. One of the features of the diffusion-controlled cyclic
voltammograms is the difference between the anodic peak potential and the
cathodic one, AE, (in Figure 1), of which value is 59 mV at 25°C.

2.1.2 AC voltammetry by diffusion

AC voltammetry can be performed when the time variation of voltage is given
by E = E4. + Vo', where w is the frequency of applied AC voltage, i is the
imaginary unit, Vj, is its voltage amplitude, and Ej. is the DC voltage. A conven-
tional value of V is 10 mV. When this voltage form is inserted into Eq. (3) together
with the Nernst equation, the AC component of the current density is represented

by [2].
j=(1+i) [C*FZ(Da)/2)1/2VO ei“”/RT} sech?{(Eqc — E°)/RT}] )

A voltammogram (j vs. E4.) at a given frequency takes a bell shape, which is
expressed by sech’{(Eg. — E°)/RT}. The functional form of sech? is shown in
Figure 2. The peak current appears at E4. = E°.

The AC-impedance technique often deals with the real impedance, Z;, = 1/2Y;
and the imaginary one, Z, = —1/2Y,, where Y] is the real admittance given by

T T T T T T T T T T T

-

V3 02 071 0 071 02 03
EIV

Figure 1.
Voltammograms calculated from Eq. (5) for v = (a) 180, (b) 80 and (c) 20 mV s~
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Y, = [C*FZ(Dw/z)l/z /RT} sech?[(Eq. — E°)/RT] = Y; (8)

Here Y, is the imaginary admittance, equal to Y;. Since Z; = —Z,, the Nyquist
plot, i.e., —Z, vs. Z3, is a line with the slope of unity. The term 1 + i in Eq. (7) has
come from (Dw)*?, originating from (Diw)Y?. Therefore, it can be attributed to
diffusion. In other words, diffusion produces the capacitive component as a delay.

2.2 Adsorption-controlled current

When the redox species with reaction R = O + e~ is adsorbed on the electrode
and has no influence from the redox species in the solution, the sum of the surface
concentrations of R and O is a constant, I” . Then the surface concentration of the
oxidized species, I',, is given by the Nernst equation:

Io=1"/[1+ exp(—(E - E°)F/RT)| 9

2.2.1 Linear sweep voltammetry by adsorption

The time derivative of the redox charge corresponds to the current density,
j = d(FTI,)/dt. Application of the condition of voltage sweep, E = E;, + vz, to Eq. (9)
yields.

j = (F*I'*v/4RT) sech’({/2) (10)

The voltammogram takes a bell shape (Figure 2), of which peak is at E = E°,
similar to the AC voltammogram. The current at any voltage is proportional to v.
Since the negative-going scan of the voltage provides negative current values, the
cyclic voltammogram should be symmetric with respect to the I = 0 axis. The peak
current is expressed as ji, = F°T "0/4RT. The width of the wave at Jp/21s 90 mV at 25°C.

Figure 2.
Voltammogram calculated from Eq. (10).
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1/C,

EIV

Figure 3.
Capacitive voltammograms by CV at v= 0.5 Vs~ for (dashed lines) the ideal capacitance and for Eq. (13)
(solid curves) at \ = 0.2.

2.3 Capacitive current

Since a phase has its own free energy, contact of two phases provides a step-like
gap of the free energy, of which gradient brings about infinite magnitude of force.
In order to relax the infinity, local free energy varies from one phase to the other as
smoothly as possible at the interface. The large variation of the energy is compen-
sated with spontaneously generated space variations of voltage, i.e., the electric
field, which works as an electric capacitor. The capacitance at solution-electrode
interface causes orientation of dipoles and nonuniform distribution of ionic con-
centration, of which layer is called an electric double layer (DL).

When the time variation of the voltage is applied to the DL capacitance, Cy, the
definitions of the capacitance (g = C4V) and the current lead

I =d(CqV)/dt = Cq(dV/det) + V(dCy/dt) (11)

where Cy4 generally depends on the time. This dependence is significant for
understanding experimentally observed capacitive currents.

2.3.1 Capacitance by AC impedance

The DL capacitance has exhibited the frequency dispersion expressed by
Ca = (Ca) 11zf ~* called the constant phase element [3-5] or power law [6, 7],
where 1 is close to 0.1. Inserting this expression and V = Ve’ into Eq. (11) yields

I= (i + )oCqV (12)

This is a simple sum of the real part of the current and the imaginary one,
indicating that the equivalent circuit should be a parallel combination of a capaci-
tive component and a resistive one, both depending on frequency. Since the ratio,
—Z,lZ1, for Eq. (12) is 1/4, the Nyquist plots have slopes less than 10 rather than
infinity.
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2.3.2 Capacitive currvent by CV

If the capacitive charge is independent of the time, the capacitive current should
beI =d(CV)/dt = C(E — E°)/v. Therefore, it takes a horizontal positive (v > 0) and a
negative line (v < 0), as shown in Figure 3 (dashed lines). When the time depen-
dence of C, i.e., Cq = (Cq)ot %, is applied to Eq. (11), for the forward and the
backward scans, respectively, we have

I=(A+1)wCot",and I = (. + 1)pCot* (13)

The variation of CV computed from Eq. (13) (Figure 3, solid curves) is similar
to our conventionally observed capacitive waves.

3. Tips of voltammetric analysis

Voltammograms can identify an objective species by comparing a peak potential
with a table of redox potentials and furthermore determine its concentration from
the peak current. Their results are, however, sometimes inconsistent with data by
methods other than electrochemical techniques if one falls in some pitfalls of ana-
lytical methods of electrochemistry. For example, a peak potential is influenced by a
reference electrode and solution resistance relevant to methods. Peak currents are
varied complicatedly with mass transport modes as well as associated chemical
reactions. Since the theory on voltammetry covers only some restricted experimen-
tal conditions, it can rarely interpret the experimental data successfully. This review
is devoted to some voltammetric tips which can lead experimenters to reasonable
interpretation.

3.1 Understanding outline of voltammograms

It is rare to observe a reversible voltammogram in which both oxidation and
reduction waves appear in a symmetric form with respect to the potential axis at a
similar peak potential, as in Figure 1. Frequently observed voltammograms are
irreversible, i.e., either a cathodic or an anodic wave appears; a value of a cathodic
peak current is quite different from the anodic one in magnitude; a cathodic peak
potential is far from the anodic one. These complications are ascribed to chemical
reactions and/or phase transformation after the charge-transfer reaction. A typical
example is deposition of metal ions on an electrode. The complications can be
interpreted by altering scan rates and reverse potentials.

A wave at a backward scan is mostly attributed to electrode reactions generated
by experimenters rather than to species latently present in the solution. That is, it is
artificial. It is caused either by the reaction of the wave at the forward scan or the
reaction of the rising-up current just before the reverse potential. A source of the
backward wave can be found by changing the reverse potentials.

Some voltammograms have more than two peaks at one-directional scan. The
appearance of the two can be interpreted as a two-step sequential charge-transfer
reaction. However, multiple waves appear also by combinations of chemical reac-
tions and adsorption. The peak current and the charge for this case are quite
different from the predicted ones, as will be described in Section 3.2. Change in scan
rates may be helpful for interpreting the multiple waves.
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3.2 Shape and values of peaks

It is possible to predict theoretically a controlling step of voltammograms from
their shape (a bell type corresponding to an adsorption wave or a draw-out type
corresponding to a diffusion wave). However, the shape strongly depends on
chemical complications, adsorption, and surface treatment of the electrodes. When
redox species in solution is partially adsorbed on an electrode, the electrode process
is far from a prediction because of very high concentration in the adsorbed state. A
draw-out-shaped wave can be observed even for the adsorbed control. It is impor-
tant to estimate which state the reacting species takes on the electrode. Potentials
representing of voltammetric features do not express a controlling step in reality
although the theory does. One should pay attention to the current. The peak current
controlled by diffusion with one-electron transfer is given by I, = 0.27 cAv"* pA
(¢, bulk concentration mM; A, electrode area mm?; v, potential sweep rate mV s D).
The microelectrode behavior sometimes comes in view atv < 10 mV s 7,

A < 0.1 mm?, so the measured current is larger than the estimated value. On the
other hand, the peak current controlled by adsorption is given by I, = 1.6 Av nA
when one redox molecule is adsorbed at 1 nm” on the electrode. The voltammogram
by adsorption often differs from the ideal bell shape due to adsorbed molecular
interaction and DL capacity. Division of the area of the peak by the scan rate yields
the amount of adsorbed electricity. Comparison of this with the anticipated amount
of adsorption may be helpful for understanding the electrode process.

3.3 Deviation of AE, from theoretical values

The peak potential difference AE,, between the oxidation wave and the reduc-
tion wave (Figure 1) has been used for a prediction of the reaction mechanism. For
example, AE;, = 60 mM suggests the diffusion-controlled current accompanied by
one-electron exchange, whereas AE, = 30 mM infers a simultaneous reaction with
two electrons. Then what would happen for 120 mV which is sometimes found? A
half-electron reaction might not be accepted. Potential shift over 60 mV occurs by
chemical complications. In contrast, the voltammogram by adsorbed species shows
theoretically a bell shape with the width, E;/; = 90 mV, at the half height of the peak
(Figure 2). This value is based on the assumption of the absence of interaction
among adsorbed species. However, adsorption necessarily yields such high concen-
trations as strong interaction.

It is necessary to pay attention to the validity of analyzing AE,, and E,.

The peak potential is the first derivative of a voltammogram. Since AE, is a differ-
ence between the two peaks, it is actually the second-order derivative of the curves
in the view of accuracy. In other words, the accuracy of AE, is lower than that of
peak current. Furthermore, peak potentials as well as E;/, readily vary with scan
rates owing to chemical reactions and solution resistance. One should use the peak
current for data analysis instead of the potentials.

3.4 Criteria of diffusion-controlled currents

Voltammograms of a number of redox species have been reported to be diffu-
sion controlled from a relationship between I, and v"/?. The redox species exhibiting
diffusion-controlled current is, however, limited to ferrocenyl derivatives under
conventional conditions. Voltammograms even for [Fe(CN)¢]>/*~ and
[Ru(NH;)¢]** are deviated from the diffusion control for a long-time measurement.
Why have many researchers assigned voltammograms to be the diffusion-
controlled step? The proportionality of I, to v"’? in Eq. (6) has been confused with
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the linearity, I, = av? + b (b = 0). The plot for the adsorption control (I, = kv) also
shows approximately a linear relation for I, vs. v"/* plot in a narrow domain of , as
shown in Figure 4B. The opposite is true (Figure 4A). Therefore, it is the intercept
that determines a controlling step of either the diffusion or adsorption. Some may
say that the intercept can be ascribed to a capacitive current. If so, the peak current
should be represented by I, = av'/? + bv, which exhibits neither linear relation with
v nor v.

There is a simple method of determining a controlling step either by diffusion or
adsorption. Current responding to diffusion-controlled potential at a disk electrode
in diameter less than 0.1 mm would become under the steady state after a few
seconds [8]. Adsorption-limited current should become zero soon after the poten-
tial application. Many redox species, however, show gradual decrease in the current
because reaction products generate an adsorbed layer which blocks further elec-
trode reactions.

3.5 Plots of I, against E,

It is well known that currents vary not only with applied voltage but also with
the time. It is not popular, however, to discuss quantitatively time dependence of
CV voltammograms. Enhancing v generally increases the current and causes the
peak potential to shift in the direction of the scan. A reason for the former can be
interpreted as generation of large current at a shorter time (see Egs. (6) and (10)),
whereas the latter is ascribed to a delay of reaction responses as well as a voltage loss
of the reaction by solution resistance. Then the voltage effective to the reaction is
lower than the intended voltage, and so the observed current may be smaller than
the predicted one. Although I}, is related strongly with E,,, the relationship has rarely
been examined quantitatively.

A technique of analyzing the potential shift is to plot I, against Ey, [9] as shown
in Figure 5. If the plots on the oxidation side (I, > 0) and the reduction side (I, < 0)
fall each on a straight line, the slope may represent conductivity. If values of both
slopes are equal, the slope possibly stands for the conductivity of the solution or
membrane regardless of the electrode reaction. The potential extrapolated to the
zero current on each straight line should be close to the formal potential. Since this
plot is simple technically, the analytical result is more reliable than at least discus-
sion of time dependence of E,,.
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Figure 4.

Plots of 1, of (A) K;Fe(CN) g and (B) polyaniline-coated electrode against v*’* and v. Both plots show
approximately linear velations.
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Plots of 1, vs. E, by CV of the first (circles) and the second (triangles) peak of tetracyanoquinodimethane
(TCNQ), and ferrocene (squares) in 0.2 M (CH;) ,NPF included acetonitrile solution when scan rates were
varied, where triangles were displayed by 0.4 V shift.
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3.6 Meaning of #»”'~ in the equation for peak current

Most researchers have quoted the Randles-Sevcik equation, j, = 0.446 (nF)> 2"
(Dv/RT)Y2, for the diffusion-controlled peak current without hesitation, where # is the
electron transfer number of the reaction. According to Faraday’s law, the electrolytic
quantity is proportional to nc’. Why is the peak current proportional to#>? instead of n?
Let us consider voltammetry of metal nanoparticles (about 25 nm in diameter) com-
posed of 10° metal atoms dispersed in solution. Faraday’s law predicts that the current is
10° times as high as the current by the one metal atom. However, Randles-Sevcik
equation predicts the current further (10) = 1000 times as large, just by the effect of
the potential scan. The order 3/2 is specific to CV. The order of # for AC current and
pulse voltammetry is 2 [10]. On the other hand, the diffusion-controlled steady-state
currents at a microelectrode and a rotating disk electrode are proportional to 7. Com-
paring the differences in the order by methods, we can predict that the time variation of
the voltage increases the power of 7.

Let a potential width from a current-rising potential to E, be denoted by AE.
When an n-electron transfer reaction occurs through the Nernst equation at which
Fin Eq. (1) is replaced by nF, the concentration-potential curve takes the slope 7
times larger than that at# = 1 (see ¢,/c; 2 nF(E — E°)/RT near E = E° in Eq. (1)).
Then we have (AE), = (AE), - 1/n. The period of elapsing for (AE), becomes
shorter by 1/z, as if v might be larger by z times. Then v in Eq. (6) should be
replaced by (nv)"?. Combining this result with the flux j/nF, the current becomes
7>'? times larger than that at # = 1. Therefore, the factor 1> results from the
Nernst equation. This can be understood quantitatively by replacing F in Eq. (3)
by nF. There are quite a few reactions for n > 2 both for Nernst equation and in the
bulk as stable species. The term 72 is valid only for a concomitant charge-transfer
reaction, i.e., simultaneous occurrence #-electron transfer rather than a step-by-
step transfer. Apparent two-electron transfer reactions in the bulk, for example,
Cu, Fe, Zn, and Pb, cause other reactions immediately after the one-electron
transfer.

24



Tips of Voltammetry
DOI: http://dx.doi.org/10.5772/intechopen.81341

3.7 Area of counter electrode

An electrochemical response is observed as a sum of the half reactions at the two
electrodes. In order to extract the reaction at the working electrode, a conventional
technique is to increase the area of the counter electrode so that the reaction at the
counter electrode can be ignored. If the counter electrode area is increased by 20
times the area of the working electrode, the observed current represents the reac-
tion of the working electrode with an error of 5%. Let us consider the experiment in
which nanoparticles of metal are coated on a working electrode for obtaining
capacitive currents or catalyst currents. Then, the actual area of the working elec-
trode can be regarded as the area of the metal particles measured by the molecular
level. Then, the area will be several thousand times the geometric area so that the
observed current may represent the reaction at the counter electrode. This kind of
research has frequently been found in work on supercapacitors. On the other hand,
if the electrode reaction is diffusion controlled, the current is determined by the
projected area of the diffusion layer. Then the current is not affected by the huge
surface area of nanoparticles.

It is important to examine whether or not a reaction is controlled by at a counter
electrode. A simple method is to coat nanoparticles also on the counter electrode.
Then the current in the solution may become so high that the potential of the
working electrode cannot be controlled. It is better to use a two-electrode system.
Products at the counter electrode are possible sources of contaminants through
redox cycling.

3.8 Functionality of reference electrode

The Ag-AgCl electrode is most frequently used as a reference electrode in
aqueous solution because of the stable voltage at interfaces of Ag-AgCl and
AgCl-KClI through fast charge-transfer steps, regardless of the magnitude of
current density. The “fast step” means the absence of delay of the reaction or
being in a quasi-equilibrium. The stability without delay is supported with high
concentration of KCI.

When an Ag-AgCl electrode is inserted to a voltammetric solution, KCI neces-
sarily diffuses into the solution, associated with oxygen from the reference elec-
trode. Thus, the reference electrode is a source of contamination by salt,
dichlorosilver and oxygen. It is interesting to examine how much amount a solution
is contaminated by a reference electrode [9]. Time variation of ionic conductivity in
the pure water was monitored immediately after a commercially available Ag-AgCl
electrode was inserted into the solution. Figure 6 shows rapid increase in the
conductivity as if a solid of KCl was added to the solution. Oxygen included in the
concentrated KCl may contaminate a test solution. Even the Ag-AgxO electrode,
which was formed by oxidizing silver wire, increased also the conductivity, proba-
bly because the surface is in the form of silver hydroxide. As a result, no reference
electrode can be used for studying salt-free electrode reactions. If neutral redox
species such as ferrocene is included in a solution, the potential reference can be
taken from redox potential of ferrocene.

3.9 Current flowing through the double layer
When a constant voltage is applied to the ideal capacitance C, the responding
current decays in the form of exp(—¢/RC), where R is a resistance in series

connected with C. It has been believed that a double-layer capacitance in electro-
chemical system behaves as an ideal capacitor, where R is regarded as solution
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resistance. However, any exponential variation cannot reproduce transient currents
obtained at the platinum wire electrode in KCI aqueous solution, as shown in
Figure 7. The current decays more slowly than by exp(—t/RC), because it is
approximately proportional to 1/¢. The property of non-ideal capacitance is the
result of the constant phase element of the DL capacitance, as described in Section
2.3. The dependence of 1/t can be obtained approximately by the time derivative of
q = VoCot * for the voltage step V.

