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Electrochemistry plays an important role in nanotechnology. Besides, it is the fundamental
science for many of processes that occur in surface and corrosion science. Its usage in nano‐
technology leads to new findings for the mechanism of reactions as well as fabrication of
new nanomaterials. As an example, green energy research is dependent upon our ability to
store energy for use as it is needed. The performance of storage media like Li batteries is
heavily dependent upon their structure at the nanoscale. Electrochemical atomic force mi‐
croscopy (EC-AFM) and electrochemical scanning tunneling microscopy (EC-STM) provides
a turnkey solution, designed for wide chemical solvent compatibility. The EC-AFM can han‐
dle Li battery research investigations. These rigs are compatible with even 1 ppm environ‐
mental control and provide fast, easy engaging onto black samples, such as Li cathode
materials.

This book collects new developments in electrochemical methods and their usage in nano,
surface and corrosion science. I would like to show appreciation to all of contributors to this
book and thank them for their high quality manuscripts. I wish Open Access publishing of
this book helps all researchers benefit from this collection.
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Chapter 1

Modern Electrochemistry in Nanobiology and Sensorics

J. Sołoducho and J. Cabaj

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58335

1. Introduction

1.1. Overview

Nanotechnology is an area which has promising perspectives for directing fundamental
research into successful innovations. Not only to increase the competitiveness of industry but
also to create new products that will make positive changes in the lives of citizens, be it in
medicine, environment, electronics or any other field [1-4]. Nanoscience and nanotechnology
open up new avenues of research and lead to new, useful, and sometimes unexpected
applications. Novel materials and new-engineered surfaces allow making products that
perform better [5]. New medical treatments are emerging for many diseases [6]. Computers
are built with nanoscale components [7] and improving their performance depends upon
shrinking these dimensions yet further.

The requirements of nanoscience and nanotechnology have led to modern developments in
i.e. electrochemistry. The biological phenomena such as the cellular redox environment, release
of neurotransmitters and other signaling substances based on exocytosis, and cellular adhesion
are vital elements in modern nanotechnology [8]. Next important problems are the capabilities
of electrochemical amperometric and impedance spectroscopic techniques in monitoring
cellular dynamics. The applications of such techniques already include biosensors and
microchip-based biological systems for cell biological research, medical research and drug
development. The state-of-the-art and future developments, e.g. miniaturization of planar
interdigitated electrodes in order to achieve a gap/width size regime on the nanometer scale
and thus considerable signal amplification, are summarized [9,10].

Electron transfer by thermally activated hopping through localized centers is an essential
element for a broad variety of vital biological and technological processes. The use of electrode/
self-assembled monolayer (SAM) assemblies [11] to explore fundamental aspects of long-and

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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short-range electron exchange between electrodes and redox active molecules, such as
proteins, are reviewed comprehensively in a chapter.

In the chapter we provide also a clear overview of the fundamentals and applications of
nanoelectrochemistry in biology and medicine. The key concepts related to the double layer,
mass transport and electrode kinetics and their dependence on the dimension and geometry
of the electrode will be discussed. Next, various fabrication schemes utilized in making nano-
sized electrodes are reviewed, along with the inherent challenges in characterizing them
accurately [12].

Quantum-dot electrodes [13] and charging, and finite-size effects are also described. Recent
advances in the electrochemistry-electrochemical scanning probe techniques used in the
investigations of immobilized biomolecules are presented. Finally, a brief survey of the
applications of nanoelectrodes in biosensors and biological systems is provided [14].

2. Cellular redox environment — monitoring

2.1. Cellular redox environment — the biological significance

It is now realized that the direction of many cellular processes depends on redox state. But at
present the term redox state is not very well defined. The research in this area is mostly
observational in that cells or tissues are subjected to an oxidative or reductive stress and then
the effects are observed. In general, energy is required to maintain the ordered state of a living
organism [15]. The energy comes from the movement of electrons from oxidizable organic
molecules to oxygen. This results in an overall reducing environment in cells and tissues.
Redox couples in cells are, of course, responsive to electron flow, that is, changes in the
reducing/oxidizing environment. Some of these redox couples are linked to each other to form
a set of related couples. Sets of couples can be independent from other sets if activation energies
for reactions are high and there are no enzyme systems to link them kinetically. The redox
environment of a cell is a reflection of the state of these couples [15].

The imbalance of the cellular redox environment is described as oxidative stress which can
lead to the damage of biologically important molecules, such as proteins, lipids and DNA.
Therefore, it is crucial to detect the cellular redox environment. To achieve this, besides
detecting the reactive oxygen species (ROS) which are the indications of oxidative stress, it is
also possible to detect the reducing capacity of the cells which plays an inevitable role in
keeping the balance of the cellular redox environment.

The original works connected with cellular redox biochemistry were done by Bücher [16]. He
developed approaches to determine the states of various redox couples in cells and was the
first to estimate the actual cellular reduction potentials (Ist-Potential) for the NAD+/NADH and
NADP+/NADPH couples.

These days the definition of redox environment should be more general; the redox environ‐
ment of a linked set of redox couples as found in a biological fluid, organelle, cell, or tissue is

Modern Electrochemical Methods in Nano, Surface and Corrosion Science2

the sum of the products of the reduction potential and reducing capacity of the linked redox
couples present [15].

Reduction potential can be thought of as a voltage and reducing capacity would be total charge
stored, that is, number of electrons available. Reducing capacity would be estimated by
determining the concentration of the reduced species in a redox couple; the reduction potential
can be estimated with the Nernst equation. In mathematical terms this could be represented by:

( )
[ ]

=
= å

n couple

i i
i l

redoxenviroment F X reduced species (1)

where, Ei is the half-cell reduction potential for a given redox pair and [reduced species]i is the
concentration of the reduced species in that redox pair.

It may be difficult (in practical point of view) to measure all linked redox couples present in
biological settings to determine the redox environment. Alternatively, a representative redox
couple could be used as indicator for changes in the redox environment. For example, in the
cell the GSSG/2GSH (glutathione system) couple provides a very large pool of reducing
equivalents. It is considered to be the cellular redox buffer. Therefore, the redox state of this
couple could be used as an indicator for the redox environment of the cell [15].

Glutathione is considered to be the major thiol-disulfide redox buffer of the cell [17]. On
average, the GSH concentration in the cytosol is 1–11 mM [18]. This is far higher than most
other redox active compounds. Measurements of total GSH and/or GSSG levels have been used
to estimate the redox environment of a cell. Many researchers estimate the redox state of the
system by taking the ratio of [GSH]/[GSSG]. This is convenient as the units divide out, so it is
not necessary to determine an absolute concentration. A measurement in mg/mg protein,
arbitrary fluorescence units, or the area under an HPLC peak can be entered into the ratio and
a useful estimate made. In contrast to the NADPH system however, the absolute concentra‐
tions of the components of the GSSG/2GSH redox pair have an impact on the reduction
potential. The half-cell reaction is:

+ -GSSG + 2H + 2e 2GSH® (2)

Thus, the Nernst equation for the reduction potential of the GSSG/2GSH half-cell will have the
form:

( ) [ ] [ ]( )2
hcE = -240 - 59.1/2  log GSH / GSSG  mV

at 25°C, pH 7.0
(3)
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A good example for the importance of calculating Ehc, rather than estimating only the GSH/
GSSG ratio, is provided by Kirlin et al. [19]. Colon cancer cells were differentiated with sodium
butyrate and then exposed to benzene isothiocyanate, a compound that induces detoxifying
enzymes. Sodium butyrate brought about a 3.6-fold decrease in the GSH to GSSG ratio;
addition of benzene isothiocyanate decreased the ratio 3.7-fold. Sodium butyrate changed Ehc

by 14 mV while benzene isothiocyanate changed Ehc by 40 mV. The difference of 26 mV in Ehc

resulted because when cells were treated with benzene isothiocyanate they had a much smaller
GSH pool due to the pretreatment with sodium butyrate.

Development of an advanced organism starts with the division of a single cell. The progeny
of this cell must turn into a multi-cell, multi-tissue, and multi-functional entity. This develop‐
ment occurs in a relatively reducing environment.

In eukaryotes, cells divide when they attain a certain size or when triggered by extracellular
stimuli such as growth factors or hormones. Proliferative signals flow through intracellular
signaling pathways to activate the cell-cycle (Figure 1).

Stress signals from within or outside a cell oppose proliferation. Therefore, cells rely on
proliferative signaling pathways, as well as stress surveillance systems (or checkpoints), to
regulate entry into the cell-cycle [20, 21]. Stress signaling, particularly in response to DNA
damage and infection, is vital for survival to ensure cells elicit appropriate defense or repair
mechanisms [22].

The signaling cascades triggered by DNA damage and inflammatory responses have been well
studied to this moment [20]. In addition to the primary damage, many stress situations induce
reactive oxygen species (ROS). ROS are highly reactive radicals or molecules produced
intracellularly from several compartments (mitochondria, endoplasmic reticulum, peroxi‐
somes) [23]. However, they are also induced by external sources such as ionizing agents,
vitamins, or herbicides [24].

ROS can interact with biomolecules resulting in oxidation of amino acyl residues in proteins,
mutations in DNA, and lipid peroxidation producing more free radicals. Excess production of
ROS in cells overwhelms cellular detoxifying systems, resulting in oxidative stress [24].

Recently, an increasing body of work has indicated that redox signaling is mediated by
switching the redox state of certain cysteine residues in proteins to elicit an oxidative stress
response in cells [25]. Although reactive cysteine residues have been identified in many cell-
cycle regulators, their function in controlling cell division has only recently been elucidated in
yeast [26,27].

Redox regulation by specific cysteine residues opens up the possibility of manipulating cell
division by designing redox-active molecules to block the activity of cell-cycle regulators.
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Figure 1. Overview of redox control of the eukaryotic cell-cycle. ROS (i.e. superoxide and H2O2) are produced as a re‐
sult of oxidative phosphorylation in the mitochondria. Cell-cycle regulators with reactive cysteine residues are high‐
lighted by a dark blue ‘ox’. In response to mitogens, signaling pathway kinases convey proliferative signals to activate
expression of cyclin D. Cyclin D complexes with Cdk4 or Cdk6 and phosphorylates to release its inhibitory effects driv‐
ing cells to re-enter the cell-cycle from quiescence to G1. Once the restrictive point at late G1 (labeled as red R) is
passed, cells are committed to cell division. Activation process leads to the transcription of cyclin E for transition from
G1 to S phase. Subsequent expression of cyclin A and cyclin B leads to transition of S to G2 and G2 to M phases, re‐
spectively. The phosphatase Cdc25 activates cyclin A–Cdk1, cyclin B–Cdk1, cyclin E–Cdk2 for entry into M phase by re‐
moving the inhibitory phosphorylation on Cdk1 and Cdk2. The cell-cycle is synchronized with the metabolic cycle of
the cells with S phase and M phase occurring only during the reductive phase of metabolism and G1 in the oxidative
phase [according to 20].
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2.2. Signaling through cysteine modification

Signals transduced by phosphorylation relays are amplified to produce a prolonged response
in cells. This is beneficial during proliferation to ensure cellular activities are diverted to cell
division and growth in response to growth stimuli [28,29].

Similarly, it would be advantageous for cells to amplify signals from harmful stimuli to remove
relatively stable damage. A burst of ROS usually occurs in a localized manner and is short-
lived. Therefore, redox signaling uses a different mechanism for sensing through reactions
with specific residues in target proteins to sense and transmit signals [30].

In other words, the ‘receptors’ of ROS are specific reactive groups, mainly thiol groups of
highly reactive cysteine residue(s) within targeted proteins [30]. Cysteine residues are
widespread in proteins – the specificity of the ‘ROS receptors’ in redox signaling is determined
by the susceptibility of cysteine residues to oxidation, which is determined by the pKa of their
thiol groups [31]. In free cysteine, this pKa is approximately 8.2 [31], but cysteine residues
located in proximity to positively charged basic residues, aromatic residues, or metal centers
have lowered pKa (<6.5).

Depending also on the accessibility of a cysteine thiol to the solvent, its pKa can be influenced
by small fluctuations in the local pH [32]. The micro environment of a cysteine residue therefore
determines its reactivity. After oxidation, cysteine residues can be modified (Figure 2) by:
formation of intramolecular or intermolecular disulfide bonds; formation of mixed disulfides
with glutathione; and oxidation of the cysteine thiol (R-SH) to sulfenic acid (R-SOH) or to the
more highly oxidized sulfinic (R-SO 2H) or sulfonic (R-SO3H) acids [23]. When a vicinal
cysteine for disulfide bond formation is not available, sulfenic acid intermediate can also react
with the main chain nitrogen of an adjacent residue forming a sulfonamide.

All these modifications have been observed in cell-cycle regulators in response to oxidative
stress. Although oxidation of cell-cycle regulators has been detected in vitro in many cases [34],
more recently, an increasing number have also been demonstrated in vivo [20, 36].

2.3. Monitoring of cellular redox environment-methods

The intracellular redox environment is a highly dynamic arrangement governed by the
formation and degradation of many reactive species of oxygen and nitrogen. Under physio‐
logical conditions, the cytosol, the nucleus, and the mitochondrial matrix space maintain
homeostatic conditions preferring a highly reducing environment [35]. Intracellular reducing
conditions are largely maintained by mM concentrations of reduced glutathione and its
enzymes that together constitute the glutathione system [36].

Recent methodological advances have made it possible to focus studies of pro-oxidative
changes to specific redox couples within defined subcellular compartments [37], potentially
granting greater specificity in mechanistic investigations of the oxidative effects of xenobiotic
exposures. A new generation of genetically encoded fluorophores permits direct assessment
of the oxidative effects of xenobiotic compounds in relation to the GSH/GSSG redox pair with
unprecedented spatial and temporal resolution [37]. Redox-sensitive green fluorescent protein
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roGFP acts as a reporter of intracellular EGSH by equilibrating with the GSH/GSSG redox pair
[37]. In reaction that depends on catalysis by glutaredoxins, roGFP responds to oxidation of
reduced glutathione (GSH) to its oxidized form (GSSG) via the internal formation of a disulfide
bond [37,38] (Figure 3). The formation of the disulfide bond alters the spectral characteristics
of the GFP fluorophore causing the intensity of the emitted green fluorescence (~520 nm) by
excitation at 488 nm to decrease, while causing the emitted fluorescence after excitation at 405
nm to increase, thus making this sensing unit a ratiometric probe. Further efforts to improve
the responsiveness of roGFP have led to the conjugation of pathway-specific enzymes to create
a fusion of proteins operating as redox relays. In particular, the conjugation of glutaredoxin
(Grx) to roGFP has been shown to enhance the kinetics of the roGFP response to the oxidation
of glutathione [38].

Fluorescent probes for detection of the cellular redox environment are promising tools that
can provide spatial and temporal information in living cells. An excellent probe is to couple
the nitroxide with a fluorophore covalently (F–NO˙). The fluorescence of the fluorophore can
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Figure 2. Oxidative modifications of reactive cysteine thiols. Oxidation of a reactive thiol to a sulfenic acid represents
the first step for consecutive modification. Reversible modifications of sulfenic acid residues are shown that include:
coupling with GSH (S-glutathionylation), disulfide formation with a neighboring cysteine (intramolecular) or with an‐
other protein (dimerisation), and covalent linkage to the nitrogen atom of a neighboring amino acid residue to form a
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also be irreversibly oxidized further to sulfinic or sulfonic acid species.

Modern Electrochemistry in Nanobiology and Sensorics
http://dx.doi.org/10.5772/58335

7



2.2. Signaling through cysteine modification

Signals transduced by phosphorylation relays are amplified to produce a prolonged response
in cells. This is beneficial during proliferation to ensure cellular activities are diverted to cell
division and growth in response to growth stimuli [28,29].

Similarly, it would be advantageous for cells to amplify signals from harmful stimuli to remove
relatively stable damage. A burst of ROS usually occurs in a localized manner and is short-
lived. Therefore, redox signaling uses a different mechanism for sensing through reactions
with specific residues in target proteins to sense and transmit signals [30].

In other words, the ‘receptors’ of ROS are specific reactive groups, mainly thiol groups of
highly reactive cysteine residue(s) within targeted proteins [30]. Cysteine residues are
widespread in proteins – the specificity of the ‘ROS receptors’ in redox signaling is determined
by the susceptibility of cysteine residues to oxidation, which is determined by the pKa of their
thiol groups [31]. In free cysteine, this pKa is approximately 8.2 [31], but cysteine residues
located in proximity to positively charged basic residues, aromatic residues, or metal centers
have lowered pKa (<6.5).

Depending also on the accessibility of a cysteine thiol to the solvent, its pKa can be influenced
by small fluctuations in the local pH [32]. The micro environment of a cysteine residue therefore
determines its reactivity. After oxidation, cysteine residues can be modified (Figure 2) by:
formation of intramolecular or intermolecular disulfide bonds; formation of mixed disulfides
with glutathione; and oxidation of the cysteine thiol (R-SH) to sulfenic acid (R-SOH) or to the
more highly oxidized sulfinic (R-SO 2H) or sulfonic (R-SO3H) acids [23]. When a vicinal
cysteine for disulfide bond formation is not available, sulfenic acid intermediate can also react
with the main chain nitrogen of an adjacent residue forming a sulfonamide.

All these modifications have been observed in cell-cycle regulators in response to oxidative
stress. Although oxidation of cell-cycle regulators has been detected in vitro in many cases [34],
more recently, an increasing number have also been demonstrated in vivo [20, 36].