The slow decay is related with a loss of the performance of pulse voltammetry,
in which diffusion-controlled currents can readily be excluded from capacitive
currents. The advantage of pulse voltammetry is based on the assumption of the
exponential decay of the capacitive current. Since the diffusion current with 1/t
dependence is close to the 1/t dependence, it cannot readily be separated from the
capacitive current in reality. A key of using pulse voltammetry is to take a pulse
time to be so long as a textbook recommends.

t/ min

Figure 6.
Time-variation of conductivity of water into which (circles) Ag/AgCl, (triangles) AglAg,O, and (squares)
AgCl-coated Ag wire were inserted. Conductivity measurement was under N, environment.

0 0.1 0.2
t/s

Figure 7.
Chronoamperometric curves when 0.2 'V vs. AglAgCl was applied to a Pt wire in 0.5 M KCI aqueous solution.
Solid curves are fitted ones by exp(-t/RC) for three values of RC.
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High-performance potentiostats are equipped with a circuit for compensation of
resistance by a positive feedback. Unfortunately, the circuit is merely useful
because voltammograms depend on intensity of compensation resistances of the DL
capacitance. It should work well if the DL capacitance is ideal.

3.10 Advantages of AC impedance

AC techniques have an advantage of examining time dependence at a
given potential, whereas CV has a feature of finding current-voltage curves at
a given time. The former shows the dynamic range from 1 Hz to 10 kHz, while
the latter does conventionally from 0.01 to 1 Hz. This wide dynamic range of the
AC technique is powerful for examining dynamics of electrode reactions. Analyt-
ical results by the former are often inconsistent with those by the latter, because of
the difference in the time domain. The other scientific advantage of the AC
technique is to get two types of independent data set, frequency variations of real
components and imaginary ones by the use of a lock-in amplification. The inde-
pendence allows us to operate mathematically the two data, leading to the data
analysis at a level one step higher than CV. An industrial advantage is the rapid
measurement, which can be applied to quality control for a number of samples.
The analysis of AC impedance necessarily needs equivalent circuits of which
components do not have any direction relation with electrochemical variables.

Data of the electrochemical AC impedance are represented by Nyquist (Cole-Cole)
plots, that is, plots of the imaginary component (Z;) of the impedance against the real
one (Z;), as shown in Figure 8. The simplest equivalent circuit for electrochemical
systems is the DL capacitance Cy in series with the solution resistance Rs. The Nyquist
plot for this series circuit is theoretically parallel to the vertical axis (Figure 8A-a), but
experiments show a slope of 5 or more (Figure 8A-b). This behavior, called constant
phase element (CPE) and the power law, has been verified for combinations of
various materials and solvents [6, 7, 11, 12]. The equivalent circuit for Eq. (12) is a
parallel combination of capacitance and resistance (Figure 8B). Even without an
electrode reaction, current always includes a real component.

The equivalent circuit with the Randles type is a parallel combination of the ideal
DL capacitor C4 with the ideal resistance R, representing the Butler-Volmer-type
charge-transfer resistance. Practically, the Warburg impedance (the inverse of

(A) R, c, (B)  ..cCs

t

Tassssasnssana’

Re W

Figure 8.
(A) Nyquist plots for a RC-series civcuit with ideal capacitor (a) and DL capacitor (b). (B) Equivalent civcuit
with the power-law of C,. (C) Randles circuit.
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Eq. (8)) due to diffusion of redox species is incorporated in a series into R.;
(Figure 8C). R cannot be separated from the DL resistance because of the fre-
quency dispersion. Since even the existence of R is in question (Section 3.12), it is
difficult to determine and interpret R... The usage of a software that can analyze
any Nyquist plots will provide values of R and C. Even if analyzed values are in high
accuracy, researches should give them electrochemical significance.

3.11 Residual currents depending on surface treatments

Residual current varies with treatments of electrodes such as polishing of
electrode surfaces and voltage applications to an extremely high domain. It can
often be suppressed to yield reproducible data when the electrode is replaced by
simple platinum wire or carbon rod having the same geometric area. Simple
wire electrodes are quite useful especially for measurements of DL capacitance
and adsorption. One of the reasons for setting off large residual current is that
the insulator of confining the active area is not in close contact with the elec-
trode, so that the solution penetrated into the gap will give rise to capacitive
current and floating electrode reactions. Since the coefficient of thermal expan-
sion of the electrode is different from that of the insulator, the residual current
tends to get large with the elapse from the fabrication of the electrode. This
prediction is based on experience, and there are few quantitative studies on
residual currents.

Unexpected gap has been a technical problem at dropping mercury electrodes. If
solution penetrates the inner wall of the glass capillary containing mercury,
observed currents become irreproducible. Water repellency of the capillary tip has
been known to improve the irreproducibility in order to reduce the penetration. A
similar technique has been used for voltammetry at oil-water interfaces and ionic
liquid-water interfaces at present.

3.12 Reversible or irreversible voltammograms

Voltammograms are said to vary with electrode reaction rates, and the rate
constants have been determined from time dependence of voltammograms. The
fast reaction of which rate is not rate determining has historically been called
“reversible.” In contrast, such a slow reaction that a peak potential varies linearly
with log v is called “irreversible.” A reaction between them is called “quasi-
reversible.” The distinction among the three has been well known since the theo-
retical report on the quasi-reversible reaction by Matsuda [1]. This theory is
devoted to solving the diffusion equations with boundary conditions of the Butler-
Volmer (BV) equation under the potential sweep. As the standard rate constant k;
in the BV equation becomes small, the peak shifts in the direction of the potential
sweep from the diffusion-controlled peak. Steady-state current-potential curves in a
microelectrode [13] and a rotating disk electrode also shift the potential in a similar
way. According to the calculated CV voltammograms in Figure 9, we can present
some characteristics: (i) if the oxidation wave shifts to the positive potential, the
negative potential shift should also be found in the reduction wave. (ii) Both the
amounts of the shift should have a linear relationship to log v. (iii) The shift should
be found in iterative measurements. (iv) The peak current should be proportional
to v'/%

The authors attempted to find a redox species with the above four behaviors.
Some redox species can satisfy one of the four requirements, but do not meet the
others. Most reaction rate constants have been determined from the potential shift
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E/V

Figure 9.

CV voltammograms (solid curves) at a normally sized electrode and steady-state voltammograms (dashed
curves) at a microelectrodes in 12 um in diameter, calculated theovetically for v = 0.5 Vs~ *, D =0.73 X 10 °
em®s™, ks = (a) 0.1, (b) 0.01, (c) 0.001, (d) 0.0001 cm s~ *. The potential shift of CV is equivalent to the
wave-shift at a microelectrode through the velation, v = 0.4RTD/aFa2 (a: radius).

in a narrow time domain. They are probably caused by follow-up chemical reac-
tions, adsorption, or DL capacitance. For example, CV peak potentials of TCNQ and
benzoquinone were shifted at high scan rates, whereas their steady-state
voltammograms were independent of diameters of microdisk electrodes even on the
nanometer scale [14]. The shift at high scan rates should be due to the frequency
dispersion of the DL capacitance, especially the parallel resistance in the DL
(Figure 8B). Values of the heterogeneous rate constants and transfer coefficients
reported so far have depended not only on the electrochemical techniques but also
research groups. Furthermore, they have not been applied or extended to next
developing work. These facts inspire us to examine the assumptions and validity of
the BV formula.

Let us revisit the assumptions of the BV equation when an overvoltage, i.e., the
difference of the applied potential from the standard electrode potential, causes the
electrode reaction. The rate of the oxidation in the BV equation is assumed to have
the activation energy of a times the overvoltage, while that of the reduction does
that of (1 — @) times. This assumption seems reasonable for the balance of both the
oxidation and the reduction. However, the following two points should be consid-
ered. (i) Once a charge or an electron is transferred within the redox species, the
molecular structure changes more slowly than the charge transfer itself occurs. The
structure change causes solvation as well as motion of external ions to keep electric
neutrality. These processes should be slower than the structure change. If the
overvoltage can control the reaction rate, it should act on to the slowest step, which
is not the genuine charge-transfer process. (ii) Since a reaction rate belongs to the
probability theory, the reaction rate (dc/dz) at ¢ is determined with the state at ¢
rather than a state in the future. In other words, the rate of the reduction should
have no relation with the oxidation state which belongs to the future state. The BV
theory assumes that the o times activation energy for the oxidation is related closely
with 1-a times one for the reduction. This assumption is equivalent to predicting a
state at ¢ + At from state at ¢ + 2At, like riding on a time machine. This question
should be solved from a viewpoint of statistical physics.
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3.13 Contradiction of microscopic image with electrochemical data

Development of scanning microscopes such as STM and AFM has allowed us to
obtain the molecularly and atomically regulated surface images, which have been
used for interpreting electrochemical data. Then the electrochemical data are
expected to be discussed on a molecular scale. However, there is an essential problem
of applying photographs of regularly arranged atoms on an electrode to
electrochemical data, because the former and the latter include, respectively, micro-
scopically local information and macroscopically averaged one. A STM image show-
ing molecular patterns is information of only a part of electrode, at next parts of
which no atomic images are often observed but noisy images are found. Electro-
chemical data should be composed of information both at a part of the electrode
showing the molecular patters and at other parts showing noisy, vague images. Noisy
photographs are always discarded for interpreting electrochemical data although the
surfaces with noisy images also contribute electrochemical data.

An ideal experiment would be made by taking STM images over all the elec-
trodes that provide electrochemical data and by obtaining an averaged image.
However, it is not only impossible to take huge amounts of images, but the averaged
image might be also noisy. It may be helpful to describe only a possibility of
reflecting the STM-imaged atomic structure on the electrochemical data.

3.14 Surface wave by adsorption

Voltammograms by adsorbed redox species, called surface waves, are frequently
different from a bell shape (Figure 2). Really observed features are the following:
(i) the voltammogram does not suddenly decay after the peak, exhibiting a tail-like
diffusional wave; (ii) the peak current and the amount of the electricity are pro-
portional to the power less than the unity of v; (iii) the oxidation peak potential is
different from the reduction one; (iv) the background current cannot be deter-
mined unequivocally; and (v) voltammograms depend on the starting potential.
Why are experimental surface waves different from a symmetric, bell shape in
Figure 2?

A loss of the symmetry with respect to the vertical line passing through a peak
can be ascribed to the difference in interactions at the oxidized potential domain
and at the reduced one. Since redox species takes extremely high concentration in
the adsorbed layer, interaction is highly influenced on voltammetric form. When
the left-right asymmetry is ascribed to thermodynamic interaction, it has been
interpreted not only with Frumkin’s interaction [15] but also Bragg-Williams-like
model for the nearest neighboring interactive redox species [16]. On the other hand,
most surface waves are asymmetric with respect to the voltage axis even at
extremely slow scan rates. This asymmetry cannot be explained in terms of ther-
modynamics of intermolecular interaction, but should resort to kinetics or a delay
of electrode reactions. There seems to be no delay in the electrode reaction of the
monomolecular adsorption layer, different from diffusion species. The delay
resembles the phenomenon of constant phase element (CPE) or frequency power
law of DL capacitance, in that the redox interaction may occur two-dimensionally
so that the most stable state can be attained. This behavior belongs to a cooperative
phenomenon [17]. A technique of overcoming these complications is to discuss the
amount of charge by evaluating the area of the voltammogram. It also includes
ambiguity of eliminating background current and assuming the independence of
the redox charge from the DL charge.
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4. Conclusions

The simplest theories for voltammetry are limited to the rate-determining steps
of diffusion of redox species and reactions of adsorbed species without interaction.
Variation of scan rates as well as a reverse potential is helpful for predicting redox
species and reaction mechanisms. Furthermore, the following viewpoints are useful

for interpreting mechanisms:

a. comparison of values of experimental peak currents with theoretical ones,
instead of discussing AE; and Ey,;

/

b.examining the proportionality of I, vs. v or vs. v"/?, i.e., zero or non-zero values

of the intercept of the linearity;

c. a reference electrode and a counter electrode being a source of contamination
in solution;

d.attention to very slow relaxation of DL capacitive currents;

e.inclusion of ambiguity in the equivalent circuit with the Randles type.
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Chapter 3

Cyclic Voltammetry of
Phthalocyanines

Ketichi Sakamoto

Abstract

Phthalocyanines and their related compounds possess similar structures as por-
phyrins. They have been used as green to blue dyes and pigments since their discovery.
In this decade, they are known to be utilized in important functional colorants for
many fields such as catalyst, laser light absorbers in data storage systems, electro-
charge carriers in photocopies, photo-antenna device in photosynthesis, photovoltaic
cells and photosensitizers for dye-sensitized solar cells (DSSCs), and photodynamic
therapy of cancer (PDT). The functions are attributed to high electron transfer abilities
of phthalocyanines. Cyclic voltammograms were carried out for phthalocyanines in
order to estimate their electron transfer abilities and electrochemical mechanism.

Keywords: phthalocyanines, cyclic voltammetry, electrochemistry
electron transfer abilities, photosensitizers

1. Introduction

A blue-colored insoluble compound was accidently observed as a by-product at
the South Metropolitan Gas Company in London during the preparation of o-
cyanobenzamide from phthalimide and acetic acid at a high temperature by Braun
and Tcherniac in 1907. The compound was later called phthalocyanine. In 1927, at
the University of Fribourg, de Diesbach and von der Weid obtained stable blue
material during the preparation of phthalonitrile from o-dibromobenzene with
copper cyanide in refluxing pyridine. Later, the blue material was identified as
copper phthalocyanine. In the following year, the blue impurity in the reaction
products was formed during the industrial preparation of phthalimide from
phthalic anhydride and ammonia in a glass-lined reaction vessel at the Grange-
mouth plant of Scottish Dyes Ltd. During the preparation, the glass-lined reaction
vessel was cracked. By reason of the reaction carried out, outer steel casing of the
reaction vessel, the accident results in the formation of blue impurity. This blue
impurity is known to iron phthalocyanine at the present [1-5].

These blue materials determined the molecular structure, which was composed
of four iminoisoindoline units with various central metal ions or di-hydrogen by
Professor R. P. Linstead at University of London in 1929. Linstead named the by-
product phthalocyanine as a combination of Greek naphtha (rock oil) and cyanine
(blue) in 1933. The molecular structure of phthalocyanine was confirmed later
using X-ray diffraction analysis by Robertson in 1935 [1-5].
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Phthalocyanine and metal containing phthalocyanines have been established as
blue to green dyestuffs and pigments. Phthalocyanines and metal phthalocyanines
are using an important industrial commodity since 1942 [1-5].

Phthalocyanines are an analogous molecular structure as natural colorant of por-
phyrins. In general, porphyrins consist of four pyrrole units, while phthalocyanines
construct four isoindole and nitrogen atoms at meso positions. The central cavity of
phthalocyanines can place 63 different elemental ions including di-hydrogen (metal-
free phthalocyanine). Phthalocyanines containing one or two metal ions are called
metal phthalocyanines. In phthalocyanine ring system and part of the atom number-
ing system, the 2,3,9,10,16,17,23,24 positions are referred to as the peripheral sites
and the 1,4,8,11,15,18,22,25 positions as the nonperipheral sites. M can be
di-hydrogen or one of the 63 elements of the periodic table (Figure 1) [1-5].

As mentioned above, phthalocyanines have been used as green to blue colorants
in textile industries because of their thermal, chemical, and photochemical stabili-
ties from their discovery. Over the last decade, phthalocyanines have attractive
attention as functional chromophores for various fields such as catalyst, laser light
absorbers in data storage systems, electron charge carriers in photocopiers,

N

Porphyrin Tetrobenzoporphyrin Meal phihalocyanine

Positions 2.3.9,10,16,17 23 24 peripheral site,
Posasons 1 4.8.11.15,18.22 25non-periphernal sibe

M: di-bydrogen and 63 kinds of metals.
Figure 1.
Molecular structures of porphyrin, porphyrin-related compound, and metal phthalocyanine.

Catalyst Phiodynamic therapy

fN

Optelectronics NH N Optical disks

N Phthalocyanines N
=N HN \

"“-.N =

Electronic sensors Liguid crystal

Solar cells  Synthetic metals

Figure 2.
Typical function of phthalocyanines.
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photo-antenna device in photosynthesis, photoconductors in photovoltaic cells, and
electrochromic displays, and photosensitizers [6-20] (Figure 2).

In order to utilize many applications, the absorption maxima of phthalocya-
nines are best if moved near infrared region. The strongest absorption of phthalo-
cyanines in visible region called Q band can be attributed to allow from highest
occupied molecular orbital (HOMO) to lowest unoccupied molecular orbital
(LUMO), which means n—r* transition. The Q-band of phthalocyanines can be
moved by bathochromic effect through extension of the n conjugation system.
Especially, phthalocyanines having bathochromic effect are useful for photosen-
sitization purposes.

Photosensitization properties of phthalocyanines are utilized for both photo-
dynamic therapy of cancer (PDT) and dye-sensitized solar cells (DSSCs) [21].

Particularly, phthalocyanines are known to have the potentials to utilize as
second-generation photosensitizers for PDT because they have long life time triplet
state and show strong absorption of the far-red light between 600 and 850 nm of
which a greater penetration of tissue and satisfactory photosensitization of singlet
oxygen take place [21-23].

No-substituted phthalocyanines are insoluble or lower solubility in common
organic solvents. The weak points of phthalocyanines have been improved to intro-
duce substituents onto the ring system. Alkyl-substituted phthalocyanines become
soluble in organic solvents and they have a lipophilic property. The lipophilic
phthalocyanines have a high tumor affinity [24]. Hydrophilic-substituted phthalo-
cyanines show solubility in aqueous media. Phthalocyanines containing pyridine
rings in place of one or more of the benzenoid rings expected amphiphilic
properties [17].

In the second place, phthalocyanines have attractive attention for the conversion
of solar to electricity, because dyes come into general used for DSSCs absorb only
weakly in solar spectrum. Phthalocyanines for DSSCs are required to possess strong
absorption of visible light in the far-red or near infrared region. Then, phthalocya-
nines have high conversion capability of solar energy to electricity in comparison to
common sensitized dyes [25].

In this chapter, synthesis and cyclic voltammetry of soluble phthalocyanines and
their homologs compounds, subphthalocyanines were described in order to utilize
photosensitizers for PDT and DSSCs [10, 21].