2.3. Monitoring of cellular redox environment-methods

The intracellular redox environment is a highly dynamic arrangement governed by the
formation and degradation of many reactive species of oxygen and nitrogen. Under physio‐
logical conditions, the cytosol, the nucleus, and the mitochondrial matrix space maintain
homeostatic conditions preferring a highly reducing environment [35]. Intracellular reducing
conditions are largely maintained by mM concentrations of reduced glutathione and its
enzymes that together constitute the glutathione system [36].

Recent methodological advances have made it possible to focus studies of pro-oxidative
changes to specific redox couples within defined subcellular compartments [37], potentially
granting greater specificity in mechanistic investigations of the oxidative effects of xenobiotic
exposures. A new generation of genetically encoded fluorophores permits direct assessment
of the oxidative effects of xenobiotic compounds in relation to the GSH/GSSG redox pair with
unprecedented spatial and temporal resolution [37]. Redox-sensitive green fluorescent protein

Modern Electrochemical Methods in Nano, Surface and Corrosion Science6

roGFP acts as a reporter of intracellular EGSH by equilibrating with the GSH/GSSG redox pair
[37]. In reaction that depends on catalysis by glutaredoxins, roGFP responds to oxidation of
reduced glutathione (GSH) to its oxidized form (GSSG) via the internal formation of a disulfide
bond [37,38] (Figure 3). The formation of the disulfide bond alters the spectral characteristics
of the GFP fluorophore causing the intensity of the emitted green fluorescence (~520 nm) by
excitation at 488 nm to decrease, while causing the emitted fluorescence after excitation at 405
nm to increase, thus making this sensing unit a ratiometric probe. Further efforts to improve
the responsiveness of roGFP have led to the conjugation of pathway-specific enzymes to create
a fusion of proteins operating as redox relays. In particular, the conjugation of glutaredoxin
(Grx) to roGFP has been shown to enhance the kinetics of the roGFP response to the oxidation
of glutathione [38].

Fluorescent probes for detection of the cellular redox environment are promising tools that
can provide spatial and temporal information in living cells. An excellent probe is to couple
the nitroxide with a fluorophore covalently (F–NO˙). The fluorescence of the fluorophore can

SH

Protein

protein with reactive thiol

SOH

Protein

sulfenic acid

ROS

SO2H

Protein

sulf inic acid

SO3H

Protein

sulfonic acid

ROS

ROS

S-SG
Protein

S
Protein S

S
Protein Protein

S N
Protein S

GSH

glutathionylation disulfide
bridge

dimmerisation cyclic
sulfenamide

Figure 2. Oxidative modifications of reactive cysteine thiols. Oxidation of a reactive thiol to a sulfenic acid represents
the first step for consecutive modification. Reversible modifications of sulfenic acid residues are shown that include:
coupling with GSH (S-glutathionylation), disulfide formation with a neighboring cysteine (intramolecular) or with an‐
other protein (dimerisation), and covalent linkage to the nitrogen atom of a neighboring amino acid residue to form a
sulfenamide. These modifications can be reversed by cellular reductants such as a glutathione (GSH). Sulfenic acid can
also be irreversibly oxidized further to sulfinic or sulfonic acid species.

Modern Electrochemistry in Nanobiology and Sensorics
http://dx.doi.org/10.5772/58335

7



be quenched efficiently by the nitroxide through electron exchanges but recovers significantly
when converting to the corresponding diamagnetic derivatives by reduction or reaction with
a free radical [39,40]. So it is usually called a profluorescent probe. The probes have been used
to detect free radicals [41], ascorbic acid [42] and the redox environment of the cells [43]. The
nitroxide reduction is mediated by various reductants, such as ascorbic acid, GSH (gluta‐
thione), NADPH and ubiquinol [34]. However, in cytosol, the reduction of nitroxide is
primarily due to ascorbic acid, especially in hepatic cells where the concentration of ascorbic
acid is higher than in the other cells [45]. So it is of potential to monitor the redox environment
of hepatic cells by F–NO˙ probes based on the reduction of the nitroxide.

Expanding evidence suggests a close relation between glucose metabolism and cancerogenity.
The tumour cells metabolize glucose more fiercely than normal cells and the apparent
difference has led to attempts to develop novel cancer therapeutic strategies [46].

Despite the fact, the advantages of selective redox-regulating systems for cancer therapy have
been in considerable attention, a method for testing the therapy effects of the regulators
remains imperceptible, it is difficult to measure the intracellular redox environment over time.
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Figure 3. roGFP interactions with the glutathione system (according to [38]). Glutathione peroxidases (GPx) oxidize
GSH to GSSG in response to peroxides, including H2O2 and lipid hydroperoxides (LOOx), thus increasing the gluta‐
thione redox potential (EGSH). Abbreviations: LOx, reduced lipid oxide; SC–, reduced selenocyteine; SCOH, oxidized sele‐
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cysteines of roGFP becomes S-glutathionylated by glutaredoxin (Grx). Glutathionylation in turn causes disulfide bond
formation and alteration of the spectral properties of the GFP fluorophore. In the reductive pathway, Grx catalyzes the
reduction of roGFP disulfide bonds through deglutathionylation as GSSG levels decrease and normal levels of GSH are
reestablished by glutathione reductase (GlRed), at the expense of NADPH, causing a renormalization of EGSH. Glucose
and the pentose-phosphate pathway (PPPath) create NADPH, which is used by GlRed to reduce GSSG to GSH.
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One of the method probe to monitor the redox environment is synthesized by Cao et al. [47] a
novel rhodamine nitroxide probe to observe the redox environment of human hepatoma cells
and normal human liver cells by detecting the reducing capacity of the cells. The synthetic
route and reduction mechanism are shown in Figure 4.
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Several other typical biological reducing compounds were also selected to verify the reduction
properties of the probe for further application in cells. The addition of these reducing com‐
pounds, namely GSH, cysteine and uric acid, resulted in a small increase of the fluorescence.

3. Exocytosis — monitoring

3.1. Exocytosis — function

Exocytosis is a general term used to denote vesicle fusion at the plasma membrane, and it is
the final step in the secretory pathway that typically begins in the endoplasmic reticulum,
passes through the Golgi apparatus, and ends at the outside of the cell. Endocytosis refers to
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the recovery of vesicles from the plasma membrane (Fig. 4). Exocytotic vesicle fusion involves
the coalescence of vesicle and plasma membranes [48] and allows the so-called fusion pore to
form. The fusion pore is a channel that passes through the vesicle and plasma membranes and
allows delivery of the vesicle contents to the extracellular compartment. Docking is the process
by which the exocytotic vesicle is fixed beneath the plasma membrane before fusion. It is
generally believed to involve molecular recognition between vesicle and plasma membrane
and is therefore one aspect of vesicle targeting. Another kind of targeting can be provided by
the cytoskeletal proteins that move vesicles around the cell [48].

A literature review indicated that there are at least three parallel routes from the Golgi
apparatus to the cell surface in mammals and that these pathways operate to varying extents
in different cell types [49]. There is no reason to suppose that in plants the situation is any less
complex. It cannot be determined by inspection whether vesicles are exocytotic, endocytotic,
or bound for destinations other than the plasma membrane. In many cases, however, partic‐
ularly in green algae [50], it seems clear that there is more than one type of vesicle delivered
to the plasma membrane. Electrophysiological data similarly indicate at least two vesicle
populations in barley aleurone protoplasts [51].

The commonly held view is that secretory vesicles are delivered to their target membrane
by the cytoskeleton. In animal cells, this delivery role is effected by microtubules [52], and
vesicles  are  distributed  from  a  centrally  located  Golgi  apparatus  to  the  plasma  mem‐
brane. In plants, there are many Golgi apparatuses in each cell,  and microfilaments play
the major role in vesicle delivery, as is evidenced in highly polarized cells such as the pollen
tube,  where microfilaments must  transport  vesicles  considerable distances [53].  Microtu‐
bules  are  also  present  but  appear  to  be  more  concerned  with  nuclear  migration  and
cytoplasmic  area  than vesicle  transport  [54].  Even in  cells  from the  coleoptile  and root,
which exhibit  less  polarized growth,  current  evidence  suggests  a  mainly  microfilament-
based vesicle transport mechanism [55].

Proteins that have a putative protective function often exemplify post-Golgi processing and
maturation [56]. In many cases, these proteins accumulate within vacuoles and presuma‐
bly  are  released  by  holocrine  secretion,  a  crude  type  of  exocytosis  in  as  much  as  it  is
characterized by the release of  vacuolar  contents  coupled with cell  degeneration.  As an
example, a proteinase inhibitor that is believed to act against insects [57] is expressed in
stigmatic  cells  of  Nicotiana  alata  as  a  pentameric  protein  that  is  thought  to  undergo
conversion to its active form within the vacuole [58]. On the assumption that the protein
precursor is inactive, it has been suggested that such post-Golgi activation may provide a
self-protection  mechanism.  Proteins  with  putative  antimicrobial  activity,  such  as  2S
albumins, thionins, and chitin binding proteins, also accumulate within vacuoles, and their
release  can  involve  non-specific  cell  breakdown.  Nevertheless,  the  release  of  vacuolar
contents in response to invasion and other triggering processes may be more regulated [59].
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3.2. Exocytosis — methods of monitoring — electrochemistry

Intercellular communication occurs through the release of chemical (or biochemical) messen‐
gers from an emitting cell to a target cell. This transmission is mostly achieved by vesicular
exocytosis, such as in neurons, neuroendocrine cells, or for the control of hormonal fluxes in
blood [60].The expulsion of the messengers from the emitting cell and their further diffusion
toward the neighboring cells can be briefly shown. First of all, secretory vesicles located in the
emitting cell cytoplasm are initially filled with the biochemical messengers [61]. Second,
following an appropriate cell stimulation (which provokes a Ca2+entry or increase), the
available vesicles dock to the cell membrane through a step requiring multiple protein-protein
interactions, that is, the formation of soluble N-ethylmaleimide sensitive fusion protein
attachment receptors complexes [62]. To overcome the natural electrostatic repulsions between
the cell and vesicular membranes, N-ethylmaleimide sensitive fusion protein attachment
receptors complexes allow membranes to interact at molecular distances so that the electrical
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toward the neighboring cells can be briefly shown. First of all, secretory vesicles located in the
emitting cell cytoplasm are initially filled with the biochemical messengers [61]. Second,
following an appropriate cell stimulation (which provokes a Ca2+entry or increase), the
available vesicles dock to the cell membrane through a step requiring multiple protein-protein
interactions, that is, the formation of soluble N-ethylmaleimide sensitive fusion protein
attachment receptors complexes [62]. To overcome the natural electrostatic repulsions between
the cell and vesicular membranes, N-ethylmaleimide sensitive fusion protein attachment
receptors complexes allow membranes to interact at molecular distances so that the electrical

Modern Electrochemistry in Nanobiology and Sensorics
http://dx.doi.org/10.5772/58335

11



field carried by each electroporates them. According to local reorganization of phospholipidic
bilayers, the formation of a fusion pore ensues through which the release of the vesicular
content toward the extracellular medium onsets. In most cell models investigated experimen‐
tally, exocytosis implies “dense-core” vesicles, whose intrinsic properties make them a better
analytical target. Thus, the cationic messengers are compacted into a matrix behaving like a
polyelectrolytic gel and constituted of polyanionic proteins such as chromogranins, which fill
the vesicle core. Because of the formation of the fusion pore, the first ionic exchanges between
this matrix and the extracellular medium occur spontaneously by allowing partition of the
cations. This situation provokes a local exchange with the cations of the external medium and
thus a destructuration of the gel due to the different molecular and supramolecular interactions
[60]. In a natural environment, each messenger cation is exchanged by a fully hydrated small
cation (Na+, H3O+), and a local matrix swelling is induced. This increases the Laplace tension
over the membranes junction area, which may ultimately counterbalance the pore edge energy.

3.2.1. Fast scan cyclic voltammetry and amperometry: respective advantages

Aerobic living cells require oxygen-containing solutions to perform as close as possible to
physiological conditions. Because O2 is in high or comparable concentrations (0.23 mM) vs the
released species flowing into the semi artificial synapse, reductive detection is generally
prohibited [8]. Electrochemical measurements of a cell secretion then generally rely on the
oxidation of the molecules released at the electrode surface located close to the cell membrane.
The recorded currents evidence the nature of the molecules released and their quantities as
well as the dynamics of the release itself. Two main electrochemical techniques are applied,
amperometry and cyclic voltammetry [7,8].

In amperometry, the working electrode is held at a constant potential at which the molecules
under investigation are oxidizable. It ensues a continuous recording of the oxidation current
as a function of the time without severe contamination by capacitive current. However, the
“potential information” is lost.

In cyclic voltammetry, the current is recorded as a function of the potential applied at the
electrode (triangular voltage ramps), so discontinuous monitoring ensues, and capacitive
currents may impede measurements, whenever they are not stable enough to be subtracted.
In the absence of a semi-artificial synapse configuration, electrochemistry is coupled to another
analytical technique (liquid chromatography or capillary electrophoresis) [8].

Unfortunately, although such measurements may be achieved at the single cell level, they
merely report confirmations once the whole exocytotic process has ended [63]. As example,
the catecholamines content of a single bovine chromaffin cell can be determined by analyzing
the extracellular solution (resulting from the cell lysis or after exocytosis) through microcol‐
umn liquid chromatography coupled with amperometry at a carbon fiber electrode [64]. This
type of study has allowed the quantification of the amount of catecholamines per cell, and it
has further evidence that chromaffin cells are classified in either a single type of catecholamines
secreted or a mixture of species released. Moreover, the individual cells have been shown to
deliver catecholamines in the same proportions in which they store catecholamines [65].
Similar studies (in which the coupled electrochemical method is voltammetry) were also
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performed on individual neurons [66]. Although these postanalytical methods can provide
essential data concerning the vesicular content, no temporal and spatial information could be
obtained during the very exocytotic release system. In the semi-artificial synapse mode,
amperometry or voltammetry can be achieved along the occurrence of effective exocytotic
events. As example, successive cyclic voltammograms performed on chromaffin cells at
relatively low scan rates (10 Vs-1) during exocytosis afforded a clear discrimination between
adrenaline and nor-adrenaline releases. From the voltammogram of catecholamines under
physiologically compatible conditions, an oxidation of the catechol into o-quinone during the
anodic scan and subsequent reduction of the latter during the reverse cathodic scan can be
observed [61]. An additional peak is detected on the reverse reduction scan for adrenaline, due
to a fast cyclization reaction that eventually leads to the formation of a reducible adreno‐
chrome, which is reduced [65].

After appropriate stimulation, vesicles that are primed to undergo exocytosis dock to the cell
membrane by the mean of N-ethylmaleimide sensitive fusion protein attachment receptors
complexes. The cell and vesicular membranes mix and evolve to the formation of a fusion pore,
through which neurotransmitters begin to diffuse out the vesicular matrix. Resulting from the
ionic exchanges (catecholamines cations vs Na+or H3O+) and water entry between the intrave‐
sicular and the extracellular media, the vesicular matrix swells and provokes the fusion pore
expansion.

Voltammetric studies performed during the exocytotic release by a single living cell could thus
confirm the results obtained with chromatography, that is, at least three classes of chromaffin
cells (one that only releases adrenaline, a second one that only releases nor-adrenaline, and a
last one that releases a mixture of adrenaline and nor-adrenaline) may be implied during
catecholamines secretion in adrenal glands [65].

It was found also that, the fast scan voltammetry (usually 800 Vs-1) also allows the continuous
differentiation of adrenaline and nor-adrenaline.

As compared to cyclic voltammetry measurements, complex features of the dynamics of the
exocytotic events can be amperometrically obtained.

In general, four main parameters of the amperometric trace have been evidenced to reveal the
features of secretion events at a single cell. The first one deals with the number of events
detected per cell (frequency of release), and the others concern the characteristics of the
individual amperometric spikes and provide individual and statistical data about the progress
of the event itself [60].

4. Mechanisms of electron exchange between electrode and protein

Electrochemical methods offer several well-recognized, classical advantages over homogene‐
ous approaches for elucidating charge transfer processes. Two of the more important advan‐
tages are:
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• the ability to study a single redox-active component by using an electrode to act as the other
reactant [67-68];

• and the ability to gradually differ the redox potential (electrode overvoltage); this trait
allows for the gentle variation of the reaction free energy, ΔGo [67-68]. Standard heteroge‐
neous pathways also have some obvious disadvantages. Noteworthy are the strong impact
of the electrode/solution interfacial potential drop on the electron transfer process, especially
in the free diffusion regime for which it complicates the over-all kinetic analysis [68,69]; and
possible changes in the redox-active molecules upon adsorption to an electrode; in particular
the adsorption of biomacromolecules, such as proteins, can lead to their inactivation [69].

The above mentioned disadvantages can be largely eliminated through self-assembly techni‐
ques that coat the electrode with a biocompatible surface. One common method uses thiolate
groups, which form weak covalent bonds with surface-exposed atoms of metal electrodes; e.g.,
Au, Ag, Hg, etc. [70], and lead to the formation of almost perfect (defect-free) quasi-crystalline
self-assembled monolayers – SAMs films. The chemical and physical properties of these films
can be modified to provide additional control over the electron transfer. These include the
variation of the chemical identity and composition (mixing/dilution) of the SAM terminal
groups that are presented to the solution (electrolyte); e.g., they can be manipulated to control
the binding position and orientation of biomolecules [69].

4.1. Freely diffusing redox couple — electron transfer

Systematic studies of electron exchange for freely diffusing redox couples with SAM-coated
metal electrodes show a similar dependence of the rate constant on the SAM thickness. The
most systematic studies of the couples Fe(CN)6

3-/4-[71] and Ru(NH3)6 3+/2+, [72] at Au/SAM
junctions show that the nature of the redox couple including the charge type and distribution
within the ligand sphere plays an important role in determining whether water and counter-
ions can penetrate into the SAM interior or be almost ideally excluded from the SAM (the case
of Fe(CN)6 3-/4).

The results [73] indicate that the kinetically fast redox couple [Ru(NH3)6]3+/2+is better able to
penetrate into unicomponent, CH3-terminated SAMs of the general type: S−(CH2)n−CH3, with
n running from 2 to 18,than is Fe(CN)6 3-/4, and thus it can detect small defects in the SAM.

This interpretation has been substantiated by theoretical calculations of the charge distribution
within the complex ions, which demonstrate that hexamine metal complexes have most of the
excess charge located on the metal ion core, whereas hexacyano-metal complexes have it
localized on the terminal nitrogen atoms of cyano-ligands [74]. This valid difference suggests
that [Ru(NH3)6] 3+/2+species are able to penetrate more readily into SAMs and diffuse along the
SAM chains, in the presence (or even absence) of probable collapsed sites, as compared to
[Fe(CN)6]3-/4-. This difference could cause more variation in the effective charge-transfer
distance, as compared to the ideal case with impermeable SAMs. Moreover, it can be suppose
that, the SAM defects can be roughly classified as static and dynamic ones, ascribing the former
to different kinds of pinholes and collapsed sites, whereas the latter corresponds to increased
mobility, and may or may not be associated with particular structural defects [69].
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These findings suggest that the dynamically controlled mechanism may be more pronounced
in slowly relaxing media such as bio-molecules, ionic liquids or liquid crystals.

Indeed, the interior and the SAM-and solvent-adjacent layers of proteins can be viewed as an
extremely viscous media with characteristic dielectric relaxation times similar to pure glycerol
[75-76].

4.2. SAM — modified electrodes and immobilized species

The development of SAM-coated electrodes has enabled fundamental and applied studies of
biomolecular electron transfer mechanisms, and offers many promising opportunities for
creating arrays of redox active biomolecules. As methodologies to immobilize proteins [77-78]
improve so that it is possible to better control over protein orientation and spatial placement
on an electrode surface, the detail and precision of fundamental questions that can be ad‐
dressed will improve and the applications of electrically wired protein arrays will increase.
According to literature, applying of electrode/SAM assemblies to explore fundamental aspects
of the electron exchange between electrodes and redox active molecules; most particularly,
proteins is extremely interested field. These new developments identify a need to generalize
modern charge transfer theory and bear on the use of electrochemical methods in modern
bioengineering and biomedical applications [79]. Even the very first applications of SAM-
based electrochemical systems enabled fundamental testing of basic features of contemporary
charge transfer theory [69].

For example, studies of the electron transfer rate as a function of SAM thickness revealed that
the nonaiabatic (diabatic) mechanism, or electron tunneling, is the rate controlling step for long
range electron transfer. In this limiting case, theoretical considerations predict a distinct
experimental signature, an exponential decay of the electron transfer rate constant, ket, with
the distance:

kET(NA)∞exp [-β(Re– Ro) (4)

where Re is the electron transfer distance, Ro is the electron transfer distance at the closest
approach of the redox-active couple to the electrode, and β is the decay parameter, normally
of the order of ca. 1 Å-1 [69].

Until recently, the mechanism(s) controlling short-range electron transfer, either at bare
conductive electrodes (mostly implying small redox species), or SAM-modified metal electro‐
des (simple model systems as well as redox-active biomolecules), has remained more contro‐
versial. A generalized version of the classical electron transfer theory [69] accounts for a change
in the inherent reaction mechanism with a gradual increase of electrode-reactant electronic
coupling. The model systems allow the coupling to be tuned by changing the SAM thickness
from thick (weak coupling/long range of electron transfer) to thin (strong coupling/short range
of electron transfer) and in essence explore the connection between different electron transfer
limits [80].
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A number of examples of rigorously confirmed conformationally gated electron transfer have
been reported [81] and it appears to be of considerable biological importance. Moreover,
conformational gating should be considered as a special case compared to the more classical
adiabatic electron transfer mechanism that has an essentially universal origin [79]. Unfortu‐
nately, as far as biological electron transfer is concerned, except of several cases limited to
different cytochrome c assemblies [82,83] and azurin [84], the friction controlled mechanism
has not been discussed in detail. In fact, viscosity-dependent kinetics (exhibiting a weak
dependence of the rate on the SAM thickness) is often presented as arising from a conforma‐
tional-gating mechanism without relevant experimental cross-testing or analysis to ascertain
whether it could arise from a friction controlled electron transfer mechanism.

5. Nanomaterials and biosensors

The advantages and new possibilities offered by nanotechnology are varied. Materials exhibit
new properties when scaled down from bulk material to nanometric dimensions. These
properties can be precisely fine tuned, thus allowing for the fabrication of defined structures
and materials optimized for a certain purpose.

Consequently,  nanomaterials  and  concepts  from  nanotechnology  have  been  much  em‐
ployed in biosensor development. Several reviews in this field [85-88] provide a distinct
overview  of  the  possibilities  of  nanotechnology  in  the  field  of  biosensor  research.  The
following summarizes the most important trends. The main challenges in the application
of  nanomaterials  for  biosensor  designs  are  the  definition  of  the  material  features,  the
reproducible synthesis of materials with suitable properties, and the meaningful applica‐
tion of nanotechnological concepts to biosensors. Instead, multidisciplinary effort will  be
necessary to obtain nanomaterials with properties as required for a novel biosensor design.
The seemingly most challenging task of applying nanotechnology to biosensors is to really
make use of  “nano features” and not  simply using nanomaterials  without  them adding
value  to  the  biosensor  architecture.  In  the  area  of  biosensor  research  some  features  of
nanostructures become important in addition to pure material properties [1,2]. For example,
in nanometric structures diffusion lengths become very short and hence mass transport is
highly efficient. Since mass transport is valid in many biosensor designs, an increase or at
least a change in sensor performance can be expected from using nanometric structures [8].
There  are  basically  three  broad  categories  of  pathways  towards  nanobiosensors  and  in
particular in electrochemical nanobiosensor development. The modification of a macroscop‐
ic  transducer  with  nanomaterials  is  the  first  of  these  approaches.  In  electrochemical
biosensors,  this  would  translate  into  large  electrodes  modified  with  nanomaterials.  The
second approach is the miniaturization of the transducer, namely the use of nanoelectro‐
des [89] or other miniaturized circuitry of nanometric dimensions [7].

The modification of biomolecules with nanomaterials or coupling of biomolecules and
nanomaterials is the third category of approach towards nanobiosensors. Of course, the lines
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between these approaches are blurred and some sensor designs may draw from more than one
of these concepts.

5.1. Modification of biomolecules with nanomaterials

The oriented modification of biomolecules with nanomaterials resulting in biomolecule –
nanomaterial hybrids offers crucial possibilities for biosensing. Gold nanoparticles can be used
to immobilize biocatalysts or other bioelements on electrodes or other supports. However, in
this case, the nanoparticles often just function as a linker and the sensor architecture does not
benefit from a unique property due to nanometric dimensions. Unlike the unique optical
properties of quantum dots (QDs) make these materials well suited as fluorescent labels in
optical sensors [90,91] really taking advantage of a nanosized feature. The use of nanoparticle–
enzyme hybrids has been recently reviewed [92,93] as has been the use of nanotechnology in
the manipulation of redox systems at an earlier stage [94].

Such an establishment of electrical contact between a redox enzyme and an electrode can also
be achieved by nanoparticles. Standing out in this field of research is the wiring of redox
enzymes by gold nanoparticles [95]. Due to the fact, glucose oxidase (GOx) was reconstituted
with a gold nanoparticle (1.4 nm in diameter, corresponding to the size of the redox center of
the enzyme) that was functionalized with the enzyme’s cofactor FAD [96].

Such enzyme – nanoparticle hybrids were assembled on gold electrodes leading to relevant
good electrical contact between the protein redox center and the macroscopic electrode surface.

Nanotechnology has contributed significantly to recent developments in biosensor research.
Modification of macroelectrodes with nanomaterials has resulted in new electron transfer
properties and biocompatibility. Nanometric transducers have been used to obtain new classes
of biosensor devices. Finally, biomolecule – nanoparticle conjugates show a suitable applica‐
tion potential in biodevice development. An aspect of nanotechnology that is rarely mentioned
is the potential harm of nanomaterials towards health. Though a significant effort has been
put into the research of this field [95,97-98], the consequences of the use of nanomaterials in
everyday life are not yet clarified. Therefore, it appears, that the potential risks of nanomate‐
rials are by far outweighed by the possibilities offered by nanotechnology.

5.2. Implanted biosensors in medicine

As shown in Figure 5, (electrochemical) biosensors are either placed in laboratory animals for
fundamental physiological and neurochemical in vivo measurements or implanted in the
human body for health and metabolite monitoring. In the field of in vivo medical research,
biocatalyst-based analytical tools are often used for spatially confined measurements of their
corresponding target species in preselected regions of living test subjects [1].

The vital challenges/problems in the field of implantable sensors are the stability of the device,
the selectivity of the sensor, and the biocompatibility of the sensor. Most important, the sensor
has not be rejected by the living organism. When implanted, the sensor should operate for a
prolonged time to justify any surgical procedure necessary for the introduction of the sensor
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between these approaches are blurred and some sensor designs may draw from more than one
of these concepts.

5.1. Modification of biomolecules with nanomaterials
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to immobilize biocatalysts or other bioelements on electrodes or other supports. However, in
this case, the nanoparticles often just function as a linker and the sensor architecture does not
benefit from a unique property due to nanometric dimensions. Unlike the unique optical
properties of quantum dots (QDs) make these materials well suited as fluorescent labels in
optical sensors [90,91] really taking advantage of a nanosized feature. The use of nanoparticle–
enzyme hybrids has been recently reviewed [92,93] as has been the use of nanotechnology in
the manipulation of redox systems at an earlier stage [94].
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be achieved by nanoparticles. Standing out in this field of research is the wiring of redox
enzymes by gold nanoparticles [95]. Due to the fact, glucose oxidase (GOx) was reconstituted
with a gold nanoparticle (1.4 nm in diameter, corresponding to the size of the redox center of
the enzyme) that was functionalized with the enzyme’s cofactor FAD [96].

Such enzyme – nanoparticle hybrids were assembled on gold electrodes leading to relevant
good electrical contact between the protein redox center and the macroscopic electrode surface.

Nanotechnology has contributed significantly to recent developments in biosensor research.
Modification of macroelectrodes with nanomaterials has resulted in new electron transfer
properties and biocompatibility. Nanometric transducers have been used to obtain new classes
of biosensor devices. Finally, biomolecule – nanoparticle conjugates show a suitable applica‐
tion potential in biodevice development. An aspect of nanotechnology that is rarely mentioned
is the potential harm of nanomaterials towards health. Though a significant effort has been
put into the research of this field [95,97-98], the consequences of the use of nanomaterials in
everyday life are not yet clarified. Therefore, it appears, that the potential risks of nanomate‐
rials are by far outweighed by the possibilities offered by nanotechnology.

5.2. Implanted biosensors in medicine

As shown in Figure 5, (electrochemical) biosensors are either placed in laboratory animals for
fundamental physiological and neurochemical in vivo measurements or implanted in the
human body for health and metabolite monitoring. In the field of in vivo medical research,
biocatalyst-based analytical tools are often used for spatially confined measurements of their
corresponding target species in preselected regions of living test subjects [1].

The vital challenges/problems in the field of implantable sensors are the stability of the device,
the selectivity of the sensor, and the biocompatibility of the sensor. Most important, the sensor
has not be rejected by the living organism. When implanted, the sensor should operate for a
prolonged time to justify any surgical procedure necessary for the introduction of the sensor
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into the body. Even when these two challenges are ensured, the sensor has typically to deal
with a very complex sample matrix, most commonly blood.
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Figure 6. Analytical task of developing in vivo biosensor (according to [96])

In vitro sensors have to manage with the same demands in terms. Analytical task of developing
and optimizing in vivo biosensors of their selectivity, stability is usually not such a critical point.
Therefore, in vitro sensors also have to be biocompatible in such a way that their presence
should not influence the biological medium. Currently, the highly heterogeneous rodent brain
is probably most often addressed by in vivo and in vitro biosensors. Nevertheless, other parts
of the rodent central nervous system, the many secretory glands of the regulatory endocrine
system, or the tissue of muscles are sites of interest for implantable biosensors [8].

Fixed in a particular brain region for fundamental cognitive, pathological, and pharmacolog‐
ical investigations, the sensing tips of i.e., tapered voltammetric enzyme microbiosensors have
demonstrated their ability to directly record up-and down-regulations of neurospecies that
may appear in response to premeditated external stimuli such as feeding, drug administration,
or gratification at the local level with high time resolution.
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Biosensors that are implanted in human body, on the other side, are supposed to control the
dynamics of the levels of metabolites related to mental or physical disease states [97]. To
achieve this crucial goal they may be placed subcutaneously, just beneath the carrier’s skin, or
at deeper body locations close to target organs (kidney, liver, and pancreas or the muscles) [97].
Specific applications of biosensors in the human body include clinical point-of-care testing in
hospital settings and personal diabetes management. Moreover, the main stream in this task
of biosensor development is not on the description of a number of examples from in vivo and
healthcare measurements but advancements that were reported in the last five years in terms
of the design and quality of electrochemical biosensors for successful analysis in a firmly
implanted configuration, be it in animals or humans [96]. For detailed information on specific
examples of both classical in vivo (neurochemical) studies and standard human metabolite
monitoring with implanted glucose, glutamate, lactate, acetylcholine, or peroxide biosensors
the ones can be referred to several recently published comprehensive articles on the two
subjects [98-102]. The clever involvement of new enzymes or adapted enzyme blends in the
design of implantable biosensors was used to detect physiologically or pathologically relevant
biochemical compounds. The release of the well-known purine ATP as potent extracellular
signaling molecule was, for example, demonstrated in vivo for the Xenopus tadpole spinal cord
during motor activity with implanted biosensors that had co-immobilized glycerol kinase,
glycerol-3-phosphate oxidase, and phosphocreatine kinase [103]. Miniaturized carbon fiber-
based biosensors for in vivo measurements of acetylcholine and choline has been prepared by
means of a co-immobilization of acetylcholine esterase and choline oxidase [104]. The glio‐
transmittered-serine, well-known for a long time to modulate neurotransmission at the
glutamatergic synapse, has been monitored in the rat brain striatal extracellular fluid with
implanted biosensors employing mammalian d-aminoacid oxidase as the indicating biological
recognition element [105].

The popular neurotransmitter dopamine is typically measured in vivo in particular brain
sections with direct fast CV at the solid graphite disc of polished glass – epoxy insulated carbon-
fiber microelectrodes [106,107]. In an attempt to improve the selectivity of local dopamine
measurements in the complex extracellular matrix of brain fluid, an implantable enzyme-based
dopamine microbiosensor has been constructed based on the immobilization of tyrosinase in
a thin-film chitosan coating of carbon-fiber disc microelectrodes [108].

As with any classical electrochemical biosensor, an implanted biosensor should also have
an exceptional selectivity and sensitivity for the target species, a low detection limit, and a
fast response time that is well tailored to the time course of the expected dynamic changes
in the concentration of the target analyte in the surrounding tissue. There are,  however,
important additional properties to look for when the purpose is for stable electrochemical
biosensor performance in the complex matrix of the bodies of animals or humans. It is very
important for in vivo brain biosensor analysis, but also crucial for other situations, to obtain
a sensitive acquisition of a strongly localized signal from the molecule in question. Small
sensor tip size will of course also be beneficial for placement with minimal (brain) cell and
surrounding  tissue  damage.  The  exploration  of  glass-or  polymer-insulated  needle-type
carbon or metal microelectrodes as diminutive precursor structures for biosensors offered
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an appropriate solution for this problem and no real innovation in this aspect arose in the
period under consideration [96].

The second valid issue for success with biosensors in the chronically implanted configuration
is sufficient sensor stability over the extended time of data acquisition throughout a trial.
According to a lot of significant behavioral studies but basically in the general implantation
case the desired period is days if not weeks of measuring time. The long-term quality of the
sensor performance is of course impeded by the gradual loss of proper signal generation
caused by the foreign body response and contaminating contact of functional sensor entities
on the electrode surface, the immobilization matrix, and the immobilized biological recogni‐
tion element with protein and lipid contents of the immediate physiological measuring
environment [109-113].

Between the issues that can be adverse to long-lasting sensor functioning are (i) the fouling of
the immobilization layer in the form of a delamination or loss of porosity which is essential
for analyte diffusion, (ii) the degradation or denaturation of the biological recognition element,
(iii) the passivation of the electrode surface by nonspecific adsorption of proteins and lipids,
and (iv) the slow formation of a barrier for substrate diffusion through an ongoing fibrous
encapsulation of the biosensor tip.