2. Phthalocyanines
2.1 Synthesized peripheral-substituted phthalocyanines

Synthesized phthalocyanines were the followings: phthalocyanine-4,4',4"4" -
tetrasulfonic acids having sulfonic groups, phthalocyanine-2,3,9,10,16,17,23,24-
octacarboxylic acids having carboxylic groups, 2,3,9,10,16,17,23,24-octakis
(hexoxymethyl) phthalocyanines and anthraquinocyanines, which has four 9,10-
anthraquinone units in the phthalocyanine molecule [26, 27].

Phthalocyanine-4,4',4",4" -tetrasulfonic acids were synthesized from 4-
sulfophthalic acid, a metal halide, urea and 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) as a catalyst [26] (Figure 3).

Phthalocyanine-2,3,9,10,16,17,23,24-octacarboxylic acids were synthesized from
benzene-1,2,4,5-tetracarboxylic dianhydride (pyromellitic dianhydride), a metal
halide and urea under the reaction conditions used for the monomer preparation
[26] (Figure 4).

The 2,3,9,10,16,17,23,24-octakis(hexoxymethyl) phthalocyanines were synthe-
sized from 1,2-dicyano-4,5-bis(hexoxymethyl)benzene, which was prepared from
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Figure 3.
Synthetic pathway of phthalocyanine-4,4',4 4 -tetrasulfonic acids.

Figure 4.
Synthetic pathway of phthalocyanine-2,3,9,10,16,17,23,24-octacarboxylic acids.
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Synthetic pathway of octakis (hexoxymetyl) phthalocyanines.
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Synthetic pathway of anthraquinone cyanines.

o-xylene via 1,2-dibromo-4,5-dimethylbenzene, 1,2-dibrom-4,5-bis(bromomethyl)
benzene, and 1,2-dibromo-4,5-bis(hexoxymethyl)benzene [10] (Figure 5).

Anthraquinocyanines were synthesized from 9,10-anthraquinone-2,3-dicarboxylic
acid, which was prepared from phthalic anhydride via o-(3,4-dimethylbenzoil)benzoic
acid and 2,3-dimethyl-9,10-anthraquinone [10] (Figure 6).

These phthalocyanines have been measured by cyclic voltammograms (CVs)
and chronocoulometric analysis in order to estimate their electron transfer proper-
ties and corresponding mechanism.

2.2 Synthesized nonperipheral-substituted phthalocyanines

The author also prepared nonperipheral-substituted phthalocyanine, alkylbenzo-
pyridoporphyrazines, which is synthesized by reaction of 3,6-didecylphthalonitrile
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Figure 7.
Synthetic pathway of bis(1,4-didecylbenzo)-bis(3,4-pyrido)porphyrazine.
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and 3,4-dicyanopyridine or 2,3-dicyanopyridine in mole ratio of 4:0, 3:1. 1:1, 1:3, and
0:4, respectively. The cross cyclotetramerization product synthesized in mole ratio of
1:1 has been separated with particular attention to give the isolation of regioisomers
[17]. Intermediately, 3,6-didecylphthalonitrile was synthesized from thiophene via
2,5-didecylthiophene and 2,5-didecylthiophene-1,1-dioxide in accordance with our
previous reports [17, 28]. The other intermediates, 3,4-dicyanopyridine and 2,3-
dicyanoepyridine were prepared from cinchomeronic acid and quinolinic acid,
respectively [17, 27]. The 1:1 mole ratio cross cyclotetramerization products, bis
(1,4-didecylbenzo)-bis(3,4-pyrido) porphyrazine and bis(1,4-didecylbenzo)-bis
(2,3-pyrido) porphyrazine, were reacted with quaternizing agents such as
monochloroacetic acid, diethyl sulfate, and dimethyl sulfate in N,N,-dimethyl-
formamide as a solvent at 140°C. After quaternation, all compounds gave the water
solubility, and got amphiphilic property (Figures 7-9).

Nonperipheral arylsulfanyl-substituted phthalocyanines were synthesized in
three steps via phthalonitrile-3,6-ditriflate and 3,6-bis(arylsulfanyl) phthalonitrile
[19, 20, 29-31]. Intermediately, 3,6-bis(arylsulfanyl)phthalonitrile was synthesized
from 2,3-dicyanohydroquinone and trifluoromethanesulfonic anhydride for 24 h.
Nonperipheral arylsulfanyl phthalocyanines were synthesized from corresponding

CuMyy

D \
P Gt VNP Gt

gy - = ity Gy - @ “Crisy

[+ Ca

Figure 8.
Regioisomers of metal bis(1,4-didecylbenzo)bis(3,4-pyrido) porphyrazine.
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Figure 9.

Quaternation of zinc bis(1,4-didecylbenzo)bis(3,4-pyrido)porphyrazine and zinc bis(1,4-didecylbenzo)
bis(2,3-pyrido)porphyrazine; Reagents and conditions: (i) anhydrous ZnCl,, DBU, C;H,,0H, 4 h;

(ii) AX: monochloroacetic acid, diethyl sulfate or dimethyl sulfate), DMF, 140°C, 2 h.
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Figure 10.
Synthetic pathway of nonperipheral arylsulfanyl-substituted phthalocyanines.

3,6-bis(arylsulfanyl) phthalonitriles and metal salt in the presence of DBU as a
catalyst in 1-pentanol [19, 30, 31] (Figure 10).

2.3 Synthesized subphthalocyanines

Subphthalocyanne is the lowest homologous compound of phthalocyanine,
which consists of three isoindole units and central boron. Subphthalocyanines have
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previously been used as reagents for ring enlargement reactions leading to asym-
metric phthalocyanines [32] (Figure 11).

Subphthalocyanine and four derivatives were synthesized from 1,2-
dicyanobenzene or corresponding 1,2-dicyanobenzene derivatives with boron
trichloride in 1-chloronaphthalene under argon atmosphere at —3°C [33] (Figure 12).

Nonperipheral arylsulfanyl-substituted subphthalocyanines were also synthesized
via phthalonitrile-3,6-ditriflate and 3,6-bis(arylsulfanyl) phthalonitrile (Figure 13) [34].

N
M
. ]
N H\
M N
N
Mutal plithalos yamine Subphthalocyanine
Figure 11.
Molecular structures of metal phthalocyanine and subphthalocyanine.
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Synthetic pathway of subphthalocyanine and its six derivatives.
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Figure 14.
Ring expansion reaction pathway to prepare asymmetric 3:1 phthalocyanine, hexakis[ (4-methylphenyl)thio]
phthalocyanine from hexakis[ (4-methylphenyl)thio]subphthalocyanine.

To prepare asymmetric 3:1 type phthalocyanines, arylsulfanyl-
subphthalocyanines and isoindoline were reacted to obtain metal-free
corresponding phthalocyanines (Figure 14) [34].

3. Electrochemistry

3.1 Phthalocyanine-4,4',4”4" -tetrasulfonic acids and phthalocyanine-
2,3,9,10,16,17,23,24-octacarboxylic acids, octakis(hexoxymethyl)
phthalocyanine and anthraquinocyanine

CV is used in the estimation of electrochemistry. It is the electrochemical equiv-
alent to spectroscopy. It is a useful tool for the characterization of reduction and
oxidation systems. It consists of cyclic potential of a stationary electrode immersed
in a quiescent solution and measuring the resulting current. The excitation signal is
a linear potential scan with a triangular waveform. This triangular potential excita-
tion signal sweeps the potential of the working electrode. The triangle returns at the
same speed and permits the display of a compete voltammogram. Therefore, if a
molecular is reduced in the forward scan, it will be re-oxidized on the reverse scan.
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Figure 15.

Cyclic voltammaograms and their first differential curves in in dimethyl sulfoxide with 0.1 mol cm ™3
tetrabutylammonium perchlovate, scan rate 50 mV s~*. Potentials of the reversible wave are midpoint potential
of anodic and cathodic peaks for each couple, E, ,,; *, irreversible peak; AE, the separation between the anodic
and cathodic peaks for reversible couple. (1) cobalt phthalocyanine-4,4',4 ,4 -tetrasulfonic acids, (2) cobalt
phthalocyanine-2,3,9,10, 16, 17,23,24-octacarboxylic acids.
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The CV value is the current response, which depends on the applied potential. The
current response shows two kinds of peaks such as the upward cathodic and the
downward anodic peaks.

Cobalt phthalocyanine-4,4',4"4" -tetrasulfonic acids and cobalt phthalocyanine-
2,3,9,10,16,17,23,24-octacarboxylic acids are measured electrochemical properties
using CV and the first differential curve.

The reported potentials are the midpoint potential of anodic and cathodic peaks
for each couple, Ey/,, and the peak potential for the irreversible step, which have a
mark on superscript. The AE values are an anodic peak to cathodic peak separation
located in the reduction (negative) potential region (Figure 15).

The CV of cobalt phthalocyanine-4,4’,4"4” -tetrasulfonic acids showed two
cathodic peaks and four anodic peaks. The peaks are attributed to four reduction
stages. The first oxidation potential appeared at 0.67 V versus silver/silver chloride
(Ag/AgCl) and the first reversible reduction potential at —0.62 V versus Ag/AgCl.
The CV was sorted into five waves. The CVs consist of two reversible reduction
couple, one irreversible reduction wave and two irreversible oxidation waves.

The CV of cobalt phthalocyanine-2,3,9,10,16,17,23,24-octacarboxylic acids,
three cathodic, and six anodic peaks appeared. The peaks were sorted into three
reversible reduction couples at —0.24, —0.66, and —1.39 V versus Ag/AgCl, and
three irreversible oxidation waves at 0.67, 0.87, and 1.06 V versus Ag/AgCl. The
reduction and oxidation of metal phthalocyanines are due to the interaction
between the phthalocyanine macro-ring and the central metal. Sulfonic and car-
boxylic groups are electron-withdrawing groups, so they are expected to reduce the
electro charge in the phthalocyanine macro-ring.

The CV of cobalt 2,3,9,10,16,17,23,24-octakis (hexoxymethyl) phthalocyanine
showed four cathodic peaks at 0.16, —0.49, —0.73, and —1.54 V versus Ag/AgCl, and
three anodic peaks at 0.73, —0.61, and —1.47 V versus Ag/AgCl. The CV of cobalt
2,3,9,10,16,17,23,24-octakis(hexoxymethyl) phthalocyanine was sorted into two
irreversible oxidation waves at 0.16 and 0.73 V versus Ag/AgCl, and two pare of
reversible potential. The negative charge is expected to increase on the phthalocya-
nine macro-ring, since the substituent hexoxymethyl is the electro-donating group.

The CV of cobalt anthraquinocyanine showed a solitary shape in comparison
with the other cobalt phthalocyanine-4,4',4”4” -tetrasulfonic acids, cobalt phthalo-
cyanine-2,3,9,10,16,17,23,24-octacarboxylic acids, and cobalt 2,3,9,10,16,17,23,24-
octakis(hexoxymethyl)phthalocyanine. The shape of CV for cobalt anthraqui-
nocyanine was sorted into three cathodic peaks at 0.19, —0.69, and —0.95 V versus
Ag/AgCl, and two anodic peaks at 0.87 and —0.58 V versus Ag/AgCl. Cobalt
anthraquinocyanine has almost one pair of reversible potential.

The relationship between the anodic and cathodic peak current ratio of a
reversible couple, 7,/i. and the scan rate, v, provides a quick test for electrochemical
mechanism associated with a preceding or succeeding reversible or irreversible
chemical equilibrium. The scan rate varied from 0.05 to 0.3 Vs ' (Figure 16).

The ratio of i,/i. decreased with an increased v, all reversible couples of
cobalt phthalocyanine-4,4',4”4" -tetrasulfonic acids, cobalt phthalocyanine-
2,3,9,10,16,17,23,24-octacarboxylic acids, cobalt 2,3,9,10,16,17,23,24-octakis
(hexoxymethyl)phthalocyanine, and cobalt anthraquinocyanine. The reversible
reduction couples of cobalt phthalocyanine-4,4',4"4" -tetrasulfonic acids,
cobalt phthalocyanine-2,3,9,10,16,17,23,24-octacarboxylic acids, cobalt
2,3,9,10,16,17,23,24-octakis (hexoxymethyl) phthalocyanine, and cobalt anthraqui-
nocyanine are characterized as a fast reversible electron transfer followed by a
reversible chemical reaction. The values of i,/i. converge extrapolated to zero of v,
the third reduction potential of cobalt phthalocyanine-2,3,9,10,16,17,23,24-
octacarboxylic acids.
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Figure 16.

Change in the anodic to cathodic current ratio with scan rate v. (1) cobalt phthalocyanine-4,4',4 ,4 -
tetrasulfonic acids; (2) cobalt phthalocyanine-2,3,9,10,16,17,23,24-octacarboxylic acids; (3) cobalt octakis
(hexoxymethyl)phtalocyanine; (4) cobalt anthraquinocyanine. Squave: fivst redox couple; Diamond: second
redox couple; Circle: third redox couple.

The potentials of AE are around 100 mV, except for cobalt phthalocyanine-
2,3,9,10,16,17,23,24-octacarboxylic acids. Extrapolated to zero of v, the AE values
approach close to 60 mV. The electrode process of cobalt phthalocyanine-4,4',4"4" -
tetrasulfonic acids, cobalt phthalocyanine-2,3,9,10,16,17,23,24-octacarboxylic acids,
cobalt 2,3,9,10,16,17,23,24-octakis (hexoxymethyl) phthalocyanine, and cobalt
anthraquinocyanine take place almost one-electron transfer. The E; is independent
of v and has constant value. These electrode processes are diffusion-controlled com-
plicated electron transfer having some weak absorption with the oxide (Table 1).

Chronoamperometry is a current-time response to a potential step excitation
signal. A large cathodic current flows immediately when the potential is stepped
up from the initial value, after that it slowly attenuates. The reduction step
exhibited that same behavior in comparison with both potential steps. The
current-time curves are converted into the relation between the current and
square root of time 112 (Figures 17 and 18).

The current-time curve for chronoamperometry is expressed by the Cottrell
equation (Eq. (1)).

. mFCD'?

nELD " a2
= s =Kt 1)

where i is the current (A), # is the number of electrons transferred per ion
or molecule (mol™?Y), F is Faraday’s constant (96,485 C mol 1), A is the electrode
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Potential / V vs. Ag/AgCl

Compounds
Reduction Oridation

Cobalt phthalocyanine-4 4" 4" 4™-tetrasulfonic acids -163% 095 062 0L.67* 089

AET" 098 034

Cobalt phthalecyanine-2.3.9,19,16,17 23 24-octacarbox ylic acids -1.39 066 024 0L6T* 0.89* 1L06*

AE** 227 054

Cobalt octakis(hexoxymethel jphthalocyanine -1.50 -1.25*% 067 D49 L16* 0,73
AR 127

Cobalt anthaguinocyanine 095*% D63 0.19* 087*
AE** 1007

Paoitentials of reversible wave ane midpoint potential of anodic and cathodic peaks for each couple, E,..

* Irreversible peak.

% The anaxlic peak to cathidic peal separation of reversible couple,

Table 1.

Reduction and oxidation potentials.
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Figure 17.

Chronoamperometry and the slope calculated from the Cottrell plot. Potential step; —1.2 to 1.6 V versus
Ag/AgCl, time interval: 250 ms. (1) Cobalt phthalocyanine-4,4',4 ,4 -tetrasulfonic acids. (2) Cobalt
phthalocyanine-2,3,9,10,16,17,23,24-octacarboxylic acids.

Figure 18.

10 |
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Chronoamperometry of cobalt oktakis (hxoxymethyl)phthalocyanine. A: pulse step —1.2 to o V versus Ag/AgClI,

step width 250 ms. B: pulse step —1.2 to 1.6 V versus Ag/AgCl, step width 250 ms.
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area (2.0 - 10 2 cm?), C is the concentration (mol cm 3), D is the diffusion
constant (cm s~ 1), and ¢ is time (s). A plot of the current, i versus square root of
time, "/ gives a straight line. The slop means the diffusion constant in forward and
reverse steps.

Electron processes in the systems are diffusion-controlled electron transfers
mentioned above. Relationships between i and t"/ are considered to be a finite
diffusion for cobalt phthalocyanine-4,4’,4"4"” -tetrasulfonic acids and cobalt
phthalocyanine-2,3,9,10,16,17,23,24-octacarboxylic acids.

The current of the Cottrell plots is a measure of the rate for electrolysis at the
electrode surface. Electrolysis is controlled with a mass transfer by diffusion on the
electrode. The diffusion constant implies the rate of electrolysis. The slop means the
diffusion constant in each step. The forward step indicates the reduction and the
reverse step is oxidation (Table 2).

The chronocoulometry was taken by one treatment of chronoamperometry. The
current response was integrated to give a response to the charge. The charge-time
curve of the forward step for chronocoulometry is the integral of Eq. (1); this is
called the Anson equation (Eq. (2)).

2mFACDY?1/2

The reverse step is following equation (Eq. (3)):

2mFACDY/?
Qy‘ = nT
T

{#2+@-n" -2} 3)
where 7 is time of reverse potential step.

The initial potential was —1.20 V versus Ag/AgCl and the step width was 250 ms.
The step potential was 1.60 V versus Ag/AgCl (Figure 19).

For cobalt phthalocyanine-4,4',4"4"” -tetrasulfonic acids, cobalt phthalocyanine-
2,3,9,10,16,17,23,24-octacarboxylic acids, cobalt 2,3,9,10,16,17,23,24-octakis
(hexoxymethyl)phthalocyanine, and cobalt anthraquinocyanine, the extent of dif-
fusion control increases systematically as the standard potential becomes positive.
In the forward step, the electron change reached at about 30 pC. Then, the electron
change was decreased 15 pC, except for cobalt phthalocyanine-2,3,9,10,16,17,23,24-
octacarboxylic acids. The reverse step was attenuated to 0 pC with 70 ms in the
chronocoulometry of the reduction side from —1.20 to 0.00 V versus Ag/AgCl
potential, except for cobalt phthalocyanine-2,3,9,10,16,17,23,24-octacarboxylic
acids. The chronocoulometry had a linear forward step and a flat reverse step
indicating no Faradic activity for all compounds in the oxidation side from the 0.00
to 1.60 V versus Ag/AgCl step.

Forward step ! mV Reverse step fmy
Compound
Slop Intercepd Slop Intercept
Caobalt phthalocyanine-4.4' 4" A"-1etrasulfonic acids D531 00631 L2 000596
Cobalt phthalocyanine-2,3.9,10,16,17 23 24-octacarboxylic acids 0358 -0.1060 L100  -000274
Cobalt octakis(hexoxymethyl)phthalocyanine 0525 00360 0670 0000172
Coblt anthraguinoc yanine 0322 00632 0698  0.00547

Table 2.
The slop and intercept of the Cottrell plot.
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Figure 19.