Several reports have dealt with the adaptation of redox hydrogels employed for the entrap‐
ment of the enzymes used via either a mild nondegrading biocompatible environment for the
active macromolecule or the creation of hydrogel surfaces that are less prone to the adsorption
of contaminating (protein) species. Suggestions include a self-cleaning nanocomposite
hydrogel membrane [114], biomimetic hydrogels [115], the involvement of surfactants in the
formation procedure of redox hydrogels [116], and hydrogels with optimized type and ratios
of individual polymerizing components [117]. According to the fact that nitric oxide effectively
inhibits platelet and bacterial surface adhesion, Shin and Schoenfisch proposed advanced
biosensor interfaces with a high potential to resist biofouling via the implementation of an
additional nitric oxide-releasing top coating made of N-diazenium diolate-modified polymers
[118]. Self assembling polyelectrolyte – poly(ethylene glycol)-based nanofilm multilayers have
been demonstrated on porous alumina species as an effective diffusion-controlling and protein
adsorption-resistant coatings and were reported as optimized dual-function immobilization
matrices for implanted biosensors [119]. Also recommended as surface modifications with
promising biocompatibility properties were apparently low-fouling zwitterionic carboxybe‐
taine methacrylate coatings [120], microporous collagen scaffolds that minimized unfavorable
tissue reactions while stimulating angiogenesis in the vicinity of biosensor tips [121], new
hydrophilic poly(ethylene glycol)-based redox copolymers bearing electrochemically active
ferrocene and thiol/disulfide functionalities for anchoring to a gold electrode surface [122], and
special nanoporous membranes [123,124].

This time, the effective blood glucose measurement and control is a top of analytical task in
medical diagnostics and healthcare, respectively. Already prior to the period covered by this
section, direct self-monitoring of internal glucose levels became routine in small-volume blood
samples. The required commercial tools and information on both their technology and on the
glucose meter marketplace is available, for example, in [100,101,125]. Glucose meters typically
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take advantage of sophisticated single-use screen-printed arrays of electrodes one of which is
designed as the glucose sensor via specific immobilization of mostly GOx as the biological
element and the involvement of artificial free-diffusing redox mediators. Upon placement of
a droplet of whole blood, the electronics of the glucose measuring device assesses and digitally
displays a glucose equivalent in reasonably short time [101]. Even if carried out several times
a day, timed glucose monitoring with external sensors activated at user-chosen intervals
obviously has the shortcomings that it fails to report irregular up and downs in between
assessments and cannot utilize trends associated with daily habits of diabetics for an instant
therapeutic action.

Electrochemical enzyme biosensors for in vivo studies and human body metabolite monitoring
have in recent years been brought to quite an advanced level. A clear proof of the achievements
is the good number of successful biosensor recordings of brain activity and the enterprise of
marketable continuous blood glucose monitoring. Further improvements in the spatial and
time resolution of in vivo measurements would need further sensor miniaturization and
tapered nanobiosensors that should be similar to their microelectrode analogues in terms of
the proper conductor embedment and resistance against sensor fouling. However, they should
be equipped with a reduced total tip dimension for better positioning and nanometric sensing
areas for fast and highly localized recording.

In vivo biosensor measurements at the single-cell level or at least a very small cell cluster level
could then add novel information to the fundamental insights that were and still are gained
through in vitro single-cell electrochemistry with isolated cells out of their native matrix [126].
Though tapered enzyme-based nanobiosensors with small total tip radii have already been
reported [127] but not successfully operated in vivo. Here, there is proper space for future
innovative research activity. Another area worth working on is the further extension of the
lifetime of sensors for continuous blood glucose monitoring and the transfer of the principles
of well-working GOx-based implanted biosensors to those incorpo-rating other enzyme
systems for broadening the extent of target analytes. The related possible enhancements and
expansion of vital health and disease marker monitoring could open up the individualized
and portable medication and care plan that is envisioned by clinicians and patients around the
world.

6. Summary

At present, scientific researches in the field of biosensing concern not only to the construction
of miniaturized devices, faster, more efficient, low-cost, but also to the increase of integration
of electronic and biological systems. The future development of biosensors and other bioelec‐
tronics of highly sensitive and specific properties demands the combination of interdiscipli‐
nary spheres like quantum chemistry and solid state physics as well as surface bioengineering,
biology and medicine, electrical engineering, among others. Advances in any of these areas
will have significant effect on the future of medical and environmental diagnositics where
invention of more effective, real time monitoring procedures will be advantaged by biosensing
technologies.
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Electrochemical Techniques for Characterization and
Detection Application of Nanostructured Carbon
Composite
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Additional information is available at the end of the chapter
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1. Introduction

Nowadays, the introduction of nanomaterials within sensors composition has been shown a
growing interest because they offer exciting new opportunities in the field of sensing based
on their fascinating properties.

Nanostructured carbon in forms of carbon nanotubes and carbon nanofibers represents the
most commonly studied nanostructured materials in sensor obtaining. Single-wall carbon
nanotubes and multi-wall carbon nanotubes forms of carbon nanotubes have been studied
more extensively in comparison with carbon nanofibers for the sensing applications based on
their more sensitive properties. However, both forms of nanostructured carbon exhibit great
potential for use as unmodified or modified electrode for the detection applications [1,2].

It is well-known that the carbon based sensors/electrodes are widely used in electroanalytical
applications because of the properties of the carbon materials, i.e., large potential window, low
background current, low cost, versatile surface chemistry, suitability for various sensing
applications [1-5]. Carbon-nanotubes and carbon nanofibers based electrodes are very
promising for the detection of inorganic and organic compounds [1, 2, 6-18]. However, for
certain electroanalytical requirements in relation with the detection of various target analytes
as individual, selective or simultaneous detection the nanostructured carbon electrode should
be modified with suitable nanoparticles, e.g., silver and copper nanoparticles. Almost all of the
electrochemical sensors made up of unmodified/modified nanostructured carbon materials
could be applied for the detection of analytes ranging from chemical to biological molecules
[6-26].

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Several detection applications using carbon nanotubes and nanofibers and silver/copper
nanoparticles-modified carbon nanotubes electrodes are summarized in Table 1.

Electrode type Target analyte Reference

Carbon nanotubes

H2O2

Bi (III)

As(III), Pb (II)

Valocyclovir

Carbohydrates

Phenol derivates

Butylparaben

[6]

[7]

[43]

[10]

[12], [13]

[14], [15], [16]

[18]

Carbon nanofibers
H2O2

Phenol derivates

[2]

[17]

Silver-modiefied carbon nanotubes
Ibuprofen

Dopamine, ascorbic acid

[23]

[26]

Copper-modified carbon nanotubes
Glucose

Ammonia

[22], [24]

[25]

Table 1. Various inorganic and organic species detected at carbon nanotubes and nanofibers and silver/copper
nanoparticles-modified carbon nanotubes electrode materials.

This chapter is focused to present the unmodified/modified nanostructured carbon composite
electrode correlated with different types of electrochemical techniques, i.e., cyclic voltammetry
(CV), differential-pulsed voltammetry (DPV), square-wave voltammetry (SWV), chronoam‐
perometry (CA) and pulsed amperometry (PA), applied for sensing application as voltam‐
metric/amperometric sensors. The electrochemical detection performance is directly linked to
the electrochemical properties of electrode surface in conjunction with the specific electro‐
chemical techniques. The electroanalytical performance for voltammetric/amperometric
detection applications of the nanostructured carbon composite (NCC) and metallic nanopar‐
ticle-modified nanostructured carbon composite (M-NCC) electrodes, i.e., carbon nanotubes-
epoxy (CNT), carbon nanofiber-epoxy (CNF), silver nanoparticles-electrodecorated carbon
nanotubes-epoxy (AgCNT), silver nanoparticles-electrodecorated carbon nanofibers-epoxy
(AgCNF), copper nanoparticles-electrodecorated carbon nanotubes-epoxy (CuCNT), copper
nanoparticles-electrodecorated carbon nanofibers-epoxy (CuCNF), are discussed and present‐
ed in this chapter. CV technique is applied for the electrochemical characterization of compo‐
site electrodes based on the carbon nanotubes and nanofibers within epoxy matrix synthesised
by two-roll mill method in order to use them for the detection applications. Also, M-NCC
electrodes are characterised and tested comparatively to improve the electroanalytical
performance in the detection applications.
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2. Nanostructured carbon based composite (NCC) and metallic
nanoparticles-modified nanostructured carbon composite (M-NCC)
electrodes

Taking into consideration the main advantage of the composite electrode due to the specific
behavior of ensemble/array of microelectrodes, which are characterized by significant higher
useful currents due to the large surface area [27], the nanostructured carbon-based composite
(NCC) electrodes represent the new generation with the enhanced properties. The most
representative and often used of the nanostructured carbon composite materials are nanofibers
and nanotubes [21, 28]. Also, metallic nanoparticles decorated on the composite electrode have
been studied for various applications [22, 23].

Various detection and sensing applications of NCC electrodes have been extensively studied
due to their interesting mechanical, electrical and electrochemical properties [4, 5, 9, 15, 29].

A major importance is given by the composite electrode obtaining, which is responsible for
the NCC electrode properties and further detection/sensing applications.

The development of composites electrodes consisting of conductive nanostructured carbon
phases dispersed within polymeric matrices has led to important advances in analytical
electrochemistry and sensor devices. These new electrode materials combine the electrical
properties of carbon with the ease of processing of resins and show attractive electrochemical,
physical, mechanical, and economical features [19, 20, 30, 31]. The application of metallic
nanoparticles has been shown a raised interest in the field of electrochemistry, in particular in
electroanalysis due to their enhanced optical, electronic, magnetic and catalytic properties.
Also, in terms of electroanalysis the metallic nanoparticles materials are appropriate to modify
electrodes due to several advantages, e.g., high active surface area, enhanced selectivity, and
improved mass transport [32-34].

Based on the composite classification, the composite electrodes discussed in this chapter
belong to randomized ensembles, in which nanostructured carbon is mixed with epoxy resin,
after its dispersion in a suitable solvent (Figure 1). Tetrahydrofuran (THF) and N, N-dime‐
thylformamide (DMF) are efficient solvents for a good dispersion of carbon nanofibers (CNFs)
and carbon nanotubes (CNTs) to avoid their agglomeration [15, 22, 23]. Various obtaining
methods have been developed to deposit metal nanoparticles on various substrates to obtain
so-called chemically modified electrodes (CMEs) characterized by enhanced properties for
detection/sensing applications. The most common metal nanoparticles used are copper, silver,
gold, and platinum, and as well as the most frequently methods encountered in literature are
in respect to the pathway of metallic nanoparticles deposition. Thus, the chemical synthesis is
referred at the reduction with different reagents, UV light or electron-beam irradiation [35-37].
Also, the deposition of metallic nanoparticles can be performed by electrochemical techniques
[38]. The electrochemical deposition method provides an easy and rapid alternative for the
preparation of metallic nanoparticles based electrodes within a short period of time. In
addition, this technique present some advances over chemical method such as high purity of
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2. Nanostructured carbon based composite (NCC) and metallic
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the particles, higher control over the dimension, lower particle size distribution, more control
over the density [39-41].

Figure 1. Schematic diagram of M-NCC-electrode preparation; metallic nanoparticles obtaining by electrodeposition.

Another main aspect is to distribute nanostructured carbon within epoxy matrix to reach the
composite electrodes. Scanning electron miscroscopy (SEM) technique is very useful to
evaluate the dispersion of the carbon filler within epoxy, which is responsible by the surface
morphology and the structure and as consequence, the electrical and electrochemical proper‐
ties of the NCC electrode (Figure 2). Also, the metallic nanoparticles can be observed and
measured by this technique. Using two-roll mill procedure to obtain NCC electrode is very
simple and assures a good dispersion and homogeneous distribution of nanostructured carbon
filler within epoxy matrix (Figure 2 a, b). The electrochemical techniques used for the electro‐
deposition influenced also, the nanoparticles size and distribution on the conductive carbon
filler. Thus, by maintaining the electrode potential at a certain value, e.g.,-0.4 V/SCE for Ag in
AgNO3 supporting electrolyte, which is assured by chronoamperometry (CA) technique
(described in subchapter 3.1), a spontaneous formation of silver nanoparticles on NCC surface
occurred, which are deposited in aggregated form. Ag particles are distributed randomly on
the electrode surface and characterized by various sizes (see Figure 2c-e). Better distribution
and homogeneous sizes of Ag nanoparticles are achieved if cyclic voltammetry (CV) (described
in subchapter 3.4) is applied by succesive running within a certain potential range (Figure 2 f).
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The electrode surface morphology, structure and nanoparticles sizes influence the electrical
and electrochemical properties of the NCC electrode envisaging their detection applications.

Figure 2. SEM image of NCC and M-NCC electrode surfaces: a)-CNT; b)-CNF; c)-AgCNT; d)-AgCNF; e)-CuCNT; f)-CuCNF.

2.1. Electrical and electrochemical properties of NCC electrodes

The electrical behavior of the NCC composite is an important property for the electrochemical
detection application. For the composite electrode, the electrical property is given by the
conductive filler loading within the insulating matrix and there is a percolation threshold
loading beyond there is electrical conductivity. At low filler loading, the conductivity is very
close to the pure insulating matrix conductivity because the fillers are dispersed individually
or as small clusters in the matrix. Above the percolation threshold loading, independent
conductive fillers tend to link together to form conductive networks, which leads to a signifi‐
cant increase of the electrical conductivity of the composite. Various percolation thresholds
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for carbon nanotubes-based composites have been reported by various research groups, from
0.0025 %, wt. for carbon nanotubes-epoxy composites up to 5%, wt. [42]. Above this loading,
the electrical conductivity increased very much until the carbon nanotubes reached 20%, wt.
and beyond this loading no significant increasing of the electrical conductivity occurred.

In general, the electrical conductivity is measured by four-point probe resistance measure‐
ments (FPP), and some values for various NCC electrode surface are given in Table 2.

Electrode Electrical conductivity (Scm-1)

CNT 0.596

CNF 0.247

AgCNT 0.602

AgCNF 0.320

CuCNT 0.605

CuCNF 0.319

Table 2. The electrical conductivity of several NCC and M-NCC electrode materials.

The presence of metallic nanoparticles enhanced slightly the electrical conductivity for the
electrode materials. All electrode materials exhibit the electrical conductivity suitable for the
electrochemical applications.

The electrochemical properties related to the electroactive surface area are studied by cyclic
voltammetry (CV). CV is a very versatile electrochemical technique that allows to identify the
aspects regarding the mechanism of redox system and transport properties of an electroactive
species in solution. This technique is the first electrochemical experiment performed in order
to characterize an electrode material for every type of application. This technique provides
rapid information on the thermodynamic redox processes, on the kinetics of heterogeneous
electron-transfer reactions, and on coupled chemical reactions or adsorption processes. This
is accomplished with a three-electrode arrangement whereby the potential relative to some
reference electrode is scanned at a working electrode, while the resulting current flowing
through a counter (or auxiliary) electrode is monitored in a supporting electrolyte. The
technique is ideally suited for a quick search of redox couples present in a system, and once
located a couple may be characterized by more careful analysis of the cyclic voltammogram.
Usually, the potential is scanned back and forward linearly with time between two extreme
values using a triangular potential waveform.

The most common method to determine the electroactive surface area is the ferro/ferricyanide
redox couple method [15]. Ferro/ferricyanide redox system gives rise to a reversible redox
system that involves one electron per molecule. Given the one electron involving and chemical
reversibility of the redox system, the cyclic voltammetric analysis of the ferro/ferricyanide
process envisaged the determination of the electroactive area of the NCC and M-NCC
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electrodes through the apparent diffusion coefficient of this redox system on these electrodes,
calculated based on the Randles–Sevcik equation:

5 3/2 1/2 * 1/2(2.69 10 )pfI n AD C v= ´ (1)

Where n is the number of electrons involved in the redox process, A is the active area of the
working electrode (cm2), D is the diffusion coefficient (cm2 s–1), C* is the bulk concentration of
the electroactive species (mol cm–3), and v is the potential scan rate (V s–1).

Thus, using cyclic voltammetry recorded at different scan rate in the presence of 4 mM
K3Fe(CN)6, the electrochemical behavior of ferrocyanide system is studied after CV recording
(Figure 3), which offers the opportunity to determine the characteristics of a cyclic voltam‐
metric response originating from a reversible process. The reversibility of the system was
estimated by the peak-to-peak separation (the separation between the anodic peak potential
and the catholic peak potential, ΔEp=Epa – Epc). For a reversible couple the ΔEp is egual to 0.059/
n V (n, the number of electron exchanged in the reaction, and in this case is equal with 1), and
it is independent of the scan rate. For quasi-and irreversible conditions, the ΔEp depends on
the voltage scan rate. Another important parameter that is relates to the electrochemical
reversibility of an electrode reaction is the peak current, and more specific, the ratio between
the anodic peak current and the cathodic peak one (ipa/ipc), whose value is unity for a simple
reversible couple.

Figure 3. Cyclic voltammograms recorded at: a) CNT and b) Ag-CNT electrodes in the presence of 4 mM K3Fe(CN)6 and
1M KNO3 supporting electrolyte; potential scan rate: 1-0.025, 2-0.05, 3-0.1, 4-0.2, 5-0.3 Vs-1; potential range:-1 ÷
+1.5V/SCE.

By calculating diffusion coefficient based on the recorded voltammograms and comparing
with theoretical diffusion coefficient (6.7x10-6 cm2s-1), the values of the electroactive surface
area can be determined. In general for all NCC and M-NCC the electroactive surface area are
higher in comparison with the geometrical one. In addition, based on the reversibility param‐
eters values, ΔEp and ipa/ipc, some aspects regarding diffusion and adsorption process on the
electrode surface can be elucidated, which must be correlated with the morphological,
structural and electrical properties.
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Also, other important aspects related to the electrochemical behaviour very important for
electroanalysis are the potential window and the background currents. A large potential
window and low background current are desired for the electrochemical detection applica‐
tions. The background current is given by the capacitive component of the electrical double
layer and it is desired that this component to be minimized. However, it is well-known that
the electrode characterized by the electrocatalytic activity is characterized by high background
current and low potential value for the oxygen evolution, which denotes a narrow potential
window. Though, the electrodes characterized by the electrocatalytic activity are very useful
for the detection application especial for the hard oxidizable or reduction species. In general,
nanostructured carbon-based composite electrodes are characterized by low background
current and large potential window (Figure 4a). However, it can be noticed that CNT exhibits
higher background current and lower potential value for oxygen evolution, which can be
attributed to a possible electrocatalytic effect towards this process. Metallic modified-carbon
composite electrode exhibits the electrocatalytic activity towards oxygen evolution process,
being characterized by higher background current and lower potential window (Figure 4b).

Figure 4. A. CVs recorded at a) CNF and b) CNT electrodes in 0.1 M Na2SO4 supporting electrolyte; scan rate 0.05Vs-1.
B. CVs recorded at a) CNF and b) AgCNF electrodes in 0.1 M Na2SO4 supporting electrolyte; scan rate 0.05Vs-1.

3. Electrochemical techniques for the detection applications using NCC and
M-NCC electrodes

3.1. Cyclic voltammetry

This technique is most useful technique to start the study of the detection applications for each
type of the electrode material due to it provides information about the oxidation or reduction
potential value, very important to optimize and simplify the detection procedure envisaging
the batch injection analysis using chronoamperometry technique (BIA-CA), the easiest
detection procedure. The information related to the electrochemical behaviours of NCC and
M-NCC electrodes in the presence of various target analytes can be achieved by this technique,
several examples will be given bellow. Also, some aspects about the mechanism elucidation
related to the process control and adsorption aspects that are very useful for the detection
application are provided by this technique operated at different scan rates.
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3.1.1. Influence of scan rates

The oxidation or reduction processes of analytes on NCC and M-NCC electrodes are often very
complex processes, involving both the adsorption of the reactant/intermediate or oxidation/
reduction products and the formation of passive, nonconductive layer on their surface by
electropolymerization or adsorption. The mechanistic aspects of the overall oxidation or
reduction processes of target analyte on the electrode surface are elucidated using the cyclic
voltammograms recorded at various scan rates (0.01-0.2 Vs-1) in the presence of a certain
concentration of the target analyte. As example, Figure 5a shows CVs recorded at CNF
electrode in 0.1 M Na2SO4 supporting electrolyte and the presence of 4 mM sulfide. The anodic
current recorded at about+0.7 V vs. SCE increased linearly with the square root of the scan rate
(Figure 5b) suggesting that the reaction is mass-transfer controlled. No zero intercept inform
about the adsorption process that can not be neglected. Moreover, the starting potential of the
oxidation peak shifted towards positive potential when increasing v indicating that the
electrooxidation process of sulfide is irreversible (Figure 5c) that is proved also, by the lack of
the cathodic corresponding peak. In addition, CVs shapes informed about two steps of the
sulfide oxidation process to elemental sulfur, both steps being difussion-controlled.

Figure 5. (a) CVs recorded at CNF electrode in 0.1 M Na2SO4 supporting electrolyte and 0.5 mM sulfide with different
scan rates: 0.01, 0.02, 0.03, 0.04, 0.05, 0.07, 0.09, 0.1, 0.2 Vs-1 (curves 1-9); potential range: – 0.5 and+1.2 V/ SCE. (b)
The anodic peak current recorded at+0.7 V/SCE vs. square root of scan rate; (c) The peak potential Ep vs. log (v).

Another example is given for the electrochemical behaviour of arsenic on AgCNF electrode
(Figure 6) envisaging its detection. Arsenic (III) detection procedure involves anodic stripping
voltammetry (ASV), which supposes two stages: first corresponding to reduction of arsenic
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(III) at the electrode surface for a certain time followed by the second stage of electrochemically
stripping from the electrode surface resulting a Faradaic response that is direct proportionally
with arsenic concentration. The processes corresponding to these stages can be schematically
represented by the following reactions [43]:

3+ - 0Stage 1-Deposition: As + 3e As® (2)

0 3+ -Stage 2-Anodic stripping: As As + 3e® (3)

Figure 6. (a) CVs recorded at AgCNF electrode in 0.1 M Na2SO4 supporting electrolyte 0.09 M Na2SO4+0.01 M H2SO4

supporting electrolyte and in the presence of 3 mM As with different scan rates: 0.01, 0.02, 0.03, 0.04, 0.05, 0.07, 0.09,
0.1, 0.2 Vs-1 (curves 1-9); potential range: – 0.5 and+1.2 V/ SCE. (b) The anodic peak current recorded at+0.7 V/SCE vs.
square root of scan rate; (c) The peak potential Ep vs. log (v).

The deposition stage for this procedure is achieved by maintaining the electrode potential
at-0.4 V/SCE for 120 seconds. Based on the results regarding the CVs shapes, the liniar
dependence of anodic peak height versus the square root of the scan rate, the oxidation
potential shifting to positive direction with increasing scan rate and the presence of the
cathodic peak corresponding to the anodic one, arsenic stripping voltammetric process is
quasi-reversible and diffusion-controlled. These results are promising for the application of
these oxidation processes for the detection purposes.
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3.1.2. CV for the detection application

CV technique is very useful for the detection applications. Figure 7 presents the results of the
application of CNT electrode using CV for sulphide detection in various supporting electro‐
lytes envisaging different practical applications. 0.1 M Na2SO4 supporting electrolyte has been
chosen due to it is very common for the detection application in environmental application.
0.1 M Na2SO4+1 M NaCl supporting electrolyte presents the composition very close to seawater
and the question that raised was to check the possible interference of chloride anions. Real
surface water was tested envisaging in-field detection application, for which no supporting
electrolyte is added.

Figure 7. CVs recorded at CNF electrode in the presence of various sulfide concentrations 0.1; 0.3; 0.5; 0.7; 0.9; 1 mM
in supporting electrolyte: 0.1 M Na2SO4 (a); 0.1 M Na2SO4+1M NaCl (c); real surface water without adding supporting
electrolyte. Calibration plots of the anodic current recorded at+0.7 V/SCE vs. sulfide concentrations for each support‐
ing electrolytes (b, d, f).

CV results presented in Figure 7b informed that high concentration of chloride does not affect
anodic current response characteristics to the sulfide detection, because the chlorine evolution
occurred at high potential value. This result is very promising for sulfide detection in the
seawater.
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chosen due to it is very common for the detection application in environmental application.
0.1 M Na2SO4+1 M NaCl supporting electrolyte presents the composition very close to seawater
and the question that raised was to check the possible interference of chloride anions. Real
surface water was tested envisaging in-field detection application, for which no supporting
electrolyte is added.

Figure 7. CVs recorded at CNF electrode in the presence of various sulfide concentrations 0.1; 0.3; 0.5; 0.7; 0.9; 1 mM
in supporting electrolyte: 0.1 M Na2SO4 (a); 0.1 M Na2SO4+1M NaCl (c); real surface water without adding supporting
electrolyte. Calibration plots of the anodic current recorded at+0.7 V/SCE vs. sulfide concentrations for each support‐
ing electrolytes (b, d, f).

CV results presented in Figure 7b informed that high concentration of chloride does not affect
anodic current response characteristics to the sulfide detection, because the chlorine evolution
occurred at high potential value. This result is very promising for sulfide detection in the
seawater.
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The literature data has been reported about the electrochemical behavior of carbon-based
composite electrodes characteristics to ordered (array) or randomized micro/nanoelectrode
ensembles characterized by the heterogeneous higher electroactivity [5, 44-49]. Sometimes, the
voltammetric responses of carbon-based composite electrodes are sometimes similarly to that
found for „edge effect”, which contribute significantly to the Faradaic current [5]. However,
carbon-based composites obtained without a specific template are not rigorously arrays but
are truly randomized ensembles, with the size, shape and inter-nano/micro carbon islands
separation distributed over a wide range of insulating matrix. The random ensembles of
microelectrodes can exhibit array behaviour in certain situation. Taking into consideration the
distribution of the conductive filler islands within the insulator matrix, the main requirement
is that the distance between individual conductive carbon microzones that should be much
larger than its radius and mass transport is controlled by the spherical diffusion. The closely
spaced carbon nano/microzones array will behave similar to a macroelectrode (linear diffu‐
sion-controlled mass transport) because of the diffusion layer overlap. Another important
requirement is subjected to the insulating matrix to prevent current leakage, which resulted
in the distortion of the cyclic voltammetry. Microelectrode arrays exhibit for the detection
applications the advantages of single microeletrodes, e.g., reduced ohmic drop and charging
current, the lower detection limit and better sensitivity. In the same time, their use overcomes
the disadvantages of single microelectrode subjected to low current output and the high
susceptibility to the electrochemical noise [47-49].

The above-presented CV results for the NCC and M-NCC obtained by two-roll mill procedure
showed that these composite electrodes are not ordered (array) nano/microelectrodes, because
it noticed the linear diffusion-controlled mass transport with a substantial hysteresis, explored
by the scan rate influence of the CV shapes, which is characteristics to the macroelectrode
behavior.

However, another practical micro/nanoelectrode array peculiarity is given by the ability to
deliver the current responses in the absence of any supporting electrolyte, which is appropriate
for in-situ or in-field detection applications. Even if the CV shapes recorded at NCC and M-
NCC informed that these composites do not exhibit the array electrochemical behavior,
however the similar anodic peak current for sulfide detection was noticed direct in surface
water without supporting electrolyte at CNF composite electrode (Figure 7c). It can be seen
that a slight lower sensitivity was found, and also, non considerable ohmic drop increasing
was noticed in surface, which encourage the possible application for in-field sulfide detection.

3.2. Differential-pulsed voltammetry

Differential-pulsed voltammetry (DPV) is a very sensitive detection technique appropriate for
trace levels of the analytes. The height of differential pulsed voltammogram is direct propor‐
tional to the concentration of analyte [27]:

1/2 1( )
1p

m

nFAD Ci
t

s
sp

-
=

+ (4)

Modern Electrochemical Methods in Nano, Surface and Corrosion Science44

where σ=exp[(nF/RT)(ΔE/2)], ΔE is the pulse amplitude.

The peak potential can identify the species especial for the simultaneous detection and the
background current is much smaller in comparison with CV due to the charging current
contribution is negligible. The optimization of the modulation amplitude (MA) and step
potential (SP) operational parameters of DPV technique must be considered for each applica‐
tion in direct relation with the the sensitivity and the lowest limit of detection. Example of
DPVs recorded on CNT in the presence of various pentachlorophenol (PCP) concentrations
are shown comparatively with CV in Figure 8, and the electroanalytical parameters are
gathered in Table 3. It can be noticed an improved detectability of PCP on CNT using DPV.
Also, as we mentioned and expected, the detection peak potential is shifted to lower value,
which is also very desired in electroanalysis.
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Figure 8. Differential-pulsed voltammograms recorded at CNT electrode (modulation 
amplitude 0.2 V, step potential 0.01 V) in 0.1 M Na2SO4 supporting electrolyte  and in the 
presence of different pentachlorofenol concentration (20-120 µM) potential scan rate 0.05 Vs-

1 and the potential range between 0 V and 1.25V vs. SCE 
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Figure 8. Differential-pulsed voltammograms recorded at CNT electrode (modulation amplitude 0.2 V, step potential
0.01 V) in 0.1 M Na2SO4 supporting electrolyte and in the presence of different pentachlorofenol concentration
(20-120 µM) potential scan rate 0.05 Vs-1 and the potential range between 0 V and 1.25V vs. SCE

Peak potential Technique used
Concentration range

(μM)

Sensitivity

(μA/ μM-1)

Correlation

coefficient (R2)
LOD (μM)

+ 0.97 V CV 20-100 5.3 0.990 1.633

+ 0.80 V DPV 20-120 11 0.984 0.801

Table 3. Electroanalytical performance of the CNT composite electrode for the detection of pentachlorophenol in
0.1M Na2SO4 supporting electrolyte.

The resolution for the simulatenous detection is improved by DPV measurements, sometimes
being possible the detection of the analytes characterized by similar detection potential. An
example of simultaneous detection of 4-chlorophenol (4-CP) and oxalic acid (OA) as its
oxidation intermediar is given in Figure 9. The peak-shaped response coupled with the very
low background current and the low detection potential values makes this technique involving
NCC electrodes to be very useful for the simultaneous detection of the analytes.
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The literature data has been reported about the electrochemical behavior of carbon-based
composite electrodes characteristics to ordered (array) or randomized micro/nanoelectrode
ensembles characterized by the heterogeneous higher electroactivity [5, 44-49]. Sometimes, the
voltammetric responses of carbon-based composite electrodes are sometimes similarly to that
found for „edge effect”, which contribute significantly to the Faradaic current [5]. However,
carbon-based composites obtained without a specific template are not rigorously arrays but
are truly randomized ensembles, with the size, shape and inter-nano/micro carbon islands
separation distributed over a wide range of insulating matrix. The random ensembles of
microelectrodes can exhibit array behaviour in certain situation. Taking into consideration the
distribution of the conductive filler islands within the insulator matrix, the main requirement
is that the distance between individual conductive carbon microzones that should be much
larger than its radius and mass transport is controlled by the spherical diffusion. The closely
spaced carbon nano/microzones array will behave similar to a macroelectrode (linear diffu‐
sion-controlled mass transport) because of the diffusion layer overlap. Another important
requirement is subjected to the insulating matrix to prevent current leakage, which resulted
in the distortion of the cyclic voltammetry. Microelectrode arrays exhibit for the detection
applications the advantages of single microeletrodes, e.g., reduced ohmic drop and charging
current, the lower detection limit and better sensitivity. In the same time, their use overcomes
the disadvantages of single microelectrode subjected to low current output and the high
susceptibility to the electrochemical noise [47-49].

The above-presented CV results for the NCC and M-NCC obtained by two-roll mill procedure
showed that these composite electrodes are not ordered (array) nano/microelectrodes, because
it noticed the linear diffusion-controlled mass transport with a substantial hysteresis, explored
by the scan rate influence of the CV shapes, which is characteristics to the macroelectrode
behavior.

However, another practical micro/nanoelectrode array peculiarity is given by the ability to
deliver the current responses in the absence of any supporting electrolyte, which is appropriate
for in-situ or in-field detection applications. Even if the CV shapes recorded at NCC and M-
NCC informed that these composites do not exhibit the array electrochemical behavior,
however the similar anodic peak current for sulfide detection was noticed direct in surface
water without supporting electrolyte at CNF composite electrode (Figure 7c). It can be seen
that a slight lower sensitivity was found, and also, non considerable ohmic drop increasing
was noticed in surface, which encourage the possible application for in-field sulfide detection.

3.2. Differential-pulsed voltammetry

Differential-pulsed voltammetry (DPV) is a very sensitive detection technique appropriate for
trace levels of the analytes. The height of differential pulsed voltammogram is direct propor‐
tional to the concentration of analyte [27]:
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where σ=exp[(nF/RT)(ΔE/2)], ΔE is the pulse amplitude.

The peak potential can identify the species especial for the simultaneous detection and the
background current is much smaller in comparison with CV due to the charging current
contribution is negligible. The optimization of the modulation amplitude (MA) and step
potential (SP) operational parameters of DPV technique must be considered for each applica‐
tion in direct relation with the the sensitivity and the lowest limit of detection. Example of
DPVs recorded on CNT in the presence of various pentachlorophenol (PCP) concentrations
are shown comparatively with CV in Figure 8, and the electroanalytical parameters are
gathered in Table 3. It can be noticed an improved detectability of PCP on CNT using DPV.
Also, as we mentioned and expected, the detection peak potential is shifted to lower value,
which is also very desired in electroanalysis.
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Figure 8. Differential-pulsed voltammograms recorded at CNT electrode (modulation 
amplitude 0.2 V, step potential 0.01 V) in 0.1 M Na2SO4 supporting electrolyte  and in the 
presence of different pentachlorofenol concentration (20-120 µM) potential scan rate 0.05 Vs-

1 and the potential range between 0 V and 1.25V vs. SCE 
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Figure 8. Differential-pulsed voltammograms recorded at CNT electrode (modulation amplitude 0.2 V, step potential
0.01 V) in 0.1 M Na2SO4 supporting electrolyte and in the presence of different pentachlorofenol concentration
(20-120 µM) potential scan rate 0.05 Vs-1 and the potential range between 0 V and 1.25V vs. SCE

Peak potential Technique used
Concentration range

(μM)

Sensitivity

(μA/ μM-1)

Correlation

coefficient (R2)
LOD (μM)

+ 0.97 V CV 20-100 5.3 0.990 1.633

+ 0.80 V DPV 20-120 11 0.984 0.801

Table 3. Electroanalytical performance of the CNT composite electrode for the detection of pentachlorophenol in
0.1M Na2SO4 supporting electrolyte.