Chronocoulometry of (1) cobalt phthalocyanine-4,4',4 ,4 -tetrasulfonic acids, (2) cobalt phthalocyanine-
2,3,9,10,16,17,23,24-octacarboxylic acids, (3) cobalt octakis (hexoxymethyl)phthalocyanine, (4) cobalt
anthraquinocyanine. Potential step: —1.2 to 1.6 V versus Ag/AgCl, step width 250 ms.

The Anson plots are converted from the charge-time curve of chronocoulometry
into the relation between charge and 2 (Figure 20).

The Anson plot is a straight line with an intercept. Chronocoulometry is useful to
study absorption on an electrode surface. When absorbed species exist on an elec-
trode surface, it is electrolyzed immediately, whereas solution species must diffuse
the electrode in order to react. The total charge Qa1 is measured in a potential step
experiment.

2nFACDY?
Qrotar = —an T Qu + Qups 4)
Qabs = nFAF (5)

where Qg is the double layer charge (C), Qaps is the absorbed species charge (C),
I is the amount absorbed (mol cm™3). Qora is obtained by summing Q, Q.ps, and
Qa1 As the expression of Q in Eq. (2), a plot of Q versus ¢'/? is a straight line. The
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Shoop=23174 X W¥ Sloops. 1 $531 X 10 Sloopead I8 82 W Shoope. 11420 % 1
A000 = Imercepts-7.5780 10-E Intercepts-1.4137 3 1077 000 pirpeept= 1 285 Wt Intcreepts-1.9837 3 105
S0 1 L 'l i L L1701 1 1 'l L Il
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£ s (T ms) % syt {Timedms)
Figure 20.

Anson plots of (1) cobalt phthalocyanine-4,4',4 ,4 -tetrasulfonic acids and (2) cobalt phthalocyanine-
2,3,9,10,16,17,23,24-octacarboxylic acids.
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Anson plot should be linear with intercept that is equal to the second and third
terms in Eq. (4). If Qg is known, then, the value Q,ps can be calculated for an
electrode of the known electrode area. When double step chronocoulometry is used,
the difference in the intercepts of forward and reverse steps is Q,ps.

Only the value of Q in three terms depends upon the scanning time. The inter-
cept of the Anson plot expresses the sum of Qg and Qaps. The Q,ps can take away
Qai, which is a value of the difference of intercepts between forward and reverse
steps, since double step chronocoulometry is used. When no absorption of reactant
or product, the intercept of Anson plot for both forward and reverse steps are equal
(Qa1). While reactant absorbs but product does not, the intercept of reverse is a
measure of Qg in the presence of absorbed reactant, and the intercept of forward
step contains both Qg4 and Q. for absorbed reactant.

The chronocoulometry of cobalt phthalocyanine-4,4’,4”4" -tetrasulfonic acids,
cobalt phthalocyanine-2,3,9,10,16,17,23,24-octacarboxylic acids, cobalt
2,3,9,10,16,17,23,24-octakis(hexoxymethyl) phthalocyanine, and cobalt anthraqui-
nocyanine shows that the reactant is absorbed but not the product. In regard to the
absorption using Eqgs. (2) and (3), the Q,p; calculated to 7.40, 8.92, 2.81, and 7.07 pC
for cobalt phthalocyanine-4,4',4”4" -tetrasulfonic acids, cobalt phthalocyanine-
2,3,9,10,16,17,23,24-octacarboxylic acids, cobalt 2,3,9,10,16,17,23,24-octakis
(hexoxymethyl) phthalocyanine, and cobalt anthraquinocyanine, respectively.

The relation between Q,/Qs and *'* can be estimated by the mechanism and rate
of the following chemical reaction (Figure 21).

The value Q,/Qr¢ indicates the base line for the chronocoulometry of the reverse
step charge Q, divided by the final value of forward step Qs. This relationship can be
estimated by the mechanism and rate of following reaction. The following chemical
reaction obeyed first-order kinetics, which found the calculation to be 0.20, 0.26,
0.30, and 0.30 s~ ! for cobalt phthalocyanine-4,4',4”4" -tetrasulfonic acids, cobalt
phthalocyanine-2,3,9,10,16,17,23,24-octacarboxylic acids, cobalt
2,3,9,10,16,17,23,24-octakis(hexoxymethyl) phthalocyanine, and cobalt anthraqui-
nocyanine [10, 26, 27].

The oxidation of metal phthalocyanines having transition metal are electro-
chemically irreversible and electrons are added to the orbital of phthalocyanine ring
or the central metal depending on the redox potential for reduction process.

2
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o 2
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Figure 21.
Variation of Q,/Qswith square root of time, t*2 for cobalt anthraquinocyanine.
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3.2 Nonperipheral alkylbenzopyridoporphyrazines and nonperipheral
arylsulfanyl substituted phthalocyanines

Nonperipheral alkylbenzoporphyrazines synthesized by reaction of 3,6-
didecylphthalonitrile and 3,4-dicyanopyridine or 2,3-dicyanopyridine in mole ratio of
4:0, 3:1. 1:1, 1:3, 0:4, respectively. The 1:1 mole ratio cross cyclotetramerization
product has been separated with particular attention given to the isolation of
regioisomers [17]. At the first time, 3,6-didecylphthalonitrile and 3,4-
dicyanopyridine have been reacted together in ratio of 1:1 product, zinc bis
(1,4-didecylbenzo)-bis(3,4-pyrido) porphyrazine. The zinc bis(1,4-didecylbenzo)-bis
(3,4-pyrido) porphyrazine has two nonperipheral-substituted benzenoido and
pyridinoido rings, which are in different locations. The CV can be used to make an
estimation of the electrochemical difference for regioisomers (Table 3).

Before separation of regioisomers, the reduction and oxidation potentials of zinc bis
(1,4-didecylbenzo)-bis(3,4-pyrido)porphyrazine are sorted into six irreversible peaks.

After separation of regioisomers, fractions 1-3 have one pair of reversible oxi-
dation peak and four irreversible waves. Fraction 4 has one pair of reversible and
three irreversible waves.

The porphyrazine ring is influenced by the n-electrons about the closed system.
Although the n-electron system of zinc bis(1,4-didecylbenzo)-bis(3,4-pyrido)
porphyrazine and fractions 1-4 consists of one porphyrazine, two pyridinoid, and
two didecyl-substituted benzenoid rings; the location of these rings except for
porphyrazine are different from each regioisomer.

Substituents and pyridonoid rings influenced the n-electron environment in zinc
bis(1,4-didecylbenzo)-bis(3,4-pyrido)porphyrazine and fractions 1-4. The effect of
pyridinoid rings gave rise to the change of the electron density of the metal phtha-
locyanines. The difference of reduction and oxidation peaks between fractions 1 and
4 is attributed to the effect of variation of the interaction between the central metal
and the alkylbenzoporphyrazine. Following this, the difference in CVs between zinc
bis(1,4-didecylbenzo)-bis(3,4-pyrido)porphyrazine and fractions 1-4 is also the
effect of interaction, since zinc bis(1,4-didecylbenzo)-bis(3,4-pyrido) porphyrazine

Potential / V vs. Ag/AgCl

Materials

Reduction Owidation
Zinc bis( ] 4-didecylbenzo)-bis(3 4-pyridoyporphyracine 097 071* -045% -0.15% 037 093"
Fraction 1 I}, -1.00* -0.58% -024% 044 093"
AE** 0.17
Fraction 2 £y, -105* 060F -0.19*% 0.37 .80
AE** 0.10
Fraction3 C, A1.96* 065% 022 037 089"
AFEt 013
Fraction 4 C,, DE7* 063*% -0D21% 0.34
AE** 0101

Zine bis( 1 4-didecylbenzo)bis{3 4-pyrido)porphyrazine was before separation of its regioisomers,
Potentialz of reversible wave are midpoint potential of anodic and cathodic peaks for each couple, E,.
* Irreversible peak.

** The anodic peak to cathodic peak separation for reversible.,

Table 3.
Reduction and oxidation potential of zinc bis(1,4-didecylbenzo)bis(3,4-pyrido)porphyrazine and its
regioisomers (fractions 1—4).
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is a mixture of its regioisomers. The regioisomers of zinc bis(1,4-didecylbenzo)-bis
(3,4-pyrido) porphyrazine decided the symmetry of molecular structure as Dy, Cop,
Cs and C,, for fractions 1, 2, 3 and 4, respectively. However, two types of Cy,
isomers of zinc bis(1,4-didecylbenzo)-bis(3,4-pyrido) porphyrazine cannot

be isolated.

The AE values are around 100 mV and the reduction and oxidation processes are
the same for regioisomers, except for fraction 4. The electron process of
regioisomers between fractions 1 and 3 involves approximately one electron trans-
fer. The AE values of fraction 4 show different behavior in comparison to the
others. The different behavior for fraction 4 is attributable to the mixture of two
types of C,, regioisomers. The reduction and oxidation potentials of fraction 4 are
based on the interaction between two types of C,, regioisomers. No observation on
the reversible couple in zinc bis(1,4-didecylbenzo)-bis(3,4-pyrido)porphyrazine
resulted in interaction between regioisomers.

Zinc bis(1,4-didecylbenzo)-bis(3,4-pyrido) porphyrazine and zinc bis
(1,4-didecylbenzo)-bis(2,3-pyrido) porphyrazine were reacted with quaternizing
agents such as monochloroacetic acid, diethyl sulfate, and dimethyl sulfate in N,
N,-dimethylformamide. These compounds were not separated of their regioisomers
(10, 17-19].

The shapes of CVs were changed between before and after the quaternation. The
reduction and oxidation potentials were shown two anodic and four cathodic peaks
for zinc bis(1,4-didecylbenzo)-bis(3,4-pyrido)porphyrazine, and three anodic and
four cathodic waves for zinc bis(1,4-didecylbenzo)-bis(2,3-pyrido) porphyrazine
(Figure 22 and Table 4).

The redox potential of regioisomers of zinc bis(1,4-didecylbenzo)-bis
(3,4-pyrido) porphyrazine were varied (Table 5).

After quaternation of regioisomers, the shapes of CVs appeared clearly. The
electron transfer ability of regioisomers has been increased remarkably by the
acquisition of cation groups. The CV showed two anodic and two cathodic

(1 014 474

16 12 0% 04 00D 04 08 -1.2 -16 156 12 0O D4 0D 04 0F -12 -16 16 12 OF 04 00 04 D8 -12 -16
Potential /¥ vs. AgiAgCl Potential 1V v, Ag/Agl] Posenial /¥ v, AgiAgC]

- nE FTE w—
(4} 471

Ti] Mg B .52

164 12 OF 04 00 04 0OF 12 <16 16 12 08 04 0O 04 0F <12 <16 16 12 0OX 04 00 404 4H 12 <18

Potential /¥ vz, AgiAgC] Potcolial /¥ va. Ag'ApC] Poteatial IV v, AgfAgCl

Figure 22.

Potentials of amphiphilic alkylbenzopyridoporphyrazines in N,N-dimethylformamide with
tetrabutylammonium perchlovate. (1) bis(1,4-didecylbenzo)-bis(3,4-pyrido)porphyrazine react with
dimethyl sulfate, (2) bis(1,4-didecylbenzo)-bis(3,4-pyrido)porphyrazine react with diethyl sulfate, (3)
bis(1,4-didecylbenzo)-bis(3,4-pyrido) porphyrazine react with monochloroacetic acid, (4) bis
(1,4-didecylbenzo)-bis(2,3-pyrido) porphyrazine react with dimethyl sulfate, (5) bis(1,4-didecylbenzo)-bis
(2,3-pyrido)porphyrazine react with diethyl sulfate, (6) bis(1,4-didecylbenzo)-bis(2,3-pyrido)porphyrazine
react with monochloroacetic acid.
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Compound Potential /W vs. Ag/Ag(’]
Reduction Chiication

Zinc bis( 1 A-didecylbenzo)-bis(pyridojporphyrazine  -0.97* -0.71* -045* -0.15% 037 093+
Quaternized with monechloroacetic acid A95%  045% D41 045% 097*
Quaternized with dietyl sulfate 0.95% 089 065% 0.19% 050%  Lo1*
AE®* 0.13
Quaternized with dimethyl sullate 078 058 0.04% 031 050% 103=
AR 0.10

Potential of reversible wave are midpoint podentials of anodic and cathodic peaks for each couple, E,..
* Imeversible peak.,
*% The anodic peak to cathodic peak separation for reversible couple.

Table 4.
Reduction and oxidation potential of zinc bis(1,4-didecylbenzo)-bis (3,4-pyrido)porphyrazine and its
quaternized compound with monochlovoacetic acid, diethyl sulfate and dimethyl sulfate.

Compounds Potential /V vs. Ag/AgCl
Reduction Oxidation

Fraction 1 D, 0.85% 024 1.02

AE## 0.04

Fraction 2 ., -1.00%  A0.63%  -024% 047 098*

A

Fraction3 C, -0.79% 0.55%  -0.15% 1.09%

AE**

Fraction 4 C,, A.73* .57 -N31* 0.13* 0.47%

AE** 007

Potentials of reversible wave are midpoint potential of anodic and cathodic
peaks for each couple, E, .

* lrreversible peak.
#*# The anodic peak to cathodic peak separation for reversible couple.

Table 5.
potential of separated regioisomers in zinc bis(1,4-didecylbenzo)-bis(3,4-Pyrido)porphyrazine.

peaks, two anodic and three cathodic peaks, two anodic and two cathodic peaks,
and one anodic and five cathodic peaks for fractions 1, 2, 3, and 4, respectively.
The CVs of nonperipheral arylsulfanyl substituted metal-free phthalocyanines
such as oxtakis[(4-methylphenyl)thio] phthalocyanine, octakis[ (4-methoxyphenyl)
thio] phthalocyanine, and octakis[ (4-tert-butylphenyl)thio] phthalocyanine are of
similar shape. The CVs of these metal-free phthalocyanines are known to exhibit
irreversible oxidation and reduction potentials around 0.6 and —0.7 V versus the
standard hydrogen electrode (SHE), respectively. The reduction and oxidation
potentials of phthalocyanines appear from the interaction between the phthalocya-
nine ring and the central metal atom. In these metal-free phthalocyanines, the shapes
of oxtakis[ (4-methylphenyl)thio] phthalocyanine, octakis[(4-methoxyphenyl)thio]
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Figure 23.

Cyclic voltammograms of nonperipheral arylsulfanyl-substituted phthalocyanines in odichlorobenzene with
0.1 mol cm 3 tetrabutylammonium perchlovate. a: octakis[ (4-methylphenyl)thio]phthalocyanine; b: octakis
[(4-mthoxylphenyl)thio]phthalocyanine; c: octakis[ (4-tert-butyllphenyl)thio] phthalocyanine.

phthalocyanine, and octakis[ (4-tert-butylphenyl) thio]phthalocyanine showed four
cathodic peaks and four anodic peaks. These pairs of peaks arose around —1.3, —1.05,
—0.3, and 0.6 V versus Ag/AgCl (Figure 23).

The CVs of nonperipheral arylsulfanyl-substituted lead phthalocyanines have
similar shapes unconcerned in the presence of terminal groups such as methyl,
methoxy, and tert-butyl, on the arylsulfanyl substituents. Similar phenomena were
observed for other metal phthalocyanines.

Reduction and oxidation potentials of nonperipheral arylsulfanyl-substituted
metal-free phthalocyanines and for those having a central metal of cobalt (Co),
nickel (Ni), copper (Cu), zinc (Zn), and lead (Pb) were summarized. The CVs of

TV
Central mstal Podential 'V vs, AglAgCl

Reduction Cridation
Owctakis] (4-mety]pheny| Mo lphthalocyanine-H -1.31 -1.0% 0.3l 0.58
Oictakis](4-metylpheny | Kiolphthalocyanine-Co 168 143 057 L] 055 070
Ohctakis](d-metylpheny| giolphthalocyanine-Ni A9 2132 W06 009 029 057 071°
Ouctakis](4-metyipheny| Mio lphithalocyanine-Cu S I Y L 0.3l 061
Octakis|(4-mety lpheny tio]phthalocynmine-Zn 162 =126 070" 0z 053
Oxtakis[(4-metyiphenylio]phihalocyanine-Ph 12 -103 047 019 0.44
Ociakis[(4-methoxyphenylnio]phibalocyanine-H, -1.31 -1.04 K] 058
Octakis]{d-methaxyphenyltio|phthalocyanine-Co .50 017 052 082
Oxctakibs[(4-methoxypheny b phihalocyamine-Ni -l4%  -1.31 -l6 0.8 0.9 057 058
Crctakis[(4-methcooyphenylitio]phthalocyanine-Cu -l6g <143} -3 0.2% 041
Octakis|(d-methoxyphenyljtiojphthalocyanine-Zn 161 129 06 048
Octakis|i4-methoxyphenyljiojpbibalocyanine-Pb <154 <120 -104 047" 019 044 058
Octakis[(4-rerr-butylphenyljtio]phthalocyanine-H, 150 -103 032 0.58
Octakis] (4-tert-buty phenyl o | phthalocyanime-Co -1 68%  -143% 057 021 053 0.Te
Oztakiis] (4-vent-butylphenyl o) phihalocyamine-Ni -1.53 ST I ] 033 059 0.73
Octakis]{d-tert-butylphenyltio|phthalocyanine-Cu 143 13 DA 0.2
Octakis] (4-1er-butylphenylito|phthalocyanine-£a -l -9 01z 053
Oictkis](4-tert-butylphenylitiojphthalocysnine-Pb =157 -1.26  -100 035 0.2l 047 0460  085°
P ials ol re ible wave sre midpoint of anodic and cathodic praks for each coaple F,..
*lrreversible peak,
Table 6.

Reduction and oxidation potentials of nonperipheral arylsulfanyl substituted phthalocyanine in o-
dichlorobenzene with tetrabutyl ammonium perchlorate.
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these compounds exhibited reduction and oxidation potentials, which were in
accordance with their central metal (Table 6).

The arylsulfanyl substituents in nonperipheral arylsulfanyl-substituted phthalo-
cyanines influence the 7 electron density in the phthalocyanine ring. The effect of
arylsulfanyl groups gives rise to the change of electron density of phthalocyanine
ring in the molecule of nonperipheral arylsulfanyl-substituted phthalocyanines.
Nonperipheral arylsulfanyl-substituted phthalocyanines exhibit excellent electron
transfer properties.

The reduction and oxidation properties of nonperipheral arylsulfanyl-
substituted phthalocyanines result from electron transfer from sulfur atoms in
the arylsulfanyl substituents at the peripheral positions of phthalocyanine ring
to the central metal atom, except in the case of Co as the central metal. In
nonperipheral arylsulfanyl-substituted Co phthalocyanines, the irreversible
peaks are attributed to the central metal and the reversible waves represent the
reduction/oxidation of phthalocyanine ring, including arylsulfanyl groups. It
appears that the electron transfer mechanism of nonperipheral arylsulfanyl-
substituted phthalocyanines depend on the kind of central metal atom. In par-
ticular, the electron transfer mechanism of nonperipheral arylsulfanyl-
substituted Co phthalocyanines and nonperipheral arylsulfanyl-substituted Zn
phthalocyanines were attributed to reduction and oxidation of their central
metal, while those of nonperipheral arylsulfanyl-substituted metal-free phthalo-
cyanines, nonperipheral arylsulfanyl-substituted Cu phthalocyanines,
nonperipheral arylsulfanyl-substituted Ni phthalocyanines, and nonperipheral
arylsulfanyl-substituted Pb phthalocyanines resulted from HOMO to LUMO
electron transitions [20].

3.3 Subphthalocyanines and nonperipheral arylsulfanyl-substituted
subphthalocyanines

The CV of subphthalocyanine showed two cathodic peaks at —0.30 and —0.65V
versus Ag/AgCl, and two anodic peaks at 0.82 and —0.62 V versus Ag/AgCl
Subphthalocyanine has two irreversible oxidation and reduction at 0.82
and —0.30 V versus Ag/AgCl, and one pair of reversible reduction potential at
—0.64 V versus Ag/AgCl (Figure 24).

The reduction and oxidation potentials of subphthalocyanine and its derivatives
are summarized (Table 7).

In the case of metal phthalocyanines, their substituents influence the 7 electron
environment in the molecule especially the four phenylene rings. The effect of
substituents gives rise to the change of electron density of the four phenylene rings
in the molecule. Electron transfer properties depend on the kind of the substituents.

While in the case of subphthalocyanine and its derivatives, reduction and oxi-
dation potentials were of various values. However, one irreversible potential cer-
tainly appeared around —0.3 V versus Ag/AgCl, of which peaks are attributed to the
reduction of the subphthalocyanine ring. The difference of CV between subphtha-
locyanine derivatives is attributed to the variation of the substituents depends on
the subphthalocyanine ring [33].

The CVs of nonperipheral arylsulfanyl-substituted subphthalocyanines show
similar shapes (Figure 25).

The shapes of hexakis[ (4-tert-butylphenyl)thio]subphthalocyanine showed
cathodic and anodic peaks. The pair of peaks appeared at around —1.69, —1.15, 0.62,
and 0.88 V versus Ag/AgCl. Oxidation and reduction potentials of nonperipheral
arylsulfanyl-substituted subphthalocyanines were summarized (Table 8).
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Figure 24.

Cyclic voltammograms of unsubstituted subphthalocyanine and dodecylkis (thiobutyl)subphthalocyanine in
acetonitrile with 0.1 mol cm ™3 tetrabutylammonium perchlorate. (a) unsubstituted SubPC, (b) dodecylkis
(thiobutyl)subphthalocyanine.

As mentioned above, in general, metal phthalocyanines having transition metal
behave as electrochemically irreversible, and exhibit reduction and oxidation prop-
erties resulting from interaction between the phthalocyanine ring and their central
metal. The oxidation potential is about 1.0 V versus SHE. The reduction potential
occurs between —0.3 and —0.8 V versus SHE. Electrons are added either to the
molecular orbital of the phthalocyanine ring or the central metal, depending on the
reduction and oxidation potential for reduction process.

As mentioned above, an irreversible reduction appeared around —0.3 V versus
Ag/AgCl for subphthalocyanines [33]. The irreversible peaks of subphthalocyanines
are attributed to the reduction of the subphthalocyanine ring. The reduction and
oxidation potentials of subphthalocyanines result from their substituents.

CVs of nonperipheral arylsulfanyl-substituted subphthalocyanines differ in
terms of shape from subphthalocyanine; hexakis[(4-tert-butylphenyl)thio]
subphthalocyanine has many reduction and oxidation peaks. These phenomena
mean that the substituents variedly act in accordance with their electro-
donating property for methyl, methoxy, and tert-butyl, although they do not
demonstrate the effect as chromophores. The substituents of nonperipheral
arylsulfanyl-substituted subphthalocyanines are affected more by subphthalo-
cyanines than phthalocyanine ring above mentioned corresponding octakis
(arylsulfanyl)phthalocyanines [34]. Nonperipheral arylsulfanyl-substituted
subphthalocyanines show many reduction potentials. Nonperipheral
arylsulfanyl-substituted subphthalocyanines are acceptable electrons in the
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Compound Potential /W vs, AgfAgCl
Reduction Oixidation
Hexakis({thiohuty] phexafuluoro-subphthalocyanine 0.56% -0.28* LLE.E]
DE 003
Hexakis(thiophenyljhexafuluoro-subphthalocyanine .27 (R0 1.44%
Dasdeeylkisthiobuty] phexafuluoro-subphihalocyanine AD2N* 037 0.18*
Dadecylkis(thiopheny lihexafuluone-subphihabocyanine D57 046 0.18*
Subphithalocyanine 064 H.03* 0g2*
AE™* 0.03

Padentials of reversible wive ane midL'lu[mirﬂ ptli:nl'nlu!' anodic and cathadic peaks far each coupde ..

* Irreversible peak.
% The anodic penk 1o cathodic peak separtion for reversible couple,

Table 7.
Reduction and oxidation potential of subphthalocyanines.

i

-2 -1.5 -1 -05 0 0.5 1 1.5
Potential / V vs. Ag/AgCl

Figure 25.
Cyclic voltammogram of hexakis[ (4-tert-butyl)thio]subphthalocyanine in o-dichlorobenzene with
0.1 mol cm 3 tetrabutylammonium perchlorate.

C Pedential WV \'s..l'ka;u".l\_g(‘.l m dichlbromethane Salvent

Reduction Dixidation
Hexakis[(4-metylphenylihiojsubphthalocyanine  -1.74  -156  -1.28 -4 -D92* 062 090
Hexakis[(4-rers-butylphenyljihio]subphthalocyanin B -LIS 090* 062 088
Hiexakis{(d-metylphenyl)hio] phibabocyanine 25 086 046 038
Subphthalocyanine -1.31 075
Potential /Y v Ag/AgCl in chlomform Solvem
Reduction Oridation
Hexakis[(4-metylphenylthio|subphthalocyanine 181 143 0.80°
Jexakis](d-tert-buty|phenyl thio|subphthalocyanim -1.81 0.74*
Subphthalocyasine 15 L2 081*

Potentials of reversible wave are midpoint of anodic and cathodic praks for each couple E,..
*Imeversible peak.

Table 8.

Reduction and oxidation potential of nonperipheral arylsulfanyl-subphthalocyanine and asymmetric 3:1
phthalocyanine, hexakis(arylsulfanyl)phthalocyanine in o-dichlorobenzene or chloroform with 0.1 mol cm ™3
tetrabutylammonium perchlorate.
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subphthalocyanine ring compare with corresponding octakis(arylsulfanyl)
phthalocyanines [34].

CV of asymmetric 3:1 type phthalocyanine, hexakis[ (4-methylphenyl)thio]
phthalocyanine shows peaks at —1.25, —0.86, 00.46, and 0.38 V versus Ag/AgCl.
These data are similar to octakis[(4-methylphenyl)thio]phthalocyanine.

4. Conclusion

Electrochemical measurements were performed cobalt phthalocyanine-4,4',4"
4”-tetrasulfonic acids, cobalt phthalocyanine-2,3,9,10,16,17,23,24-octacarboxylic
acids, cobalt 2,3,9,10,16,17,23,24-octakis(hexoxymethyl) phthalocyanine, and
cobalt anthraquinocyanine in order to examine their electron transfer abilities and
electrochemical mechanism.

The CVs of zinc bis(1,4-didecylbenzo)-bis(3,4-pyrido)porphyrazine and its
regioisomers showed different oxidation and reduction potentials. After
quaternation, the shapes of CVs appeared clearly. It is though that electron transfer
ability has been increased remarkably by acquisition of cation groups.

The electron transfer properties of nonperipheral arylsulfanyl-substituted
phthalocyanines were shown to be excellent estimated. The effect of arylsulfanyl
groups gives rise to be significant.

Electron transition in nonperipheral arylsulfanyl-substituted Co phthalocya-
nines and nonperipheral arylsulfanyl-substituted Zn phthalocyanines are attributed
to reduction and oxidation of their central metal, whereas, in nonperipheral
arylsulfanyl-substituted metal-free phthalocyanines, nonperipheral arylsulfanyl-
substituted Cu phthalocyanines, nonperipheral arylsulfanyl-substituted Ni phtha-
locyanines and nonperipheral arylsulfanyl-substituted Pb phthalocyanines, electron
transfer results from HOMO to LUMO electron transition.

For subphthalocyanine and its derivatives, reduction and oxidation potentials
were various values. The difference of CV between subphthalocyanine deriva-
tives is attributed to the variation of the substituents depends on the subphtha-
locyanine ring.

Nonperipheral arylsulfanyl-substituted subphthalocyanines show many
reduction potentials. Nonperipheral arylsulfanyl-substituted subphthalocyanines
are acceptable electrons in the subphthalocyanine ring, meaning that the
nonperipheral arylsulfanyl-substituted subphthalocyanines have good electron
transfer properties.

Asymmetric 3:1 type phthalocyanine, hexakis[ (4-methoxyphenyl)thio] phthalo-
cyanine has similar properties of previous reported phthalocyanines.

These results suggest that phthalocyanines will be appropriate materials for use
in the next generation photosensitize for PDT and DSSCs.
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Chapter 4

Electrochemical Preparation and

Characterization of Chemically
Modified Electrodes

Kenneth L. Brown

Abstract

This chapter will focus on the use of electropolymerization schemes and reac-
tions to modify electrode surfaces with organo- and organometallic compounds
such as metal(II)-4, 9, 16, 23-tetraminophthalocyanines and metal complexes of
5-amino-1, 10-phenanthroline. The chemical modification described herein focuses
on the formation of polymer films on electrode surfaces. In addition, the charac-
terization of such films using cyclic voltammetry, chronoamperometry, chrono-
coulometry, and electrochemical impedance spectroscopy will be a key emphasis
within this chapter. A brief review of the literature concerning these techniques
along with relevant compounds that have been used in studies related to these
voltammetric techniques is presented.

Keywords: electropolymerization, cyclic voltammetry, polymer films

1. Introduction

Chemically modified electrodes (CMEs) over the last decade has continued to
spark considerable interest in analytical chemistry with respect to electrocatalysis,
development of new electrochemical and spectroelectrochemical sensors, and
electrochromic displays, just to name a few. Since the novel work by Lane and
Hubbard involving chemisorbed metals on platinum electrode surfaces, numerous
methods have been developed to immobilize species onto a variety of electrode
surfaces. These modification techniques include covalent attachment, spin coating,
electropolymerization, and others.

2. Significance of electrode modification

The significance and role of chemically modified electrodes (CMEs) to catalyze
or modify the rate of chemical reactions has been extensively surveyed for a num-
ber of applications [1-4] . The methodology for modifying an electrode surface has
a significant impact on its short-term and long-term use in analytical applications.
Many of these applications involve the detection of different types of analytes,
including transition metal ions, peroxides, anions, and organic species [5-8].
Understanding the properties of a chemically modified electrode such as mecha-
nisms of charge transfer, electrode stability in different chemical environments
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such as low and high pH certainly lays a foundation for developing methods based
on certain types of reactions (e.g., chemiluminescence).

Immobilized species on electrode surfaces can be composed of several monolay-
ers or several thousand monolayers, as in the case of electropolymerized thin films
[1]. The electrode modification procedure is tailored to control charge transfer
rates for specific applications such as (1) electrocatalysis, (2) solar energy conver-
sion, (3) improving electrode stability, (4) development of sensors/biosensors,

(5) directed and controlled mediated charge transfer, and (6) electrochromism for
color displays which are potential dependent [9-13]. Such applications are usually
based upon the charge-transfer properties of the compound immobilized on the
electrode. Presently, many applications involve the use polymeric multilayered thin
films, which may be loaded ionomers, redox polymers, or electronically conducting
polymers. Some of the methods for modifying electrodes include chemisorption,
covalent binding, vacuum deposition, electroplating, electropolymerization, and
others [14-20].

One of the benefits of using electropolymerization reactions to modify electrode
surfaces is the ability to change the properties of the polymer film by changing
the experimental conditions (e.g., scan rate in cyclic voltammetry); the ability to
chemically modify irregular shaped electrodes, and the ability to tailor an electrode
surface for specific applications.

Electropolymerized thin films as selective reagents on various surfaces have
been at the forefront in designing amperometric sensors. Two significant advan-
tages of using electropolymerized thin films and coatings in electrochemical
amperometric sensors and spectroelectrochemical sensors are the ability to (1)
better control the chemical and physical nature of the reaction system, and (2)
provide a much higher “effective concentration” per unit area for reactions to occur.
The challenge in designing polymeric films is tailoring the molecular architecture
to control and direct chemical reactivity with selected compounds [17, 18]. One of
the most widely used methods in developing polymeric films on various electrode
surfaces is electropolymerization via cyclic voltammetry [19, 20]. This technique,
under consistent experimental conditions, produces a polymeric film consistent in
molecular architecture and reactivity toward specific compounds.

The electrochemical reactivity of specific compounds toward polymeric films is
influenced by a variety of factors such as polymer lattice orientations, film thick-
ness, solvent content within the film, and counterion ingress and egress into and
out of the polymeric film [19, 20]. A number of electrochemical and hyphenated
electrochemical techniques have been used to characterize chemically modified
electrodes and these include cyclic voltammetry, square wave voltammetry, spectro-
electrochemistry, electrochemical quartz crystal microbalance, and electrochemical
impedance spectroscopy, just to name a few.

3. Classification of polymer modified electrodes
3.1Loaded ionomers

These polymer coatings are polycation or polyanion ion-exchange polymers,
which contain electroactive species. The ion-exchange polymer is attached to an
electrode via solvent evaporation or spin coating which is then dipped into a solu-
tion containing electroactive species. The electroactive species are essentially bound
to the ion-exchange polymer through electrostatic forces. One of the most popular
and extensively used ion-exchange polymers is Nafion, a perfluorosulfonate
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ion-exchanger [9]. Other ion-exchange polymers which have been investigated are
protonated forms of poly(vinylpyridine), and poly-N-methylpyrrole with immobi-
lized poly (4-styrenesulfonate) ions as a cation-exchanger [9].

Anson and Oyama utilized protonated forms of poly(4-vinylpyridine) as cation
exchange polymers to incorporate Ru*, hexacyanoferrate (Fe(CN)¢"*~, and hexa-
chloroiridate (IrClg>*") [10]. Maksymuk and Doblhofer used poly-N-methylpyrrole
with immobilized poly(4-styrenesulfonate) ions as a cation-exchanger to incorpo-
rate Fe(CN)¢> ™+, Ru(NH;)>**, Eu**/Eu?*, Co(en);**'?*, and Fe(C,0,)5> "+ [11].
The electropolymerization of pyrrole, aniline, or N-methylpyrrole in the presence
of polyanions such as poly(vinylsulfate), and poly-(stryrenesulfonate) forms an
ion-exchanger, which is electroactive over a wide potential range [9]. Other workers
have incorporated electroactive inorganic cations such as Co (2,2/—bipyridine)32+, and
Ru (2,2’—bipyridine)32+ into polystyrene sulfonate [12]. The widely used Nafion has
been utilized by Yagi and co-workers to investigate the charge transfer properties of
tris(2,2’-bipyridine)Ru** [13]. The charge transport parameters are based upon two
processes, namely, physical displacement of the electroactive center, and electron
hopping or electron self-exchange between electroactive centers [9]. Although this
method is useful in studying charge transport properties of redox active species
within membranes, it suffers from a major disadvantage in that the electroactive
species are not irreversibly bound to the ion-exchange matrix, and consequently
leaches out into the solution.

3.2 Redox polymers

Polymer films with redox-active centers covalently bound to a redox inactive
polymer organic moiety is a redox polymer. These polymers can be synthesized in
large quantities, and then immobilized onto electrode surfaces by spin coating, or
dip coating. One major obstacle associated with using preformed redox polymers
is its low solubility in solvents. The solvent must evaporate when using spin coat-
ing, dip coating, or solvent evaporation methods in order to leave the preformed
polymer on the electrode surface. The mechanism of charge transfer has been exclu-
sively identified as electron hopping or electron self-exchange between neighboring
redox centers. Such polymers only show conductivity over a limited potential
range. Shgehara and co-workers incorporated Fe(CN)s’~ into poly(4-vinylpyridine)
via coordination, and attached the polymer to graphite electrodes by solvent
evaporation [21].

One of the most successful and appealing ways to form redox polymers on
electrode surfaces is through electropolymerization using cyclic voltammetry.
Electropolymerization is an attractive approach because it allows film thickness
to be consistently reproduced, and monitored. In addition, electrode coverage is
normally complete after many scans, and requires many layers because the poly-
mer may not grow in regular layers. This gives rise to what is commonly called a
multilayered polymeric thin film. As mentioned previously, these electrodes show
a greater electrochemical response than monolayer coverages. Multilayered films
have more electroactive sites in the form of layers and as many as 1000 layers can
be formed on a single electrode surface [1, 22]. Iron and ruthenium complexes of
2,2'-bipyridine have been electropolymerized on platinum, glassy carbon, and
metal oxide electrodes by Ellis and Meyer to selectively direct charge transfer
to redox species in solution [23]. The same research group performed oxidative
electropolymerization of ruthenium complexes of 4-aminopyridine, 3-aminopyri-
dine, and 5-amino-1,10 phenanthroline [24]. Metalloporphyrins have been used
in electropolymerization by several research groups. Derivatives of nickel(II) and
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cobalt(II)-tetraphenylporphyrins with amino-, hydroxy-, and pyrrole-, substituents
have been electropolymerized by Murray and co-workers [25]. Such compounds are
used because of their rich chemistry in terms of electron transfer properties. These
type of compounds can be used as possible catalysts since the central metal ion is
capable of axially coordinating with extra ligands. The mechanism(s) for generating
polymeric multilayered films are based upon similar principles of either forming
radical cations or anions which couple together. This process is looked into further
under the discussion of “electropolymerization reactions.”