The resolution for the simulatenous detection is improved by DPV measurements, sometimes
being possible the detection of the analytes characterized by similar detection potential. An
example of simultaneous detection of 4-chlorophenol (4-CP) and oxalic acid (OA) as its
oxidation intermediar is given in Figure 9. The peak-shaped response coupled with the very
low background current and the low detection potential values makes this technique involving
NCC electrodes to be very useful for the simultaneous detection of the analytes.
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Figure 9. Simultaneous detection of 4-chlorophenol (4-CP) (E=+0.8V/SCE) and oxalic acid 
(OA)(E=+1 V/SCE) using CNF electrode: (1)-0.5 mM OA; (2)-0.5 mM OA+0.5 mM 4-CP; (3) -
0.5 mM OA+0.6 mM 4-CP; (4)-0.6 mM OA+0.6 mM 4-CP. 
 
3.3. Square-wave voltammetry 
 
Square-wave voltammetry (SWV) is a large amplitude-differential technique characterized 
by a higher sensitivity than DPV, especial for the reversible system due to the reverse pulse 
cause the reverse reaction and the difference between the forward and reverse components 
are measured [27].  A very important advantage of this technique is the speed. The effective 
scan rate is given by fΔE, were f is frequency and ΔE is the step potential (SP). In 
comparison with DPV, for the detection of pentachlorophenol (PCP) the higher sensitivity 
was reached for 0.1 V MA, 0.01 V SP and  10 Hz frequency (see Table 4).  

Figure 9. Simultaneous detection of 4-chlorophenol (4-CP) (E=+0.8V/SCE) and oxalic acid (OA)(E=+1 V/SCE) using CNF
electrode: (1)-0.5 mM OA; (2)-0.5 mM OA+0.5 mM 4-CP; (3)-0.5 mM OA+0.6 mM 4-CP; (4)-0.6 mM OA+0.6 mM 4-CP.

3.3. Square-wave voltammetry

Square-wave voltammetry (SWV) is a large amplitude-differential technique characterized by
a higher sensitivity than DPV, especial for the reversible system due to the reverse pulse cause
the reverse reaction and the difference between the forward and reverse components are
measured [27]. A very important advantage of this technique is the speed. The effective scan
rate is given by fΔE, were f is frequency and ΔE is the step potential (SP). In comparison with
DPV, for the detection of pentachlorophenol (PCP) the higher sensitivity was reached for 0.1
V MA, 0.01 V SP and 10 Hz frequency (see Table 4).
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Figure 10. Square-wave voltammograms recorded at CNT electrode (modulation amplitude 
0.1 V, step potential 0.01 V and  frequency 10 Hz ) in 0.1 M Na2SO4 supporting electrolyte 
and in the presence of different pentachlorophenol concentration (20-120 µM) potential scan 
rate 0.05 Vs-1 and the potential range between 0 V and 1.25V vs. SCE. Inset: Calibration plots 
of the anodic current recorded at E= + 0.95 V/SCE vs. PCP concentration. 
 

 The voltammetric techniques can be applied in a preconcentration/voltammetric 
detection scheme, which is useful for the detection of the trace levels of the analytes in direct 
relation with the electrode material. The adsorption property of the nanostructured carbon-
based electrode towards the target analyte is not generally desired, because of electrode 
fouling and the loss of the electrode activity. However, this aspect could be exploited 
however in a positive way to detect organics at the trace level by applying the 
preconcentration/voltammetric detection scheme. The extent of preconcentration is a 
function of accumulation time, which determines the degree of adsorption on the electrode 
surface. The accumulation time represents the time of maintaining the potential value at an 
open-circuit potential (OCP) value [50]. As example, the effect of accumulation time on the 
currents of the square-wave anodic peaks recorded at + 0.90 V/SCE corresponding to PCP 
oxidation was investigated. The enhancement factor of 10 determined as ratio of the peak 
current recorded after 30 minutes accumulation times to that recorded without a 
preconcentration scheme was found for 8 µM PCP detection using CNT electrode. In Figure 
11 is shown the SWVs recorded through the preconcentration-square-wave voltammetric 
technique. It can be noticed that preconcentration applying improved significantly the 
sensitivity (Table 4). 

Figure 10. Square-wave voltammograms recorded at CNT electrode (modulation amplitude 0.1 V, step potential 0.01
V and frequency 10 Hz) in 0.1 M Na2SO4 supporting electrolyte and in the presence of different pentachlorophenol
concentration (20-120 µM) potential scan rate 0.05 Vs-1 and the potential range between 0 V and 1.25V vs. SCE. Inset:
Calibration plots of the anodic current recorded at E=+0.95 V/SCE vs. PCP concentration.
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The voltammetric techniques can be applied in a preconcentration/voltammetric detection
scheme, which is useful for the detection of the trace levels of the analytes in direct relation
with the electrode material. The adsorption property of the nanostructured carbon-based
electrode towards the target analyte is not generally desired, because of electrode fouling and
the loss of the electrode activity. However, this aspect could be exploited however in a positive
way to detect organics at the trace level by applying the preconcentration/voltammetric
detection scheme. The extent of preconcentration is a function of accumulation time, which
determines the degree of adsorption on the electrode surface. The accumulation time repre‐
sents the time of maintaining the potential value at an open-circuit potential (OCP) value [50].
As example, the effect of accumulation time on the currents of the square-wave anodic peaks
recorded at+0.90 V/SCE corresponding to PCP oxidation was investigated. The enhancement
factor of 10 determined as ratio of the peak current recorded after 30 minutes accumulation
times to that recorded without a preconcentration scheme was found for 8 µM PCP detection
using CNT electrode. In Figure 11 is shown the SWVs recorded through the preconcentration-
square-wave voltammetric technique. It can be noticed that preconcentration applying
improved significantly the sensitivity (Table 4).
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Figure 11. Square-wave voltammograms recorded at CNT electrode (modulation amplitude 
0.1 V, step potential 0.01 V and  frequency 10 Hz ) in 0.1 M Na2SO4 supporting electrolyte 
and in the presence of different pentachlorophenol concentration (2-8 µM) potential scan 
rate 0.05 Vs-1 and the potential range between 0 V and 1.25V vs. SCE. 
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+ 0.80 V DPV 20-120 11 0.984 0.801 

+ 0.90 V SWV 20-120 16 0.998 0.991 

+ 0.95 V Prec./SWV 2-8 138 0.952 0.033 

Table 4. Electroanalytical performance of the CNT composite electrode using pulsed 
tecniques for the detection of pentachlorophenol in 0.1M Na2SO4 supporting electrolyte. 

 
3. 4. Chronoamperometry 
 
Chronoamperometry is the easiest electrochemical detection technique and it is 

appropriate for the practical detection applications. This technique is operated at the 
constant potential value, which is selected based on the existing well-established essential 
point of reference provided by the cyclic voltammograms, and the current-time dependence 
is monitorized. As mass transport is controlled by difussion, the current-time dependence 
reflects the change in the concentration gradient of the electrode surface vicinity. For 
macroelectrode characterized by linear difussion, this technique should be used for 
difussion coeficient determination and as consequence, for the specific electroactive surface 
area determination using Cotrell equation [27]: 
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+ 0.80 V DPV 20-120 11 0.984 0.801

+ 0.90 V SWV 20-120 16 0.998 0.991

+ 0.95 V Prec./SWV 2-8 138 0.952 0.033

Table 4. Electroanalytical performance of the CNT composite electrode using pulsed techniques for the detection of
pentachlorophenol in 0.1M Na2SO4 supporting electrolyte.
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Figure 9. Simultaneous detection of 4-chlorophenol (4-CP) (E=+0.8V/SCE) and oxalic acid 
(OA)(E=+1 V/SCE) using CNF electrode: (1)-0.5 mM OA; (2)-0.5 mM OA+0.5 mM 4-CP; (3) -
0.5 mM OA+0.6 mM 4-CP; (4)-0.6 mM OA+0.6 mM 4-CP. 
 
3.3. Square-wave voltammetry 
 
Square-wave voltammetry (SWV) is a large amplitude-differential technique characterized 
by a higher sensitivity than DPV, especial for the reversible system due to the reverse pulse 
cause the reverse reaction and the difference between the forward and reverse components 
are measured [27].  A very important advantage of this technique is the speed. The effective 
scan rate is given by fΔE, were f is frequency and ΔE is the step potential (SP). In 
comparison with DPV, for the detection of pentachlorophenol (PCP) the higher sensitivity 
was reached for 0.1 V MA, 0.01 V SP and  10 Hz frequency (see Table 4).  
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electrode: (1)-0.5 mM OA; (2)-0.5 mM OA+0.5 mM 4-CP; (3)-0.5 mM OA+0.6 mM 4-CP; (4)-0.6 mM OA+0.6 mM 4-CP.

3.3. Square-wave voltammetry

Square-wave voltammetry (SWV) is a large amplitude-differential technique characterized by
a higher sensitivity than DPV, especial for the reversible system due to the reverse pulse cause
the reverse reaction and the difference between the forward and reverse components are
measured [27]. A very important advantage of this technique is the speed. The effective scan
rate is given by fΔE, were f is frequency and ΔE is the step potential (SP). In comparison with
DPV, for the detection of pentachlorophenol (PCP) the higher sensitivity was reached for 0.1
V MA, 0.01 V SP and 10 Hz frequency (see Table 4).
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Figure 10. Square-wave voltammograms recorded at CNT electrode (modulation amplitude 
0.1 V, step potential 0.01 V and  frequency 10 Hz ) in 0.1 M Na2SO4 supporting electrolyte 
and in the presence of different pentachlorophenol concentration (20-120 µM) potential scan 
rate 0.05 Vs-1 and the potential range between 0 V and 1.25V vs. SCE. Inset: Calibration plots 
of the anodic current recorded at E= + 0.95 V/SCE vs. PCP concentration. 
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The voltammetric techniques can be applied in a preconcentration/voltammetric detection
scheme, which is useful for the detection of the trace levels of the analytes in direct relation
with the electrode material. The adsorption property of the nanostructured carbon-based
electrode towards the target analyte is not generally desired, because of electrode fouling and
the loss of the electrode activity. However, this aspect could be exploited however in a positive
way to detect organics at the trace level by applying the preconcentration/voltammetric
detection scheme. The extent of preconcentration is a function of accumulation time, which
determines the degree of adsorption on the electrode surface. The accumulation time repre‐
sents the time of maintaining the potential value at an open-circuit potential (OCP) value [50].
As example, the effect of accumulation time on the currents of the square-wave anodic peaks
recorded at+0.90 V/SCE corresponding to PCP oxidation was investigated. The enhancement
factor of 10 determined as ratio of the peak current recorded after 30 minutes accumulation
times to that recorded without a preconcentration scheme was found for 8 µM PCP detection
using CNT electrode. In Figure 11 is shown the SWVs recorded through the preconcentration-
square-wave voltammetric technique. It can be noticed that preconcentration applying
improved significantly the sensitivity (Table 4).
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Figure 11. Square-wave voltammograms recorded at CNT electrode (modulation amplitude 
0.1 V, step potential 0.01 V and  frequency 10 Hz ) in 0.1 M Na2SO4 supporting electrolyte 
and in the presence of different pentachlorophenol concentration (2-8 µM) potential scan 
rate 0.05 Vs-1 and the potential range between 0 V and 1.25V vs. SCE. 
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3.4. Chronoamperometry

Chronoamperometry is the easiest electrochemical detection technique and it is appropri‐
ate  for  the  practical  detection  applications.  This  technique  is  operated  at  the  constant
potential value, which is selected based on the existing well-established essential point of
reference  provided  by  the  cyclic  voltammograms,  and  the  current-time  dependence  is
monitorized.  As  mass  transport  is  controlled by difussion,  the  current-time dependence
reflects  the  change  in  the  concentration  gradient  of  the  electrode  surface  vicinity.  For
macroelectrode characterized by linear difussion, this technique should be used for difussion
coeficient  determination  and  as  consequence,  for  the  specific  electroactive  surface  area
determination using Cotrell equation [27]:
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For the detection application, the most common method is batch injection analysis (BIA), where
the amperometric response recorded by chronoamperometry is obtained for successive and
continuous addition of a certain concentration of the analyte. Figure 12 shows the ampero‐
metric response (BIA) recorded at AgCNF electrode in 0.1 M Na2SO4 supporting electrolyte by
adding 2.4 µM ibuprofen (IBP) at an applied potential of 1.1 V vs. SCE. The response of the
electrode is linear in the concentration range of 2.4 µM to 21.6 µM IBP (Inset of Fig. 12).
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Figure 12. Amperometric response-batch system analysis (BIA) of the Ag-CNF electrode for 
the successive and continuous addition of 2.4 µM IBP. Applied potential: 1.1 V vs. SCE. 
Inset: calibration plots of useful signal vs. IBP. 
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Pulsed-amperometry is an alternative for chronoamperometry to overcome the disadvantage
of the electrode fouling during the detection application. In different working programs
applied in practice of the pulsed amperometric detection (PAD) the measurement potential is
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kept for a short time (measurement pulse) after the electrode cleaning pulse and conditioning
potential pulse [51]. This technique has proved to be extremely sensitive for the detection of
organic molecules because of the advantage of in-situ cleaning and reactivating the electrode
surface during the electroanalytical detection [52].

PA technique is very useful for the practical detection application especial for the detection of
the analytes that can be very easily adsorbed on the electrode surface causing electrode fouling.
Application of this technique for the detection of pentachlorophenol at CNT electrode as
alternative for CA allowed achieving one hundred times better sensitivity under the operating
conditions of three potential pulses, whose values were established on CV behaviour. The
pulses were applied continuously using the following scheme [24]:

• Pulse 1 operated at +0.97 V/SCE for a duration of 50 ms, where PCP is directly oxidized on
the electrode surface,

• Pulse 2 operated at +1.25 V/SCE for a duration of 50 ms, considered as cleaning potential
because O2 evolution occurred,

• Pulse 3 operated at -0.1 V/SCE for a duration of 50 ms, where the electrode surface involved-
reduction process occurred.

CNT electrode as alternative for CA allowed achieving one hundred times better sensitivity 
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-Pulse 2 operated at +1.25 V/SCE for a duration of 50 ms, considered as cleaning 
potential because O2 evolution occurred, 

-Pulse 3 operated at -0.1 V/SCE for a duration of 50 ms, where the electrode surface 
involved-reduction process occurred.   
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Figure 13. Pulsed amperograms (PAs) recorded at CNT electrode in 0.1 M Na2SO4 
supporting electrolyte for the successive and continuous addition of 2 µM PCP recorded at E 
= + 1.25 V; + 0.97 and - 0.1 V vs. SCE.  
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3.4. Chronoamperometry

Chronoamperometry is the easiest electrochemical detection technique and it is appropri‐
ate  for  the  practical  detection  applications.  This  technique  is  operated  at  the  constant
potential value, which is selected based on the existing well-established essential point of
reference  provided  by  the  cyclic  voltammograms,  and  the  current-time  dependence  is
monitorized.  As  mass  transport  is  controlled by difussion,  the  current-time dependence
reflects  the  change  in  the  concentration  gradient  of  the  electrode  surface  vicinity.  For
macroelectrode characterized by linear difussion, this technique should be used for difussion
coeficient  determination  and  as  consequence,  for  the  specific  electroactive  surface  area
determination using Cotrell equation [27]:
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Figure 12. Amperometric response-batch system analysis (BIA) of the Ag-CNF electrode for 
the successive and continuous addition of 2.4 µM IBP. Applied potential: 1.1 V vs. SCE. 
Inset: calibration plots of useful signal vs. IBP. 
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of the electrode fouling during the detection application. In different working programs
applied in practice of the pulsed amperometric detection (PAD) the measurement potential is
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kept for a short time (measurement pulse) after the electrode cleaning pulse and conditioning
potential pulse [51]. This technique has proved to be extremely sensitive for the detection of
organic molecules because of the advantage of in-situ cleaning and reactivating the electrode
surface during the electroanalytical detection [52].