3.3 Electronically conducting polymers

Electronically conducting polymers are marked by extended n-electron sys-
tems which are delocalized. These are can be formed in a similar manner as redox
polymers using electropolymerization schemes. One of the first compounds to be
used in forming these polymers was pyrrole by Diaz and Kanazawa [26]. Later,
other research groups explored aniline, furan, and other heterocyclic aromatic
compounds for electropolymerization. The polymerization of these compounds
proceeds by the mechanism(s) similar to derivatives of metalloporphyrins. For
example, pyrrole forms polymeric films via radical cation intermediates. In all
cases, electropolymerization is governed by Faraday’s Law and hence it is easy to
monitor film thickness.

Charge transport within the electropolymerized film is attributed to interchain
electron hopping coupled the egress or ingress of counterions to maintain charge
electroneutrality during electrochemical characterization or stimulation. The chain
alignment plays a significant role in the kinetics of charge transfer, and the conduc-
tivity of these films. Film thickness can be an important factor in designing sensors
because analytes may penetrate through the film to the electrode surface, partially
through the film, or to the film solution interface in order to undergo a charge
transfer electrocatalytic reaction [11].

4. Electropolymerization reactions

Electropolymerization can be performed using cyclic voltammetry (CV)
wherein experimental CV conditions such as scan rate, number of cycles, and the
potential window all affect the overall composition of the resultant polymeric thin
films. Electropolymerization reactions are first preceded by a small of amount of
adsorption onto the electrode surface. In order for a monomer to be electropo-
lymerized on an electrode surface, it must possess functional groups which can
be oxidized or reduced via a n* molecular orbital or non-bonding electrons on a
heteroatom. The most common functional groups noted to facilitate electropoly-
merizations reactions are amino-, hydroxy-, and vinyl groups. In these instances,
there is a lone pair of electrons or a n-electron system available. These organic
moieties give rise to radical cations or anions depending upon whether oxidation
or reduction is the initiation step. These radical species couple at the electrode
surface, and undergo redox processes to generate the thin film. The conductivity of
the developing film on the electrode surface serves to mediate charge transfer at the
film-solution interface so that more monomers can be incorporated into the grow-
ing film. Statistically, increasing the number of aforementioned functional groups
on a compound favors the formation of radical species and a heavily cross-linked
polymer film. In addition, multiple functional groups on the monomer for initiating
polymerization reactions promote the correct orientation for the incorporation of
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monomer units into the growing polymer film. This is significant when one consid-
ers how the electrode surface can be fully covered with up to 1000 monolayers.

4.1 Oxidative electropolymerization

Oxidative electropolymerization can be performed when compounds have such
substituents such as amino-, and hydroxy- groups. It has been well-established that
with such functional groups electropolymerization proceeds by oxidation involving
the lone pair of electrons on the heteroatom [27]. The electrooxidation of aniline
(1) in Figure 1, via the lone pair of electrons of the nitrogen yields the radical cation
(2). The radical cation (2), loses a proton (3), and then undergoes radical coupling
to form (4). The dimers are oxidized to form N=N double bonds (5).

Our research group has applied this mechanism to the electropolymerization of
metal(II)-tetraaminophthalocyanine [M(II) TAPc] to prepare polymer thin films.
For compounds such as M(II) TAPc multiple amine sites allow polymerization to
continue, and film thickness to increase with greater crosslinking; the initiation
step for generating poly-M(II) TAPc begins with an electrochemical oxidation of the
amino- substituent that produces a radical cation. In the electropolymerization of
zinc, and cobalt-tetraaminophthalo-cyanine shown in Figure 2 using cyclic voltam-
metry, three reversible redox couples were identified [28, 29]. All electrochemical
transformations within the zinc complex occur on the ligand system whereas
CoTAPc has redox reactions on the ligand and central metal. The nonzero current of
these polymer films at the negative switching potential is the result of the capaci-
tance of the polymer films due to extensive crosslinking facilitated by the multiple
amine sites on the compound. Metal complexes of ruthenium and iron involving the
5-amino-1-10-phenanthroline ligand shown in Figure 3 have been electropolymer-
ized onto glassy carbon, platinum, and ITO electrode surfaces.

These films on indium tin oxide surfaces demonstrate reversible electrochromism
when the applied potential changed from 0 to 1.50 V (vs Ag/AgClin 3 M KCIl). Several
research groups have shown that the electropolymerization of these complexes

1 2
H H
= OO
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A
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Figure 1.

Electropolymerization reactions of aniline.
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Structure of metal(II)-4, 9, 16, 23-tetraaminophthalo-cyanine [M(II) TAPc] and corresponding
electropolymerization reactions.

Figure 3.
Structure of 5-amino-1, 10-phenanthroline ruthenium (II).

proceeds in a similar manner as the TAPc metal complexes (Figures 4 and 5) but the

electrochemical reversibility is more noted with the 5-amino-1-10-phenanthroline
ligand.
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Cyclic voltammaogram of the electropolymerization of 5-amino-1, 10-phenanthroline iron (II).

5. Characterization of chemically modified electrodes

Chemically modified electrodes have been characterized using a variety of electro-
chemical, spectroscopic, mechanical, and hyphenated electrochemical-spectroscopic
techniques. The most notably electrochemical characterization tools are cyclic voltam-
metry, chronocoulometry, quartz crystal microbalance, electrochemical impedance
spectroscopy, and spectroelectrochemistry. Using a dynamic potential scanning
method such as cyclic voltammetry provides both quantitative and qualitative data on
the nature of electropolymerized films. For example, when characterizing polymer
films using cyclic voltammetry, it has been well-established that the peak width
at half-height for cathodic and anodic peaks is 90.4 mV/n, where n represents the
number of electrons involved the redox transformation. However, many electropo-
lymerized films have peak widths at half height that exceeds 90.4 mV/n (Figure 6).
This is indicative of repulsive or attractive forces in the film or the presence of non-
equivalent redox sites within the film. The electrochemical response of these films is
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Figure 6.
Characterizgation of 5-amino-1, 10-phenanthroline iron(II) polymer film on a glassy carbon electrode.

the result of electron self-exchange reactions, or “electron-hopping” within the film.
Concomitantly, egress or ingress of counterions from the polymer film or supporting
electrolyte solution, respectively occurs when the film is oxidized or reduced using
cyclic potentiodynamic conditions.

Electrochemical quartz crystal microbalance (EQCM) during CV studies have
been used to determine the number of ions and associated solvent molecules enter-
ing or leaving polymer film as the films become oxidized or reduced. This provides
a better understanding of the composition of polymer films real-time when they
undergo a redox transformation. Cyclic voltammetry coupled with chronocoulom-
etry has been used to determine the apparent charge transfer coefficient for electron
hopping-self-exchange reactions for polymer films. Electrochemical impedance
spectroscopy is widely used to study thin dynamics, corrosion of surfaces, to guide
the development of sensors and biosensors, and a host of other applications.

5.1 Electrochemical quartz crystal microbalance studies

Quartz crystal microbalance (QCM) studies are based upon a deviation of the
oscillation resonant frequency of a quartz crystal when the mass of the crystal
changes. Oscillation frequency decreases as mass of the crystal increases. The instru-
mentation is sensitive enough to monitor the adsorption of gases onto the surface of
the quartz crystal. When electrochemistry is combined with QCM as a hyphenated
technique (EQCM), simultaneous iz situ electrochemical and mass measurements at
electrode surfaces are possible which allows electropolymerization mechanisms to
be studied [30, 31]. Using EQCM it would be possible to determine the potential that
causes the initiation step for electropolymerization and to determine the amount
of material deposited on the electrode surface. It has been shown that reduction or
oxidation processes occurring within a polymer film require that charge electro-
neutrality be maintained within the film. This necessitates the egress or ingress of
solvated counterions with respect to the film, which can cause the film to swell.
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This impacts charge transfer within the films and may reduce the mechanical
stability of the polymer film and adhesion of the polymer film to the electrode.
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Research groups have used EQCM, an iz situ mass measurement-electrochemical
method, to monitor ion transport, solvent transport, and charge transfer properties
within the films. The goal for these studies is oftentimes to discriminate between
solvent movement and ionic movement within the films that should provide insight
into whether or not charge transfer and charge electroneutrality within the films

is limited by counterion movement within the films. The relationship between the
change in frequency (Af) and the change in mass (Am) of a coated quartz crystal is
given by the Sauerbrey equation (Eq. (1)) [32], where p and p are the shear modulus
and density of the quartz crystal, respectively. Eq. (2) is used to determine the
apparent molar mass of the species causing the mass change where Cs is the mass
sensitivity constant for the crystal. The applicability of this equation for solutions
requires a uniform distribution of material across the surface of the crystal. In
addition, the film must be rigid enough at all oxidation states to avoid dampen-

ing the shear wave that is applied to the crystal (i.e., the coating does represent a
viscous medium) [30, 31]. First, in order to validate the Sauerbrey equation, films
of various thicknesses based on the monomers are prepared. It is beneficial to use
Atomic Force Microscopy (AFM) to verify that the material is uniformly distributed
on the surface. Establishing a linear correlation between film thickness and Af allow
researchers to determine the rigidity of the film, and validate the applicability of
the Sauerbrey Equation [32]. Based upon Egs. (1), (2), it is possible to determine the
molar mass, and hence, the species causing the change in mass of the film. For each
cyclic voltammetric characterization of polymer film, peak separation values of the
redox couples, with respect to scan rate and number of electropolymerization cycles
can be evaluated to determine polymer film dynamics and characteristics. At low
scan rates of cyclic voltammetric characterization, peak separation values should be
near 0 V for facile charge transfer of materials immobilized onto electrode surfaces,
which indicates Nernstian equilibrium with a applied potential. However, a con-
stant low scan rate of characterization, with increasing film thickness may increase
the peak separation due to limitations of charge transfer, ionic mobility, or polymer
lattice motions necessary to accommodate charge transfer. Atomic force microscopy
and SEM measurements provides information on changes in polymer structure
after cyclic voltammetric characterization of the films and can be compared to
EQCM measurements.

5.2 Determination of the apparent charge transfer diffusion coefficient

For the electrochemical characterization of the polymer films, the apparent
charge transfer diffusion coefficient for a polymer thin film of a given thickness
can be determined through chronoamperometric-coulometric methods, using the
Cottrell equation (Eq. (3)) [28].

1 1

_nFADZCT?
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| (3)

The current response for an electroactive compound is given by the Cottrell
equation where C and D,, are the concentration (mol cm™>) of redox species and
apparent charge transfer diffusion coefficient (cm®s™"), respectively. The other
symbols have their normal electrochemical convention. The slope of the linear plot,
Iversust 2, allows the product D,,”*C to be calculated. Recently, we have shown
that AFM can be used to determine film thicknesses and surface roughness factors
for both redox polymer films and organic conducting polymer films and these
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properties change as the number of electropolymerization cycles change. Using
the film thickness, the concentration of redox species and hence D, can be deter-
mined. The product of D,,”C can also be evaluated from CV characterization data.
If the mechanism proposed by Engler and Kaufman is followed for these systems,
the redox sites in metal containing films that are near the outer boundary at the
solution-film interface are reduced and oxidized via electron transfer between
neighboring redox centers [19, 33]. The value of D,, is then translated to the rate of
electron transfer which may be influenced by counterion ingress and egress from
film, solvent content within the film, and polymer lattice orientations, any of which
could be rate determining for the electron transfer. Interpretation of D, values

for the polymer films provides information on the maximum limits for electron
transfer rates with an electroactive analyte in solution.

5.3 Rotating disk electrode voltammetry

Several possibilities exist for electron transfer between the analyte in solution
and the polymer film and will affect the reaction between the redox mediator and
the respective analyte. The analyte may penetrate to the electrode-film interface,
several monolayers into the film, or interact with the film-solution interface.
Koutecky-Levich plots [34] can be obtained from the polymer films on rotating disk
electrodes at various rotational velocities (), and concentrations (Cy) of analyte
(i.e., glucose, hydrazine, and metal ions). Analyzing variable film thicknesses helps
determine if electron self-exchange in the polymer film or diffusion of analyte
through the polymer film is rate limiting. This helps elucidate the kinetics of analyte
reduction or oxidation. The overall current in the RDE method is composed of a
catalytic current (I,), kinetic current (i), and Levich current (Ii,), as shown in
Egs. (4)-(6). The catalytic current is derived from the mediated charge transfer
reaction, the kinetic current from the cross exchange reaction between the poly-
mer film and analyte, and the Levich current from the mass transfer of analyte in
solution [34].

.1 )
lat  hev
214 5)
- 3 2.8
||E'l.l' =0.620nFADY W=y Ch
he = nFﬂthh (6)

Extrapolation of the linear plot of 1/I., with respect to 1/e"? should give an

intercept of 1/I; when extrapolated to ® ~Y2 _ 0 to determine the rate constant, ki,
for the cross reaction between the analyte and polymer film. For these experiments,
films of different thicknesses prepared on electrode surfaces and the currents from
the RDE measurements helps determine if the current response is diffusion limited
for the analyte.

5.4 Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) has been used by a variety of

researchers to study charge transfer processes at electrode/solution interfaces, ionic
transport within films, and diffusion mass transport processes [35]. Corrosion is
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Figure 7.
Electrochemical impedance spectroscopy of electropolymerized film of 5-amino-1, 10-phenathvoline-iron(II) on
a glassy carbon electrode.

another area of intense research and makes extensive use of EIS measurements [36].
Using EIS it is possible to detect flaws in coatings on metals and to determine when
a coating on a metal and alloy surface fails. Electrochemical impedance measure-
ments are used to better understand how sensors operate theoretically by building
equivalent circuits for charge transfer processes, mass transport processes, and
ionic migration. Some films within electrochemical sensors become porous due to
analyte diffusion and/or migration effects after extended use and EIS can be used to
evaluate changes in morphology of the films that in turn affect sensor and biosensor
performance. Electrochemical impedance spectroscopy employs alternating circuit
(AC) theory to electrochemical cells [37, 38]. That is, an electrochemical cell can be
modeled with electrical components consisting of resistors, capacitors, and induc-
tors in a series or parallel arrangement. However, in complex systems, the arrange-
ment of the equivalent circuit design is generally a series—parallel combination
arrangement. Electron flow in an electrochemical sensor can be hindered via slow
heterogeneous or homogeneous kinetics, slow diffusional or migration processes, or
morphological changes in the films used. This total impedance is the combination of
resistors, capacitors, and inductors. In EIS, an AC signal of approximately 5-20 mV
is superimposed on a DC component of the electrochemical system that provides a
pseudo-linear response over a wide frequency range. Films characterized with EIS
ideally show charge transfer resistance (Rct), which is given by a semicircle and the
semicircle intersects the real-Z’ axis at high frequencies. At lower frequencies, when
time is allowed for diffusion effects to be realized, a Warburg impedance dominates
the charge transfer process as shown in Figure 7. Impedance measurements will also
provide information about the porosity of films before and after use by determining
the pore impedance (Zore). A time profile of Z will indicate: (1) formation of
pores, (2) collapsing of pores, or (3) constant pore structure [37].

6. Conclusion
An effective method of altering the properties of an electrode surface to pre-

pare chemically modified electrodes is through the use of electropolymerization
reactions. Electropolymerization by cyclic voltammetry as opposed to constant
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potential or constant current depositions is more advantageous because there are
certain energy requirements associated with propagating the electropolymerization
that can be better achieved if a potential window is scanned. In addition, much
information can be gained through cyclic voltammetry such as electropolymeriza-
tion mechanistic pathways that cannot be attained using other deposition methods.
Furthermore, these schemes allows irregular-shaped electrodes to be effectively
covered with polymer thin films for placement in flow systems using chemically
modified systems as part of the detection system and for the development of sen-
sors and biosensors.

A number of electrochemical hyphenated techniques have been used to charac-
terize chemically modified electrodes. Oftentimes, several electrochemical experi-
ments using different methods must be used to fully understand the dynamics
of charge transfer for these electrodes when they are used in the development of
amperometric sensors and biosensors. For examples, quartz crystal microbalance
when combined with cyclic voltammetry (EQCM) can provide real-time informa-
tion about mass changes during electrochemical stimulation of chemically modified
electrodes. One goal of electrochemical characterization of thin films is to correlate
the properties of the polymer films to the processes occurring during the electropo-
lymerization when the polymer film is prepared. One technique, electrochemical
impedance spectroscopy, which is typically used to understand corrosion has been
used to provide a clearer picture of the factors limiting charge transfer processes
at the chemical modified electrode surfaces. Using this method, one experiment
has the capability to give information equivalent to several experiments in cyclic
voltammetry and chronocoulometry. However, no one electrochemical technique
can provide all the information necessary to understand the dynamics of electron
transfer phenomena within or at chemically modified electrode surfaces.
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Chapter 5

Investigation of Electrochemical
Pitting Corrosion by Linear Sweep
Voltammetry: A Fast and Robust
Approach

Shashanka Rajendrachari

Abstract

Generally, impedance spectroscopy, cyclic voltammetry and polarographic
methods are used to study the pitting corrosion of steel, stainless steel and many
different alloys. But one can also use linear sweep voltammetry (LSV) to investigate
the pitting corrosion phenomenon. LSV is having many advantages over other
traditional methods; but more research should take place in this area to foreshorten
the lacuna. It is an important electrochemical method that involves solid electrode,
fixed potential and fast scan rate. The advantage of using LSV in determining the
pitting corrosion is less time required in the order of few seconds, and there is no
need of keeping the samples in NaCl or any other electrolytes for many months.

Keywords: linear sweep voltammetry, pitting corrosion, stainless steel,
electrolyte, scan rate

1. Introduction

Over the few decades, the use of stainless steel has been increased tremendously
in various fields due to its beneficial properties like high corrosion resistance, low
thermal expansion, high energy absorption, high strength, good weldability and
high toughness [1]. The ferritic stainless steel is composed of a lesser quantity of
expensive Ni and 10-20 wt.% of Cr, and it has body-centred cubic (BCC) lattice
structure [2]. The properties like high thermal conductivity, low thermal expan-
sion, wear and creep resistance, higher yield strength, excellent high-temperature
oxidation resistance and less stress corrosion properties had made the ferritic
stainless steel one of the important grades of stainless steel [3]. Some of its applica-
tions of ferritic stainless steel are fabricating cold water tank, refrigeration cabinets,
bench work, chemical and food processing, water treatment plant, street furniture,
electrical cabinets, etc. [4].

However, duplex stainless steel is a combination of equal proportions of austen-
itic and ferritic stainless steel grades. Ferrite phase imparts high strength, while aus-
tenite contributes the toughness and high corrosion resistance [5]. Duplex stainless
steel possesses amalgamated properties of both ferritic and austenitic stainless steel,
and hence it is one of the popular and widely applicable stainless steels. Duplex
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stainless steels have a wide range of applications in various fields like chemical, oil,
petrochemical, marine, nuclear power to paper and pulp industries [6-8].

Pitting corrosion is a localised hastened dissolution of metal due to the destruc-
tion of the protective passive film on the metal surface. The important steps
involved in pitting process are breakdown of the passive film, metastable pitting
and pit growth. The mechanism of pitting corrosion involves the dissolution of
protective passive film and gradual acidification of the electrolyte caused by its
insufficient aeration [9]. This increases the pH of the pits by increasing the anion
concentration. Most of the engineering metals and alloys are useful only because
of passive films (thickness of nano to micron range) and naturally forming oxide
layers on the metal surfaces. This will greatly reduce the rate of corrosion of the
metals as well as alloys [10]. But these types of passive films are more often ame-
nable to localised destruction resulting in accelerated dissolution of the underlying
metal. This type of localised pitting corrosion results to the accelerated failure of
structural components by perforation or pitting or by acting as an initiation site for
cracking. Many researchers all over the world published many research papers on
pitting corrosion of stainless steel by different electrochemical methods.

Shankar et al. [11] studied pitting corrosion resistance of yttria-dispersed
stainless steel by cyclic polarisation experiments in 3.56 wt.% NaCl solution. They
concluded that the addition of Y203 did not affect the pitting corrosion resistance.
Ningshen et al. [12] reported the corrosion resistance of 12 and 15% Cr oxide dis-
persion strengthened (ODS) steels in 3 and 9 M HNO;, respectively. They observed
that 12% chromium ODS steel exhibits higher corrosion rate than 15% chromium
ODS steel at both 3 and 9 M HNO; concentrations. Balaji et al. [13] studied the
corrosion resistance of yttria aluminium garnet (YAG)-dispersed austenitic stain-
less steel at different concentrations (1, 2.5 and 7.5 wt.%) of YAG. The corrosion
studies were carried out in 0.1 N H,SO, using potentiodynamic polarisation, and
they reported that addition of YAG does not increase corrosion rate appreciably, but
super-solidus sintering shows higher corrosion resistance than solid-state sintering.

Most of the corrosion studies were carried out using electrochemical methods
such as impedance spectroscopy [14], polarographic methods [15], cyclic voltam-
metry [16], etc. But very limited literature is available so far on the corrosion study
of stainless steel samples by linear sweep voltammetry method. Linear sweep
voltammetry (LSV) is one of the most important methods of electroanalytical
chemistry [17-19], initiated by Heyrovsky. He was honoured with a Nobel Prize in
Chemistry in the year 1959 due to his pioneering work on cyclic voltammetry and
linear sweep voltammetry. LSV is an important voltammetric method in which
the current at a working electrode is measured, while the potential between the
working electrode and a reference electrode is swept linearly with time [20]. The
Randles-Sevcik theory is mainly based on an assumption of diffusion limitation of
the active species in a neutral liquid electrolyte, driven by fast reactions at the work-
ing electrode [21-23]. In the case of LSV, a fixed potential range is applied similar to
the potential step measurements.

The scan rate (v) is calculated from the slope of the line. We can easily alter the
scan rate by changing the time required for sweep. The characteristics of the linear
sweep voltammogram mainly depend on the following factors:

* The voltage scan rate
e The rate of the electron transfer reaction

* The chemical reactivity of the electroactive species
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Figure 1.
Linear sweep voltammetry curve [24].

Figure 2.
Linear cyclic voltammetry experimental set-up [25].

But, however, in LSV, the voltage is scanned from a lower limit to an upper limit
as depicted below (Figures1and 2).

This chapter provides an overview of the factors influencing the pitting cor-
rosion of duplex and ferritic stainless steel samples fabricated by spark plasma
sintering. The detailed information of fabrication, characterisation and consoli-
dation of duplex and ferritic stainless steels was published by the author in his
previous research articles [26-37]. Both the types of stainless steels are used in
different fields, and we need to study their corrosion properties before using them
as engineering materials. The author has explained the effect of composition, time
and different concentrations of electrolytes on the pitting corrosion of duplex and
ferritic stainless steels by using LSV,
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The experimental data explained in this chapter is performed by the author
himself, and part of it is published elsewhere [38, 39]. The corrosion studies were
carried out in a well-established three-electrode electrochemical cell using an
electrochemical work station CHI-660c model by LSV method. Potential scans
were collected in a freely aerated NaCl and H,SO, solutions at room temperature.
The experiments were carried out in an electrochemical cell containing Ag/AgCl-
saturated KCl as reference electrode and stainless steel samples as working electrode
(20 mm diameter) and platinum counter electrode. Corrosion studies were carried
outin 0.5, 1 and 2 M concentration of NaCl and H,SO, solutions at different quiet
times of 2, 4, 6, 8 and 10 s by LSV method.

2. Mechanism of pitting corrosion in stainless steel

In other words, pitting corrosion is a process of depleting passive layer of the
stainless steel aroused by an electrolyte rich in chloride and/or sulphides [25].
Figure 3 depicts the mechanism of pitting corrosion process in stainless steel. There
is a formation of protective Cr,0; passive layer. But in the presence of anions and
proper voltage, the passive layer breaks, and the voltage required to deplete the
passive layer is called as pitting voltage. After breaking of Cr,0; layer, initiation of
pit starts. This increases the anion concentration (CI") in the electrolyte and pit
grows further. But in some cases, re-passivation of pit takes place, and this partially
improves the corrosion-resistant properties of stainless steel.

Some of the reactions responsible for corrosion in stainless steel at NaCl electro-
lytes are shown below [38]:

Anodic reaction: Fe — Fe?* + 2e” (dissolution of iron)

Fe’* + 2H,0 — FeOH' + H;0"

Formation of FeOH" is mainly responsible for the sudden increase in current due
to the dissolution of Fe metal:

Cathodic reaction: O, + 2H,0 + 4¢” — 40H

Main reaction: Fe?* + 2C1 - FeCl,

FeCl, + 2H,O - Fe(OH), + 2HCI

Formation of Fe(OH), increases the pH of the electrolyte inside a pit from 6 to 2,
which induces further corrosion process.

But in the case of H,SO,, re-passivation of passive layer takes place due to the
following reactions [38]:

Anodic reaction:Fe —» Fe?* + 2e” (dissolution of iron)

Cathodic reaction: 2H" +2e° - H,
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Figure 3.
Mechanism of pitting corrosion in stainless steel samples [38].

The main corrosion reaction gives the products iron sulphate and hydrogen gas
as shown below:

Main reaction: Fe + H,SO, — FeSO4 + H,

There is a formation of FeSO, thin layer on the stainless steel surface, which acts
as a passive protective layer for corrosion. But the liberated hydrogen gas scrubs off
the FeSO, layer and causes corrosion [40].

3. A corrosion study of duplex and ferritic stainless steels by LSV
3.1 Different concentrations of NaCl electrolyte solution

We studied the effect of reaction time (quiet time) and different concentrations
of NaCl electrolyte on pitting corrosion. The concentrations 0.5, 1 and 2 M of NaCl
were prepared in double-distilled water and were used to study the pitting corro-
sion. The spark plasma-sintered duplex and ferritic stainless steel samples were
polished to 4/0 grade finish and cleaned with distilled water before the experi-
ment. The stainless steel whose pitting corrosion properties to be studied was kept
inside the electrochemical cell containing NaCl electrolyte, counter electrode and
reference electrode. LSV was performed by sweeping a potential from 0.9 to 0 V
(adjusted according to the pitting potential) with different quiet times of 2, 4, 6, 8

(a)

Cumrent (&)

Cumrend (A)
-
a2

I i ua P 0 re I az " o e Iy’

Vollage (V) Velinge (V)

Figure 4.
Potentiometric graphs of (a) duplex stainless steel and (b) ferritic stainless steel, respectively, at 0.5 M NaCl
solution [30].
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and 10 s. A curve of potential and current was obtained for each individual quiet
time at specific concentration. Figure 4(a) and (b) depicts the LSV curve of cur-
rent versus voltage variation of duplex and ferritic stainless steel samples at 0.5 M
NaCl concentrations in different quiet times.

As the potential sweeps from 0.9 to 0 V, the sharp increase in the current takes
place at a particular potential and that potential is called as pitting potential (EP).
The sharp increase in the current is due to the availability of more electrons after
depleting Cr,0; protective layer. This results in a pit, and it will grow in size if the
metal is unprotected and leads to pitting corrosion. EP values of duplex and fer-
ritic stainless steel samples were found to be 0.63 and 0.57 V, respectively. Duplex
stainless steel shows more EP value than ferritic stainless steel due to more amount
of Crin duplex than ferritic stainless steel, which imparts maximum strength to
interfacial bonding and forms strong oxide layer. Hence, more potential is required
to break the oxide layer; the higher the pitting potential, the better is the pitting
corrosion resistance [41].

Figure 5(a) and (b) shows the current versus voltage graphs of duplex and
ferritic stainless steel samples at 1 M NaCl concentration. EP values of duplex and
ferritic stainless steel samples are found to be 57 and 0.19 V respectively. Similarly,
Figure 6(a) and (b) represents the current versus voltage graphs of duplex and fer-
ritic stainless steel samples at 2 M NaCl concentration. The duplex and ferritic stain-
less steel samples at 2 M NaCl show the EP value of 0.24 and 0.18 V, respectively.
From the graphs it is clear that as the concentration of NaCl electrolyte increases
from 0.5 to 2 M, then pitting potential of duplex and ferritic stainless steel samples
decreases due to the accelerated rate of corrosion reactions at higher concentrations.

3.2 Different concentrations of H,SO, electrolyte solution

The pitting corrosion studies were carried out in a same electrochemical experi-
mental set-up with same experimental condition as the corrosion studies conducted
for NaCl electrolyte. But we have used H,SO, here instead of NaCl to study the effect
of acid electrolyte on corrosion of duplex and ferritic stainless steel samples. We
prepared 0.5, 1 and 2 M concentration of H,SOy electrolyte in double-distilled water
and used to study the pitting corrosion of duplex and ferritic stainless steel samples.

A sweep potential of 0.6-0 V (adjusted according to the pitting potential)
was applied in LSV with different quiet times of 2, 4, 6, 8 and 10 s, respectively.

A voltammetric curve was collected for each individual quiet time at a particular
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Figures.
Potentiometric graphs of (a) duplex stainless steel and (b) ferritic stainless steel, respectively, at 1 M NaCl
solution [30].
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Figure 6.
Potentiometric graphs of (a) duplex stainless steel and (b) ferritic stainless steel, respectively, at 2 M NaCl
solution [30].

constant concentration. LSV curve of current versus voltage variation in duplex

and ferritic stainless steel samples at 0.5 M H,SO, electrolyte after 2, 4, 6, 8 and

10 s are shown in Figure 7(a) and (b), respectively. There is a sharp and sudden
increase in the current between the potential 0.6-0 V similar to NaCl electrolyte. EP
values of duplex and ferritic stainless steel samples are found to be 0.18 and 0.14 V,
respectively.

We also studied the effect of EP at 1 and 2 M H,SO,4 concentrations by maintain-
ing the same procedure as explained above. Figure 8(a) and (b) represents the
current versus voltage graphs of duplex and ferritic stainless steel samples at 1 M
H,SOy solution. EP values of duplex and ferritic stainless steel samples were found
tobe 0.17 and 0.14 V, respectively.

Similarly, Figure 9(a) and (b) shows the current versus voltage graphs of duplex
and ferritic stainless steel samples at 2 M H,SO, solution. Duplex and ferritic stain-
less steel samples have an EP value of 0.028 and —0.013 V, respectively, as shown in
Figure 9.

In the pitting corrosion study during 0.5 and 1 M H,SO, electrolyte, the formed
protective FeSO, layer bounds strongly to the surface of both the stainless steels
along with Cr,0O; passive layer, and hence hydrogen gas liberated during these
concentrations is not enough to break the oxide layer to form a pit and to initiate
corrosion. The pitting corrosion studies at 0.5 and 1 M H,SO, solution concluded
with higher pitting potential. But with 2 M H,SO, solution, the pitting potential is
very low, as the hydrogen gas liberated is sufficient to scrub off the formed FeSO,
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Figure7.

Potentiometric graphs of (a) duplex stainless steel and (b) ferritic stainless steel, respectively, at 0.5 M H,SO,
solution [30].
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Potentiometric graphs of (a) duplex stainless steel and (b) ferritic stainless steel, vespectively, at 1 M H,SO,,
solution [30].
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Figure 9.
Potentiometric graphs of (a) duplex stainless steel and (b) ferritic stainless steel, respectively, at 2 M H,SO,
solution [30].

Type of stainless Concentration of the Pitting potential Pitting potential (Ep)
steel electrolyte (M) (Ep) in NaCl in H,SO,
Duplex stainless 0.5 0.63 0.18
steel 1 0.57 0.6
2 0.24 0.02
Ferritic stainless 0.5 0.57 0.14
steel 1 019 0.14
2 0.18 -0.01
Table 1.

The EP values of duplex and ferritic stainless steels at NaCl and H,SO, solutions.

layer at very low potential. As a result of this, both the stainless steel samples show
low pitting potential at 2 M H,SO,.

Pitting potential value obtained for H,SO, electrolyte is very low compared to
the results obtained for NaCl electrolyte; therefore, duplex and ferritic stainless
steel samples undergo corrosion easily in the presence of H,SO, compared to NaCl
electrolyte. The values of EP and current density with different electrolytes were
tabulated in Table 1.
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4. Post-corrosion microstructural analysis

Field emission scanning electron microscope (FESEM) images of duplex and
ferritic stainless steel samples are shown in Figure 10. The grey-coloured regions in
the FESEM images are due to pitting corrosion.

To study the further characteristics of pitting corrosion, we have used optical
microscope. The optical image analysis was performed to investigate the microstruc-
ture of pitting-corroded duplex and ferritic stainless steels. Figures 11 and 12 show
the microstructure and phase analysis of duplex and ferritic stainless steels after
pitting corrosion. As both the stainless steel samples were consolidated by spark
plasma sintering method at 1000°C, we can see very less porosity ratios. The black-
coloured region in Figure 11 is pitting-corroded region containing iron oxide. Both
the stainless steel samples are having black-coloured region in the microstructure,
confirming the pitting corrosion process during electrochemical measurement. All
the microstructural analysis was performed to only the stainless steel samples whose
corrosion studies were conducted by LSV method at 2 M H,SO, solution.

According to corrosion studies, the rate of corrosion is more in ferritic stainless
steel than duplex stainless steel, and it was also confirmed by microstructural analysis.

Phase analysis was carried out to study the volume fraction of iron oxide present in
both the stainless steel samples. The presence of iron oxide volume percentage is more
in ferritic stainless steel than in duplex stainless steel samples. The volume fraction of
iron oxide phase is determined by AxioVision Release software attached to an optical
microscope. In Figure 12, the red-coloured region corresponds to corroded (iron
oxide) stainless steel part, and green colour corresponds to uncorroded stainless steel.

Figure 10.
FESEM images of (a) duplex stainless steel and (b) ferritic stainless steel [30].

Figure 11.
Optical microscope images of (a) duplex stainless steel and (b) ferritic stainless steel [30].
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(a)

Figure 12.
Optical image phase analysis of (a) duplex stainless steel and (b) ferritic stainless steel using AxioVision
Release software (similar to Figure 11, all the images are in a magnification of 50 um scale bars) [30].

5. Conclusion of the chapter

In the present chapter, we discussed the pitting corrosion properties of SPS-
consolidated stainless steel samples by LSV method at different concentrations of
NaCl and H,SOy, solutions. As the concentration of both the electrolytes increases
from 0.5 to 2 M, then pitting potential of duplex and ferritic stainless steels started
to decrease due to the accelerated rate of corrosion reactions at higher concentra-
tions. Microstructural analysis by FESEM and optical microscope shows corroded
regions of stainless steel samples. The presence of iron oxide volume percentage is
more in ferritic stainless steel than in duplex stainless steel samples. The mechanism
of pitting corrosion in H,SO, and NaCl solutions is almost the same; but the only
difference is the extent of pitting, pitting potential and pitting current values.
Pitting potential value obtained for H,SO, electrolyte is comparatively low com-
pared to the results obtained for NaCl electrolyte. From the results, we can conclude
that duplex and ferritic stainless steel samples undergo corrosion easily in the
presence of H,SO,4 than NaCl electrolyte.

Nomenclature

wt.% weight percentage

MPa megapascal

°C degree in celsius

nm nanometre

pm micrometre

IP pitting current

EP pitting potential
voltage

J current density

M molar

A ampere

ip peak current

A area of electrode

D diffusion coefficient

Co concentration

v scan rate
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Chapter 6

Carbon-Based Electrode
Application for Determination
and Differentiation of Chromium

Ion Species Using Voltammetric
Method

Santhy Wyantuti, Safri Ishmayana, Diana Rakhmawaty Eddy
and Yeni Wahyuni Hartati

Abstract

Cr(III) and Cr(VI) have significantly different toxicological properties,
with the latter being toxic for human health. The anodic stripping voltammetry
using pencil graphite electrode (PGE) was developed to determine Cr(III), and
it can measure the ion within linear range 12.5-75 ppm with 0.31 ppm detection
limit, while adsorptive striping voltammetry was used to determine very low
level of Cr(VI) using PGE with the addition of diethylenetriaminepentaacetic
acid (DTPA). The results indicate that Cr(VI) can give electrochemical response
when adsorptive stripping voltammetry was used, and addition of DTPA gives a
specific Cr(VI) peak at -0.65 V. A more advanced method was developed for the
differentiation of Cr(VI) and Cr(III) using gold nanoparticle-modified glassy
carbon electrode (AuNP-GCE). The AuNP-GCE was applied as electrochemical
sensor for Cr(VI) and Cr(III) analysis. The electrode can differentiate Cr(VI)
from Cr(III) using different conditions. Linear range for Cr(VI) determination
using the method was between 0.050 and 0.250 pg/L, with detection limit of 2.38
ng/L, while for Cr(III), the linear range was between 0.500 and 75.000 ng/L,
with detection limit of 0.010 ng/L. The study of other ions’ effects on the method
showed that copper(II), cadmium(II), nickel(II), and iron(III) do not interfere
the measurement.