PA technique is very useful for the practical detection application especial for the detection of
the analytes that can be very easily adsorbed on the electrode surface causing electrode fouling.
Application of this technique for the detection of pentachlorophenol at CNT electrode as
alternative for CA allowed achieving one hundred times better sensitivity under the operating
conditions of three potential pulses, whose values were established on CV behaviour. The
pulses were applied continuously using the following scheme [24]:

• Pulse 1 operated at +0.97 V/SCE for a duration of 50 ms, where PCP is directly oxidized on
the electrode surface,

• Pulse 2 operated at +1.25 V/SCE for a duration of 50 ms, considered as cleaning potential
because O2 evolution occurred,

• Pulse 3 operated at -0.1 V/SCE for a duration of 50 ms, where the electrode surface involved-
reduction process occurred.
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potential because O2 evolution occurred, 

-Pulse 3 operated at -0.1 V/SCE for a duration of 50 ms, where the electrode surface 
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Figure 13. Pulsed amperograms (PAs) recorded at CNT electrode in 0.1 M Na2SO4 
supporting electrolyte for the successive and continuous addition of 2 µM PCP recorded at E 
= + 1.25 V; + 0.97 and - 0.1 V vs. SCE.  
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4. Conclusions

Electrochemical techniques should be regarded as suitable tools for the electrochemical
characterization and the detection applications of the nanostructured carbon composite (NCC)
and metallic nanoparticles-modified nanostructured carbon composite (M-NCC) electrodes.
Cyclic voltammetry (CV) is very useful for the electrochemical characterization that provided
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mechanistic information based on which the operating conditions are optimized. In general,
CV results are considered as reference for the all electrochemical technique applied in the
detection application, especially for chronoamperometry (CA) and pulsed amperometry (PA).
NCC and M-NCC electrodes obtained by two-roll mill procedure are very promising materials
for the detection applications, due to fascinating properties of the nanostructured carbon and
metallic nanoparticles. The electrode morphology affected the electrical and electrochemical
behaviour of the electrode materials. Their electrochemical detection performances are linked
to the electrochemical technique specificity, the best results being achieved using pulsed
voltammetric techniques (DPV and SWV). These techniques are very effective also, for the
simultaneous detection of multi-components. However, for the practical detection application,
CA is most useful due to its simplicity but sometimes, for the specific process that occurred
on the electrode surface during the detection, this technique favours the electrode fouling and
as consequence, the loss of the electrode activity. PA overcomes the electrode fouling disad‐
vantage since in-situ electrochemical cleaning can be assured by applying simultaneously the
potential at which desired advanced oxidation/reduction as cleaning step and mild oxidation/
reduction for electrode stabilizing besides the detection potential.
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mechanistic information based on which the operating conditions are optimized. In general,
CV results are considered as reference for the all electrochemical technique applied in the
detection application, especially for chronoamperometry (CA) and pulsed amperometry (PA).
NCC and M-NCC electrodes obtained by two-roll mill procedure are very promising materials
for the detection applications, due to fascinating properties of the nanostructured carbon and
metallic nanoparticles. The electrode morphology affected the electrical and electrochemical
behaviour of the electrode materials. Their electrochemical detection performances are linked
to the electrochemical technique specificity, the best results being achieved using pulsed
voltammetric techniques (DPV and SWV). These techniques are very effective also, for the
simultaneous detection of multi-components. However, for the practical detection application,
CA is most useful due to its simplicity but sometimes, for the specific process that occurred
on the electrode surface during the detection, this technique favours the electrode fouling and
as consequence, the loss of the electrode activity. PA overcomes the electrode fouling disad‐
vantage since in-situ electrochemical cleaning can be assured by applying simultaneously the
potential at which desired advanced oxidation/reduction as cleaning step and mild oxidation/
reduction for electrode stabilizing besides the detection potential.

Acknowledgements

This work was supported by grants of the Romanian National Authority for Scientific

Research, CNCS – UEFISCDI-partially by the project: PN-II-ID-PCE 165/2011 and partially by
the project: PNII-60/2012 (WATUSER).

Author details

Florica  Manea*

Faculty of Industrial Chemistry and Environmental Engineering, Politehnica University of
Timisoara, Romania

References

[1] Kirgoz ÜA, Timur S, Odaci D, Pérez B, Alegret S, Merkoci A (2007) Carbon Nanotube
Composite as Novel Platform for Microbial Biosensor. Electroanal. 19 (7-8): 893–898.

[2] Li Z, Cui X, Zheng J, Wang Q, Lin Y(2007) Effects of Microstructure of Carbon Nano‐
fibers for Amperometric Detection of Hydrogen Peroxide. Anal. chim. acta 597: 238–
244.

Modern Electrochemical Methods in Nano, Surface and Corrosion Science50

[3] Manea F, Radovan C, Corb I, Pop A, Burtica G, Malchev P, Picken S, Schoonman J
(2007) Electrochemical Oxidation and Determination of Oxalic Acid at an Exfoliated
Graphite-Polystyrene Composite Electrode. Sensors. 7: 615-627.

[4] Sun D, Zhu L, Zhu, G (2006) Glassy Carbon Ceramic Composite Electrodes. Anal.
chim. acta. 564: 243-247.

[5] Ramirez-Garcia S, Alegret S, Cespedes F, Forster RJ (2002) Carbon Composite Elec‐
trodes: Surface and Electrochemical Properties. Analyst. 127: 1512-1519.

[6] Kurusu F, Koide S, Karube I, Gotoh M (2006) Electrocatalytic Activity of Bamboo‐
Structured Carbon Nanotubes Paste Electrode Toward Hydrogen Peroxide, Anal. let.
39 (5): 903-911.

[7] Fathirad F, Afzali D, Mostafavi A, Shamspur T, Fozooni S (2013) Fabrication of a
New Carbon Paste Electrode Modified with Multi-Walled Carbon Nanotube for
Stripping Voltammetric Determination of Bismuth(III), Electrochim. acta. 30: 206–
210.

[8] Rivas GA, Rubianes MD, Rodríguez MC, Ferreyra NF, Luque GL, Pedano ML, Mis‐
coria S A, Parrado C (2007) Carbon Nanotubes for Electrochemical Biosensing. Talan‐
ta. 74: 291-307.

[9] Pumera M, Merkoci A, Alegret S (2006) Carbon Nanotube-Epoxy Composites for
Electrochemical Sensing. Sens. actuators B-chem. 113: 617-622.

[10] Shah B, Lafleur T, Chen A (2013) Carbon Nanotube Based Electrochemical Sensor for
the Sensitive Detection of Valacyclovir. Faraday discuss. 164: 135-146.

[11] Huang J, Liu Y, You T (2010) Carbon Nanofiber Based Electrochemical Biosensors: a
Review, Anal. methods. 2: 202-211.

[12] Deo RP, Wang J (2004) Electrochemical Detection of Carbohydrates at Carbon-Nano‐
tube Modified Glassy-Carbon Electrodes, Electrochem. commun. 6: 284–287.

[13] Pham X-H, Ngoc Bui M-P, Li CA, Han KN, Kim JH, Won H, Seong GH (2010) Elec‐
trochemical Characterization of a Single-Walled Carbon Nanotube Electrode for De‐
tection of Glucose, Anal. chim. acta. 671: 36-40.

[14] Lamas-Ardisana PJ, Queipo P, Fanjul-Bolado P, Costa-García A (2008) Multiwalled
Carbon Nanotube Modified Screen-Printed Electrodes for the Detection of p-Amino‐
phenol: Optimisation and Application in Alkaline Phosphatase-Based Assays. Anal.
chim. acta. 615: 30-38.

[15] Remes A, Pop A, Manea F, Baciu A, Picken S J, Schoonman J (2012) Electrochemical
Determination of Pentachlorophenol in Water on a Multi-Wall Carbon Nanotubes-
Epoxy Composite Electrode. Sensors. 12(6): 7033-7046.

[16] Arribas AS, Martínez-Fernández M, Moreno M, Bermejo E, Zapardiel A, Chicharro
M (2013) Analysis of Total Polyphenols in Wines by FIA with Highly Stable Ampero‐

Electrochemical Techniques for Characterization and Detection Application of Nanostructured Carbon Composite
http://dx.doi.org/10.5772/58633

51



metric Detection using Carbon Nanotube-Modified Electrodes. Food. chem. 136:
1183-1192.

[17] Baciu A, Manea F, Remes A, Motoc S, Burtica G, Pode R (2010) Anodic Determina‐
tion of Pentachlorophenol from Water Using Carbon Nanofiber-Based Composite
Electrode. Environ. eng. manag. j. 9 (11): 1555-1562.

[18] Lorenzo MÁ, Arribas AS, Moreno M, Bermejo E, Chicharro M, Zapardiel A (2013)
Determination of Butylparaben by Adsorptive Stripping Voltammetry at Glassy Car‐
bon Electrodes Modified with Multi-Wall Carbon Nanotubes. Microchem. j. 110:
510-516.

[19] Wang J (2005) Carbon-Nanotube Based Electrochemical Biosensors: a Review, Elec‐
troanal. 17 (1): 7-14.

[20] Balasubramanian K, Burghard M (2006) Biosensors Based on Carbon Nanotubes,
Anal. bioanal. chem. 385: 452–468.

[21] Trojanowicz M (2006) Analytical Applications of Carbon Nanotubes: a Review. TrAC
25 (5): 480-489.

[22] Pop A, Manea F, Orha C, Motoc S, Ilinoiu E, Vaszilcsin N, Schoonman N (2012) Cop‐
per-Decorated Carbon Nanotubes-Based Composite Electrodes for Nonenzymatic
Detection of Glucose. Nanoscale. res. lett. 7: 266-269.

[23] Manea F, Motoc S, Pop A, Remes A, Schoonman J (2012) Silver-Functionalized Car‐
bon Nanofiber Composite Electrodes for Ibuprofen Detection. Nanoscale. res. lett. 7:
331-334.

[24] Kang X, Mai Z, Zou X, Cai P, Mo J (2007) A Sensitive Nonenzymatic Glucose Sensor
in Alkaline Media with a Copper Nanocluster/Multiwall Carbon Nanotube-Modified
Glassy Carbon Electrode. Anal. biochem. 363: 143-150.

[25] Valentini F, Biagiotti V, Lete C, Palleschi G, Wang J (2007) The Electrochemical De‐
tection of Ammonia in Drinking Water Based on Multi-Walled Carbon Nanotube/
Copper Nanoparticle Composite Paste Electrodes. Sens. actuators B-chem. 128:
326-333.

[26] Chih YK, Yang MC (2014) Simultaneous Detection of Dopamine and Ascorbic Acid
using Silver/Silver Sulfide Modified Carbon Nanotube Electrodes. J. Chin. inst. chem.
cng. 45: 833-839.

[27] Wang J (2000) Analytical Electrochemistry. New York: Wiley-VCH. 222 p

[28] Husssain F, Hojjati M, Okamoto M, Gorga RE (2006) Polymer-Matrix Nanocompo‐
sites, Processing, Manufacturing, and Application: an Overview. J. composite mater.
40(17): 1151-1575.

[29] Uslu B, Ozkan SA (2007) Electroanalytical Application of Carbon Based Electrodes to
the Pharmaceuticals. Anal. lett. 40: 817–853.

Modern Electrochemical Methods in Nano, Surface and Corrosion Science52

[30] Cespedes F, Martinez-Fabregas E, Alegret S (1996) New Materials for Electrochemi‐
cal Sensing, I. Rigid Conducting Composites. TrAC, 15(7): 296-304.

[31] Merkoci A, Pumera M, Llopis X, Perez B, del Valle M, Alegret S (2005) New Materials
for Electrochemical Sensing VI: Carbon Nanotubes. TrAC 24: 826-838.

[32] Chu H, Wei L, Cui R, Wang J, Li Y (2010) Carbon Nanotubes Combined with Inor‐
ganic Nanomaterials: Preparation and Application. Coordin. chem. rev. 254:
1117-1134.

[33] Oyama M (2010) Recent Nanoarchitectures in Metal Nanoparticle-Modified Electro‐
des for Electroanalysis. Anal. sci. 26: 1-12

[34] Welch CM, Compton RG (2006) The Use of Nanoparticles in Electroanalysis: a Re‐
view, Anal. bioanal. chem. 384 (3): 601-619.

[35] Suna L, Zhang Z, Dang H (2003) A Novel Method for Preparation of Silver Nanopar‐
ticles. Mater. lett. 57: 3874–3879.

[36] Fukushima M, Yanagi H, Hayashia S, Suganuma N, Taniguchi Y(2003) Fabrication of
Gold Nanoparticles and Their Influence on Optical Properties of Dye-doped Sol-Gel
Films. Thin. solid. films. 438: 39–43.

[37] Magdassi S, Grouchko M, Kamyshny A (2009) Colloidal Dispersion of Metallic
Nanoparticles Formation and Functional Properties. In: Hidalgo-Alvarez R editor.
Structure and Functional Properties of Colloidal Systems. CRC Press. pp. 339-365

[38] Renedo OD, Alonso-Lomillo MA, Martınez MJA (2007) Recent Developments in the
Field of Screen-Printed Electrodes and Their Related Applications-Review. Talanta.
73: 202–219.

[39] Khaydarov RA, Khaydarov RR, Gapurova O, Estrin Y, Scheper T (2009) Electrochem‐
ical Method for the Synthesis of Silver Nanoparticles, J. nanopart. res. 11: 1193-1200.

[40] Hyde ME, Compton RG (2003) A Review of the Analysis of Multiple Nucleation with
Diffusion Controlled Growth, J. electroanal. chem. 549: 1-12.

[41] Safavi A, Maleki N, Farjami E (2009) Electrodeposited Silver Nanoparticles on Car‐
bon Ionic Liquid Electrode for Electrocatalytic Sensing of Hydrogen Peroxide. Elec‐
troanal. 21(13): 1533 – 1538.

[42] Bauhofer W, Kovacs JZ (2009) A Review and Analysis of Electrical Percolation in
Carbon Nanotube Polymer Composites. Compos. sci. technol. 69: 1486-1498.

[43] Baciu A, Pop A, Manea F, Schoonman J (2014) Simultaneous Arsenic (III) and Lead
(II) Detection from Aqueous Solution by Anodic Stripping Square-Wave Voltamme‐
try. Environ. eng. manag. j. accepted for publication

Electrochemical Techniques for Characterization and Detection Application of Nanostructured Carbon Composite
http://dx.doi.org/10.5772/58633

53



metric Detection using Carbon Nanotube-Modified Electrodes. Food. chem. 136:
1183-1192.

[17] Baciu A, Manea F, Remes A, Motoc S, Burtica G, Pode R (2010) Anodic Determina‐
tion of Pentachlorophenol from Water Using Carbon Nanofiber-Based Composite
Electrode. Environ. eng. manag. j. 9 (11): 1555-1562.

[18] Lorenzo MÁ, Arribas AS, Moreno M, Bermejo E, Chicharro M, Zapardiel A (2013)
Determination of Butylparaben by Adsorptive Stripping Voltammetry at Glassy Car‐
bon Electrodes Modified with Multi-Wall Carbon Nanotubes. Microchem. j. 110:
510-516.

[19] Wang J (2005) Carbon-Nanotube Based Electrochemical Biosensors: a Review, Elec‐
troanal. 17 (1): 7-14.

[20] Balasubramanian K, Burghard M (2006) Biosensors Based on Carbon Nanotubes,
Anal. bioanal. chem. 385: 452–468.

[21] Trojanowicz M (2006) Analytical Applications of Carbon Nanotubes: a Review. TrAC
25 (5): 480-489.

[22] Pop A, Manea F, Orha C, Motoc S, Ilinoiu E, Vaszilcsin N, Schoonman N (2012) Cop‐
per-Decorated Carbon Nanotubes-Based Composite Electrodes for Nonenzymatic
Detection of Glucose. Nanoscale. res. lett. 7: 266-269.

[23] Manea F, Motoc S, Pop A, Remes A, Schoonman J (2012) Silver-Functionalized Car‐
bon Nanofiber Composite Electrodes for Ibuprofen Detection. Nanoscale. res. lett. 7:
331-334.

[24] Kang X, Mai Z, Zou X, Cai P, Mo J (2007) A Sensitive Nonenzymatic Glucose Sensor
in Alkaline Media with a Copper Nanocluster/Multiwall Carbon Nanotube-Modified
Glassy Carbon Electrode. Anal. biochem. 363: 143-150.

[25] Valentini F, Biagiotti V, Lete C, Palleschi G, Wang J (2007) The Electrochemical De‐
tection of Ammonia in Drinking Water Based on Multi-Walled Carbon Nanotube/
Copper Nanoparticle Composite Paste Electrodes. Sens. actuators B-chem. 128:
326-333.

[26] Chih YK, Yang MC (2014) Simultaneous Detection of Dopamine and Ascorbic Acid
using Silver/Silver Sulfide Modified Carbon Nanotube Electrodes. J. Chin. inst. chem.
cng. 45: 833-839.

[27] Wang J (2000) Analytical Electrochemistry. New York: Wiley-VCH. 222 p

[28] Husssain F, Hojjati M, Okamoto M, Gorga RE (2006) Polymer-Matrix Nanocompo‐
sites, Processing, Manufacturing, and Application: an Overview. J. composite mater.
40(17): 1151-1575.

[29] Uslu B, Ozkan SA (2007) Electroanalytical Application of Carbon Based Electrodes to
the Pharmaceuticals. Anal. lett. 40: 817–853.

Modern Electrochemical Methods in Nano, Surface and Corrosion Science52

[30] Cespedes F, Martinez-Fabregas E, Alegret S (1996) New Materials for Electrochemi‐
cal Sensing, I. Rigid Conducting Composites. TrAC, 15(7): 296-304.

[31] Merkoci A, Pumera M, Llopis X, Perez B, del Valle M, Alegret S (2005) New Materials
for Electrochemical Sensing VI: Carbon Nanotubes. TrAC 24: 826-838.

[32] Chu H, Wei L, Cui R, Wang J, Li Y (2010) Carbon Nanotubes Combined with Inor‐
ganic Nanomaterials: Preparation and Application. Coordin. chem. rev. 254:
1117-1134.

[33] Oyama M (2010) Recent Nanoarchitectures in Metal Nanoparticle-Modified Electro‐
des for Electroanalysis. Anal. sci. 26: 1-12

[34] Welch CM, Compton RG (2006) The Use of Nanoparticles in Electroanalysis: a Re‐
view, Anal. bioanal. chem. 384 (3): 601-619.

[35] Suna L, Zhang Z, Dang H (2003) A Novel Method for Preparation of Silver Nanopar‐
ticles. Mater. lett. 57: 3874–3879.

[36] Fukushima M, Yanagi H, Hayashia S, Suganuma N, Taniguchi Y(2003) Fabrication of
Gold Nanoparticles and Their Influence on Optical Properties of Dye-doped Sol-Gel
Films. Thin. solid. films. 438: 39–43.