Keywords: Cr(III), Cr(IV), glassy carbon electrode, gold nanoparticle,
pencil graphite electrode, voltammetry

1. Introduction

Chromium occurs in nature in two valencies, Cr(III) and Cr(VI). The two
ionic species have distinct toxicity and reactivity [1]. Cr(VI) has high toxicity,
while Cr(III) is less toxic, and the latter is also known to be one of the essential
ions for humans, which is required in particular amount in the diet [2]. Due to
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their opposite nature in toxicity, it is important to distinguish between Cr(III) and
Cr(VI). Therefore, specific and sensitive determination methods to distinguish
both of the species are required.

Since Cr(III) belongs to essential nutrition ion required for maintaining normal
physiological function, thus trace amount determination of Cr(VI) becomes very
important to avoid toxic intake in the diets [3]. There have been several sensitive
methods used for Cr(III) and Cr(VI) determination including atomic absorption
spectrophotometry (AAS) [4, 5], plasma mass spectroscopy [6], spectrofluorim-
etry [7], chemiluminescence [8], spectrophotometry [9], and electrochemical
methods [10-12]. Determination of chromium ions using voltammetric method
is evolving along with the requirements to accurately measure the ionic species
[13-18].

The material of working electrode influences the performance of voltammetric
method. Application of carbon-based electrode utilization is currently growing
in electroanalytical field because it has some advantages including wide electrical
potential range, low background current, inexpensive, inert, and suitable for a wide
variety of sensors [19]. Modification of the electrode is being explored to enhance
the electrode performance [20, 21]. The modified electrode needs to be evalu-
ated for their performance. In the present chapter, investigation of carbon-based
electrode without and with modification was evaluated for their performance to
determine Cr(VI) and Cr(III).

2. Anodic stripping voltammetry with pencil graphite electrode for
determination of Cr(III)

For determination of Cr(III) using graphite pencil electrode (GPE), three
solvents were trialed [21], i.e., 0.01 M hydrochloric acid, acetate buffer pH 5.0,
and double distilled water. Potential range from -800 to 1000 mV with 90 s
deposition time, 10 s cleaning time, and 20 mV/s scan rate was used for the mea-
surement using anodic stripping voltammetry. This experiment was performed
to measure the background signal in order to get a correction factor which can
avoid the presence of undesired peak current from the solvent. No peak was
detected when 0.01 M hydrochloric acid was used at the condition applied,
while acetate buffer pH 5.0 and double distilled water gave relatively high peak
current which can interfere the measurement (data not shown). Therefore,
hydrochloric acid was chosen as solvent for the method. For further experiment,
Cr(III) solution was made by dissolving Cr(III) chloride in 0.01 M hydrochloric
acid as solvent.

An experiment for investigating the linearity of the method was performed by
measuring Cr(III) within 1-500 ppm range. The experiment was performed using a
potential range of —1.5 to +1.0 V with 60 s of deposition time, 10 s of cleaning time,
and 50 mV/s of scan rate. The electrode used in the experiment was pencil graphite
electrode, and the linear concentration range was determined by correlating height
of peak current and concentration of Cr(III). The linear concentration range was
found in 12.5-75 ppm range, and the result is presented in Figure 1.

The range of linear concentration at 12.5-75 ppm gave correlation coef-
ficient of 0.9936, which indicate good relationship with correlation equation of
y = 0.1778x + 0.747. PGE can be used as working electrode for determination of
Cr (III) with optimum condition achieved at 60 s of deposition time and 50 mV/s
of scan rate. Linear range of Cr(III) measurement with the proposed condition was
12.5-75 ppm with 0.31 ppm limit of detection.
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Typical peak response of chromium (III) voltammogram using PGE. Experiment condition: solvent = 0.01 M
hydrochloric acid, chromium (III) concentration = 12.5, 25, 50, 62.5, and 75 ppm was performed sequentially
with 60 s of deposition time, 50 mV/s of scan rate, and deposition potential at —1260 mV [21].

3. The development of graphite pencil electrode for Cr(VI)
determination using adsorptive stripping voltammetry

The addition of a chelating agent in the form of ligands to the Cr(VI) signal
measurements has been done in several previous studies such as addition of
rubeanic acid ligand [22] and addition of diethylenetriaminepentaacetic acid
(DTPA) as ligand with electrolyte support of morpholinoethanesulfonate acid
buffer (MES) [23]. From previous studies it can be concluded that the addition of a
ligand for the measurement of Cr(VI) signal by voltammetry can increase the mea-
surement sensitivity [24]. Figure 2 shows that after the addition of the DTPA, the
peak generated on the voltammogram becomes specific, and no further undesirable
impurity peaks occur (black line designated as d). After background correction, it
can be concluded that with the addition of DTPA, the impurity peaks were reduced,
a specific peak on the voltammogram was produced, and the peak current height of
chromium increases so that the measurement sensitivity also increases.

Calibration curve was prepared by measuring differential pulse adsorptive
stripping voltammetry of Cr(VI) with the following concentrations: 1, 10, 20, and
30 ppm. The voltammetric measurement was carried out at a potential deposition
condition of +810 mV;, a scan rate of 50 mV/s, and a deposition time of 60 s with
stirring using a magnetic stirrer.

From Figure 3 it can be seen that the peak current height increases with increas-
ing analyte concentration in the voltammetric cell. This may be due to the increas-
ing number of Cr species deposited on the working electrode when the analytical
concentration is added, thereby increasing the peak current in the voltammogram.
The linear regression of the standard curve isy = 0.6319x + 8.5796 with correlation
coefficient of 0.957.

The measurement of Cr(VI) peak current was performed triplicate to cal-
culate precision value. For 1 ppm, a fairly low standard deviation was obtained
which is 0.3466. This indicates that the measurement results have a fairly good
accuracy or precision, and from the calculation, the coefficient of variation of
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Figure 2.

Voltammaogram of (a) 0.2 M acetate buffer pH 6.0, (b) DTPA 868 ppm, (c) 30 ppm Cr(VI), and (d) 30 ppm
Cr(VI) with addition of DTPA. Measurement conditions: potential deposition, +810 mV; deposition time, 60 s;
scan speed, 50 mV/s; potential vange, +2000 V to —2000 mV.
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Figure 3.

Voltammogram of Cr(VI) using PGE with concentration of (a) 1, (b) 10, (c) 20, and (d) 30 ppm with DTPA
addition. Measurement conditions: potential deposition, +810 mV; deposition time, 60 s; scan rate, 50 mV/s;
potential range, +2000 V to —2000 mV.

4.56% was also obtained. The addition of DTPA as ligand can be used to detect

Cr(VI) and can produce a specific peak for Cr(VI) at a potential region of
—-0.6474 V.
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4. Voltammetric determination of Cr(VI) using gold nanoparticle-
modified glassy carbon electrode

AuNP was synthesized using citric ion as capping agent. After reduction using
NaBH, solution, the gold solution color was changed from yellow to red ruby
(Amax = 518 nm), which indicate that AuNP colloid was formed with average dimen-
sion of 2-5 nm [25]. Characterization using TEM indicates that the average diam-
eter of the colloid was ~2.2 nm (Figure 4). This gold nanoparticle was then used to
modify the GCE.

GCE was modified by attaching AuNP onto the electrode surface. Modification
of GCE was initiated by polishing the electrode followed by activation. This step
was performed so that the electrode can be covered evenly and maximally by
the AuNP, which eventually can increase sensitivity when used to determine the
analyte. Photochemical reaction is one of the many methods to activate the GCE
surface. The photochemical reaction was performed by immersing the electrode
into concentrated ammonium hydroxide and followed by irradiation under UV
light for 6 hours at 254 nm [26]. This process is known as self-assembly which can
substitute hydrogen group (—H) with amine group (-NH,) of the electrode. Due
to the nature of the amine group, more AuNP can be attached to the electrode and
improve binding to the electrode [27], as indicated by SEM-EDS data. SEM-EDS
data demonstrated that the self-assembly process was better than the adsorption
process. Modification of GCE by self-assembly process reached 11.55% of AuNP
covering the electrode (Figure 5), while the adsorption process (direct immersion
of the electrode) only reached 2.05% covering according to SEM-EDS data.

From the present study, it was found that optimum deposition potential and
deposition time for determination of 0.5 pg/L Cr(VI) in 0.01 M hydrochloric acid as

Figure 4.
TEM image of gold nanoparticles.
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SEM image of gold nanoparticle-modified glassy carbon electrode surface. Modification was conducted using
(a) adsorption and (b) self-assembly process.
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Figure 6.

Voltammaogram of various chromium (VI) concentrations (0-0.25 ug/L) with AuNP-GCE. The condition
of measurement is as follows: deposition potential, deposition time, scan rate, and amplitude modulation at
800 mV; 120 s, 50 mV/s, and 500 mV; respectively.

supporting electrolyte solution were 800 mV and 120 s, respectively. The optimum
condition was then applied to develop a calibration curve with concentration rang-
ing from 0 to 25 pg/L, and the current density to potential data of the concentra-
tions is presented in Figure 6. From the data, a linear calibration curve (r* = 0.9896)
was developed and is presented on Figure 7 with correlation coefficient and linear
regression equation of 0.9911 and I = 2.25 x 107 C + 5.89 x 10™%, respectively.
Through calculation, it was obtained that limit of detection and precision of the
method are 2.38 ng/L and 99.14%, respectively.

To see whether we can distinguish Cr(VI) from Cr(III) using condition
described earlier, we measure individual and mixture of the ionic species. The result
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Calibration curve of various chromium (VI) concentrations with deposition potential, deposition time, scan
rate, and amplitude modulation at 8oo mV, 120 s, 50 mV/s, and 500 mV, respectively.
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Figure 8.

Voltammogram of Cr(IIl) and Cr(VI) and mixture of Cr(III) and Cr(VI) in 0.01 M hydrochloric acid using
AuNP-GCE against Ag/AgCl with deposition potential of 800 mV, deposition time of 120 s, and amplitude
modulation of 0.05 V.

is presented in Figure 8. In contrast with Cr(VI), it was found that in this condition
Cr(III) does not give a sharp peak. However, it seems that the peak of the mixture
was slightly reduced compared to Cr(VI) peak. Therefore, we can measure Cr(VI)
in this condition with a neglected effect from Cr(III).

5. Voltammetric detection of Cr(III) using gold nanoparticle-modified
glassy carbon electrode

To determine the optimum condition for determination of Cr(III) using
AuNP-GCE, a preliminary experiment was conducted by varying deposition
potential. The potential used were ranging from —2.0 to —1.0 V with scan rate and
amplitude modulation of 0.05 V/s and 0.05 V, respectively. The highest efficiency
for Cr(III) 500 ppb in 0.2 M acetate buffer was found at —1.5 V, while optimiza-
tion of deposition time leads us to conclude that the best result was obtained at
90 s [17]. The optimized parameters are very crucial in stripping step that have
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pronounced effect on both sensitivity and linear range. Therefore, from the
preliminary experiment, we conclude that the optimum condition for determina-
tion of Cr(IIT) using AuNP-GCE is using —1.5 V of deposition potential and 90 s
of deposition time.

The optimum condition was then applied to prepare a calibration curve of
Cr(III) using AuNP-GCE differential pulse stripping voltammetry. The calibration
curve was obtained by varying concentration of Cr(III) and measuringitat -1.5V
of deposition potential, 90 s of deposition time, 0.05 V/s of scan rate, and 0.05 V of
amplitude modulation. The voltammetric measurement and calibration curve are
presented in Figure 9. By calculation, a linear regression equation and correlation
coefficient of y = 0.142 + 0.004x and r = 0.9955, respectively, were obtained. The
result showed that the linear range was obtained at 0.5-75 ppb range. The reproduc-
ibility of the method was then determined from the replicate measurement of 1 ppb
Cr(III). The calculation results in a mean of current response of 0.14 pA ppb ™/,
which is referred to as sensitivity of the method. It corresponds to the value of
relative standard deviation (RSD) of 2.4%. Based on calculation suggested by Miller
and Miller [28], limit of detection of the method is 0.01 ppb, which is three times
of the value of standard deviation baseline. Utilization of AuNP-modified electrode
improves at least one order of magnitude detection limit compared to voltammetric
method using film electrode. Limited publication of voltammetric detection of
Cr(III) compared to Cr(VI) and poor sensitivity of non-gold electrode lead us to
infer that gold or gold-modified electrodes are required to get high-quality Cr(III)
voltammetric profiles. It is previously reported that high-quality voltammetric
profiles for Cr(III) appear when gold electrode is used [29].

Optimum condition was then applied for determination of Cr(III) in electro-
plating wastewater, which is a more complex matrix than the standard solution.
Based on standard addition method, we found that the concentration of Cr(III) in
the sample was 0.146 ppm, corresponding to 97% recovery and in good agreement
with the result from AAS method (AAnalyst 400, PerkinElmer) after appropriate
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Figure 9.

Voltammetric performance for Cr(II1) concentration variation. Inset shows corvesponding calibration curve at
an optimum condition.
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Figure 10.

Voltammogram Cr(II1) and Cr(VI) and mixture of Cr(III) and Cr(VI) in acetate buffer pH 5 using
AuNP-GCE electrode against Ag/AgCl electrode with deposition potential of —1500 mV; deposition time of
90 s, and amplitude modulation of 50 mV.

extraction. Therefore, the proposed voltammetric method using the fabricated
electrochemical AuNP-GCE sensor gives satisfactory result and is applicable for
determination of Cr(III) in complex matrix, such as wastewater.

There is a possibility that Cr(VI) interferes the Cr(III) measurement in the
proposed condition. Therefore, we measure the voltammogram of individual and
mixture of the jonic species. The results are presented in Figure 10. From the figure,
it is clear that by using the proposed condition, clear peak was only detected for
Cr(III) species, while Cr(VI) did not show any significant peak at the correspond-
ing potential. Mixture of Cr(III) and Cr(VI) also gives similar peak which corre-
sponds to the individual Cr(VI) peak.

6. Study on interfering ions

In order to evaluate the effect of foreign metal ions dissolved in the media,
solutions containing 50 ppb of Cr(III) and each of the following metals Cd(II),
Cu(Il), Zn(II), Cr(VI), Ni(II), and Fe(III) all at the same concentration of 50 ppb
were prepared. Measurement was conducted at an optimum condition described
in Subchapter 4, and the result is presented in Table 1. The effect of interfering
metal ion on Cr(III) was indicated by the change in peak current signal during
measurement. The addition of foreign ions does not influence the peak current
corresponding to Cr(III). The percentage variations of the peak current induced by
the presence of interfering ions with respect to Cr(III) alone are 1.02% for Cd(II),
0.88% for Cu(II), 0.29% for Zn(II), 3.70% for Cr(VI), 0.07% for Ni(II), and 0.40%
for Fe(III). These deviations from Cr(III) measurement at 0.9470 V and 1.360 pA
remain acceptable, and, therefore, the accurate detection of Cr(III) is still possible
under these conditions.

Cd(II) and Zn(II) ions have a standard reduction potential similar to Cr(III)
ion. During the current measurement of Cr(III) with the presence of interfering
ions, they also deposited on the electrode surface, reducing the amount of Cr(III)
on the electrode surface. At the deposition stage, when —1.5 V electric potential was
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Interfering metal ion Potential (V) Current (pA) Change (%)
None 0.9470 1.360 -
Cd(1I) 0.8857 1.374 1.02
Cu(II) 0.8357 1.348 0.88
Zn(II) 0.8507 1.356 0.29
Cr(VI) 0.9359 1323 3.7
Ni(II) 0.9100 1.361 0.07
Fe(III) 0.8507 1.356 0.4
Table 1.

Result of measurement of 50 ng/L Cr(III) in the presence of 50 ng/L interfering metal ions.
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Figure 11.

Di]g‘ﬁrential pulse voltammogram of Cr(IIl) using AuNP-GCE with —1.5 V of deposition potential, 90 s of
deposition time, 0.05 V/s of scan rate, and o0.05 V of amplitude modulation against Ag/AgCl. Concentration of
Cr(III) was 50 ppb in acetate buffer pH 5 without and with the presence of Cd(II), Cu(Il), Zn(II), Cr(VI),
Ni(1I), or Fe(11I) as interfering ions with concentration of 50 ppb.

applied, the ions will be reduced too because their standard reduction potential are
more positive than the deposition potential applied. The effect of interfering metal
ion is presented in Figure 11.

Fe(IIl), Cr(VI), Cu(Il), and Ni(II) ions have more positive standard reduc-
tion potential than Cr(III), and therefore when —1.5 V potential was applied, the
interfering ions were also reduced and causing less Cr(III) reduced than it should
be. Therefore, the peak of Cr(III) is reduced, while Zn(II) and Cd(II) have more
negative standard reduction potential than Cr(III), and therefore when reduc-
tion potential was applied, Cr(III) will be reduced followed, in order, by Zn(II)
and Cd(II).

7. Conclusions
Carbon-based electrode can be applied as working electrode for the determina-

tion of Cr(III) and Cr(VI). PGE can detect the presence of Cr(III) in solution, while
for Cr(VI) addition of DTPA is needed to get a specific peak current of Cr(VI). The
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two methods utilizing PGE can detect Cr(III) and Cr(VI) in ppm scale. To enhance
the analytical performance, AuNP-GCE was used as working electrode, and it
showed better results. The modified electrode can measure both Cr(III) and Cr(VI)
in ppb scale. By using a different condition, we succeeded to measure Cr(III) and
Cr(VI) with the same working electrode.
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