[37] Magdassi S, Grouchko M, Kamyshny A (2009) Colloidal Dispersion of Metallic
Nanoparticles Formation and Functional Properties. In: Hidalgo-Alvarez R editor.
Structure and Functional Properties of Colloidal Systems. CRC Press. pp. 339-365

[38] Renedo OD, Alonso-Lomillo MA, Martınez MJA (2007) Recent Developments in the
Field of Screen-Printed Electrodes and Their Related Applications-Review. Talanta.
73: 202–219.

[39] Khaydarov RA, Khaydarov RR, Gapurova O, Estrin Y, Scheper T (2009) Electrochem‐
ical Method for the Synthesis of Silver Nanoparticles, J. nanopart. res. 11: 1193-1200.

[40] Hyde ME, Compton RG (2003) A Review of the Analysis of Multiple Nucleation with
Diffusion Controlled Growth, J. electroanal. chem. 549: 1-12.

[41] Safavi A, Maleki N, Farjami E (2009) Electrodeposited Silver Nanoparticles on Car‐
bon Ionic Liquid Electrode for Electrocatalytic Sensing of Hydrogen Peroxide. Elec‐
troanal. 21(13): 1533 – 1538.

[42] Bauhofer W, Kovacs JZ (2009) A Review and Analysis of Electrical Percolation in
Carbon Nanotube Polymer Composites. Compos. sci. technol. 69: 1486-1498.

[43] Baciu A, Pop A, Manea F, Schoonman J (2014) Simultaneous Arsenic (III) and Lead
(II) Detection from Aqueous Solution by Anodic Stripping Square-Wave Voltamme‐
try. Environ. eng. manag. j. accepted for publication

Electrochemical Techniques for Characterization and Detection Application of Nanostructured Carbon Composite
http://dx.doi.org/10.5772/58633

53



[44] Ballarin B, Cordero-Rando MM, Blanco E, Hidalgo-Hidalgo De Cisneros JL, Seeber R,
Tonelli D (2003) New Rigid Conducting Composites for Electrochemical Sensors,
Collect. Czech. chem. commun. 68: 1420-1436.

[45] Stulik K, Amatore C, Holub K, Marecek V, Kutner W (2000) Microelectrodes. Defini‐
tions, Characterization, and Applications (Technical Report), Pure. appl. chem. 72:
1483-1492.

[46] Simm AO, Banks CE, Ward-Jones S, Davies TJ, Lawrence NS, Jones TGJ, Jiang L,
Compton RG (2005) Boron-Doped Diamond Microdisc Arrays: Electrochemical Char‐
acterisation and Their Use as a Substrate for the Production of Microelectrode Arrays
of Diverse Metals (Ag, Au, Cu)via Electrodeposition. Analyst. 130: 1303-1311.

[47] Manea F, Radovan C, Pop A, Corb I, Burtica G, Malchev P, Picken S, Schoonman J
(2009) Carbon Composite Electrodes Applied for Electrochemical Sensors. In: Bara‐
ton MI editor. Sensors for Environment, Health and Security. NATO Science for
Peace and Security Series C: Environmental Security. Springer. pp. 179-189.

[48] Cięciwa A, Wuthrich R, Comninellis C (2006) Electrochemical Characterization of
Mechanically Implanted Boron-Doped Diamond Electrodes. Electrochem. commun.
8: 375-382.

[49] Feeney R, Kounaves SP (2000) Microfabricated Ultramicroelectrode Arrays: Develop‐
ments, Advances, and Applications in Environmental Analysis. Electroanal. 12:
677-684.

[50] Pop A, Manea F, Radovan C, Malchev P, Bebeselea A, Proca C, Burtica G, Picken S,
Schoonman J (2008) Amperometric Detection of 4-Chlorophenol on Two Types of Ex‐
panded Graphite Based Composite Electrodes. Electroanal. 20(22): 2460-2466.

[51] Charoenraks T, Chuanuwatanakul S, Honda K, Yamaguchi Y, Chailapakul O (2005)
Analysis of Tetracycline Antibiotics Using HPLC with Pulsed Amperometric Detec‐
tion. Anal. sci. 21: 241-245.

[52] Bebeselea A, Manea F, Burtica G, Nagy L, Nagy G (2010) The Electrochemical Deter‐
mination of Phenolic Derivates using Multiple Pulsed Amperometry with Graphite
Based Electrodes. Talanta. 80(3): 1068-1072.

Modern Electrochemical Methods in Nano, Surface and Corrosion Science54

Chapter 3

Electrochemical Scanning Tunneling Microscopy
(ECSTM) – From Theory to Future Applications

Ajay Kumar Yagati, Junhong Min and
Jeong-Woo Choi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57236

1. Introduction

The development of scanning tunneling microscopy (STM) clearly forms the creation of a new
research tool by innovative implementation of scientific and technological knowledge, thereby
advancing further in the fundamental science and technology [1,2]. The quantum-mechanical
phenomenon of electron tunneling had been known for a long time, but the use of this
phenomenon for the imaging of a conductive surface at atomic level was realized only in 1982
when the first STM as built by Binnig et al [3]. STM has a resolution of a few Ångstrom in
lateral directions and less than one Ångstrom in the direction perpendicular to the surface [4].
It consists of a scanning tip which images the surface by means of a tunnel current. Hence, the
sample needs to be conductive [5]. At present, STM is a powerful tool for analyzing metallic
and semiconductor surface. The real-space visualization of surface at atomic scale is one of the
most important features [6]. The spatial variation of the tunneling current or the spatial
variation of the tip height is converted in to the real space image. The tunneling current
decreases exponentially with the increase in tip-sample distance. Thus, at any given location
of tip over the sample surface, the electron transfer involves only one atom or few atoms at the
tip apex and on the surface closest to them. This makes it possible to visualize the structures
with sub-angstrom resolution and to detect atomic scale defects that are not possible with other
spectroscopic techniques [7,8]. The STM not only provides the three-dimensional information
about the topography of the sample, but it also gives the information about the spectroscopic
properties and local variations of work functions. Further, as a nanofabrication tool, STM can
be used for atom manipulation, local deposition and imaging of the molecules [9]. Moreover,
STM can be used to operate in air, ultra high vacuum (UHV) and in liquid solutions for
electrochemistry applications which involves the immersion of the STM probe into the liquid
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The development of scanning tunneling microscopy (STM) clearly forms the creation of a new
research tool by innovative implementation of scientific and technological knowledge, thereby
advancing further in the fundamental science and technology [1,2]. The quantum-mechanical
phenomenon of electron tunneling had been known for a long time, but the use of this
phenomenon for the imaging of a conductive surface at atomic level was realized only in 1982
when the first STM as built by Binnig et al [3]. STM has a resolution of a few Ångstrom in
lateral directions and less than one Ångstrom in the direction perpendicular to the surface [4].
It consists of a scanning tip which images the surface by means of a tunnel current. Hence, the
sample needs to be conductive [5]. At present, STM is a powerful tool for analyzing metallic
and semiconductor surface. The real-space visualization of surface at atomic scale is one of the
most important features [6]. The spatial variation of the tunneling current or the spatial
variation of the tip height is converted in to the real space image. The tunneling current
decreases exponentially with the increase in tip-sample distance. Thus, at any given location
of tip over the sample surface, the electron transfer involves only one atom or few atoms at the
tip apex and on the surface closest to them. This makes it possible to visualize the structures
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media and the corresponding electrochemical control (ECSTM) for in situ monitoring of redox
processes on the sample electrode [10,11]. Having these advantages STM has become most
widely accepted analytical measurement system in the current research works.

2. Fundamentals of scanning tunneling microscopy (STM)

2.1. Origin and operation mode:

The scanning tunnelling microscope was developed by Binnig, Rohrer, Gerber and Weibel [12].
Since STM can be used for imaging on at atomic scale level, this belongs to the most powerful
experimental techniques of surface science. In STM, a sharp metallic tip is placed very close to
the surface and a small bias voltage is applied between the tip and the sample. As a result, a
current of electrons (IT), flows between the electrodes through the vacuum gap. This process
is a quantum mechanical phenomenon and is called as “tunnelling” effect [13] shown in Fig.
1. The electrons “tunnel” through this electrically insulating layer, giving rise to a measurable
current which displays an exponential dependence on the distance between the two conduct‐
ing electrodes [14]. The tunneling current flowing between the STM tip and the sample surface
through the insulating gap (s) under an applied Vbias which can be explained in a simple
analytical tunneling expression assuming a 3-dimensional (3D) metal-insulator-probe junction
into a one-dimensional metal-insulator-metal contact. The derived equation that relates with
the applied Vbias with IT and s yields [15]:

bk Sbias
T o

V
I I e

s
f-= (1)

It is the exponential dependence of the tunneling current on the distance between the two
conductors (STM tip and the underlying surface) that provides the sensitivity of the measured
current that can be interpreted as the surface structure. As the equation shows, other factors
influence the current as well, such as the electron band structure of the two conductors (φ).

Figure 1. Schematic diagram of scanning tunneling microscopy depicts the tip sample interaction and the tunneling
current between the tip and the sample surface.
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2.2. Tunnelling methods

2.2.1. General modes of operation

Basically there are two modes in which STM can be operated. The first one being the constant
current and the other one is termed as constant height. In the constant current mode, the tip
is scanned over the surface at constant tunnel current, and the vertical tip position will be
continuously changed to keep the tunnel current as a constant. In ideal conditions, at a
homogenous surface constant current refers to constant interval between sample surface and
the tip. In this mode, the height control mechanism will adjust the tip to move vertically up
and down to keep the tunnel current to a constant value by the feedback voltage [16]. In the
constant height mode which most effective for the investigation of atomically smooth surfaces
(Z remains const). In this mode of operation, the tip moves above the surface at a distance of
several Å, and the changes in the tunneling current are recorded as STM image [17]. Scanning
may be done either with the feedback system switched off (here no topographic imaging is
recorded), or at a speed exceeding the feedback reaction speed (only smooth changes of the
surface topography are recorded). This method employs very high scan rates and fast STM
images acquisition, allows observing the changes that occur on a surface in a real time.

2.2.2. The electrochemical STM (ECSTM) model

The electrochemical scanning tunneling microscopy (ECSTM) is an extended technique
performed along with basic STM measurements for the study of electrode-electrolyte interfa‐
ces. Therefore, the same elements as in a standard STM experimental set up can be observed
in the ECSTM set-up. The tunneling current flowing between a metallic tip and a conductive
sample will be again used to obtain topographical information as well as the electronic
structure of a determined electrode surface immersed in the corresponding electrolyte [18,19].
Even though, the fundamentals of both techniques are essentially the same, but two different
elements were introduced in a conventional STM set up in order to control as an ECSTM: 1) a
three electrode electrochemical cell in which the substrate used as a working electrode, a
reference and a counter electrode completed the electrochemical cell. This configuration
resembles as a normal three electrode configuration coupled to a potentiostat in which the
potential of the working electrode can be controlled with respect to a high-impedance reference
electrode, while the current is allowed to flow between the working and the counter electrode.
2) Development of suitable ECSTM probes. In this case, the tip is not an active electrode in the
cell, but used only to image the surface morphology, even if it had to be under potential control
in order to apply a voltage drop to drive the tunnelling current. The implementation of a liquid
STM represented a great breakthrough for the in situ study of surface electrodes [20]. An
improvement in the STM has been obtained with the introduction of the bipotentiostat
approach, in which both tip and sample potentials are independently controlled with respect
to a reference electrode in solution.
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media and the corresponding electrochemical control (ECSTM) for in situ monitoring of redox
processes on the sample electrode [10,11]. Having these advantages STM has become most
widely accepted analytical measurement system in the current research works.

2. Fundamentals of scanning tunneling microscopy (STM)

2.1. Origin and operation mode:

The scanning tunnelling microscope was developed by Binnig, Rohrer, Gerber and Weibel [12].
Since STM can be used for imaging on at atomic scale level, this belongs to the most powerful
experimental techniques of surface science. In STM, a sharp metallic tip is placed very close to
the surface and a small bias voltage is applied between the tip and the sample. As a result, a
current of electrons (IT), flows between the electrodes through the vacuum gap. This process
is a quantum mechanical phenomenon and is called as “tunnelling” effect [13] shown in Fig.
1. The electrons “tunnel” through this electrically insulating layer, giving rise to a measurable
current which displays an exponential dependence on the distance between the two conduct‐
ing electrodes [14]. The tunneling current flowing between the STM tip and the sample surface
through the insulating gap (s) under an applied Vbias which can be explained in a simple
analytical tunneling expression assuming a 3-dimensional (3D) metal-insulator-probe junction
into a one-dimensional metal-insulator-metal contact. The derived equation that relates with
the applied Vbias with IT and s yields [15]:
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It is the exponential dependence of the tunneling current on the distance between the two
conductors (STM tip and the underlying surface) that provides the sensitivity of the measured
current that can be interpreted as the surface structure. As the equation shows, other factors
influence the current as well, such as the electron band structure of the two conductors (φ).

Figure 1. Schematic diagram of scanning tunneling microscopy depicts the tip sample interaction and the tunneling
current between the tip and the sample surface.
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2.2. Tunnelling methods

2.2.1. General modes of operation

Basically there are two modes in which STM can be operated. The first one being the constant
current and the other one is termed as constant height. In the constant current mode, the tip
is scanned over the surface at constant tunnel current, and the vertical tip position will be
continuously changed to keep the tunnel current as a constant. In ideal conditions, at a
homogenous surface constant current refers to constant interval between sample surface and
the tip. In this mode, the height control mechanism will adjust the tip to move vertically up
and down to keep the tunnel current to a constant value by the feedback voltage [16]. In the
constant height mode which most effective for the investigation of atomically smooth surfaces
(Z remains const). In this mode of operation, the tip moves above the surface at a distance of
several Å, and the changes in the tunneling current are recorded as STM image [17]. Scanning
may be done either with the feedback system switched off (here no topographic imaging is
recorded), or at a speed exceeding the feedback reaction speed (only smooth changes of the
surface topography are recorded). This method employs very high scan rates and fast STM
images acquisition, allows observing the changes that occur on a surface in a real time.

2.2.2. The electrochemical STM (ECSTM) model

The electrochemical scanning tunneling microscopy (ECSTM) is an extended technique
performed along with basic STM measurements for the study of electrode-electrolyte interfa‐
ces. Therefore, the same elements as in a standard STM experimental set up can be observed
in the ECSTM set-up. The tunneling current flowing between a metallic tip and a conductive
sample will be again used to obtain topographical information as well as the electronic
structure of a determined electrode surface immersed in the corresponding electrolyte [18,19].
Even though, the fundamentals of both techniques are essentially the same, but two different
elements were introduced in a conventional STM set up in order to control as an ECSTM: 1) a
three electrode electrochemical cell in which the substrate used as a working electrode, a
reference and a counter electrode completed the electrochemical cell. This configuration
resembles as a normal three electrode configuration coupled to a potentiostat in which the
potential of the working electrode can be controlled with respect to a high-impedance reference
electrode, while the current is allowed to flow between the working and the counter electrode.
2) Development of suitable ECSTM probes. In this case, the tip is not an active electrode in the
cell, but used only to image the surface morphology, even if it had to be under potential control
in order to apply a voltage drop to drive the tunnelling current. The implementation of a liquid
STM represented a great breakthrough for the in situ study of surface electrodes [20]. An
improvement in the STM has been obtained with the introduction of the bipotentiostat
approach, in which both tip and sample potentials are independently controlled with respect
to a reference electrode in solution.
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3. Electrochemistry in scanning probe microscopy: Basic concepts and
applications

The electrochemical scanning tunneling microscope was the first tool for the investigation of
solid-liquid interfaces that allowed in situ real space imaging of the underlying electrode
surfaces at atomic level. Therefore ECSTM gained much importance and emerged as a
prominent tool for the determination of the local surface structure as well as the dynamics of
reactions/ processes that takes place at surfaces in an electrolytic environment. Although the
fundamentals of both techniques are then essentially the same, but two different elements must
be introduced in a conventional STM set up in order to operate as an ECSTM: an electrochem‐
ical cell consisting of two working electrodes with bipotentiostat approach and suitable
ECSTM probes [21].

3.1. Preparation of reliable probes, tunneling in liquid environments at a bipotentiostat
configuration

The general electrochemical experiment which is composed with standard potentiostat, the
potential of the working electrode is controlled with respect to a reference electrode by the
flow of current through a counter electrode. However, in ECSTM with in-situ electrochemical
measurements, the same potentiostatic approach is able to control both the potential of the
substrate and the potential of the tip that is present in solution with respect to a reference
electrode in order to control electrochemical reactions taking place at its surface, which is
practically not possible [22,23]. Generally in STM, it is expected that the current enters into the
measuring system due to the charge transfer process is mainly due to tunneling current
between the tip and the substrate. If the potential of one of these two electrodes is not controlled
in the electrochemical cell, then electrochemical charge transfer mechanisms might become
significant and contribute to the measured currents which leads to a strong source of noise in
the STM control circuit [24,25]. Further, the absence of control on the electrochemical potential
of one electrode in an electrochemical cell also gives rise to phase variation in the surface
composition of the electrode. In this aspect, with bipotentiostatic approach an independent
control on the potential of both the tip and the substrate with respect to a reference electrode
in solution is established for the development of the in-situ STM.

The main purpose of the potentiostat is to control the potential of the electrode in an electro‐
chemical cell from various impedances connecting to these electrodes. The controller maintains
the potential of the reference with respect to the working electrode in such a way that the
potential is exactly opposite to the controlled potential, which is free from fluctuations of the
impedances [26]. Hence, the bipotentiostat controls the potential of two electrodes with respect
to a reference electrode. The ECSTM setup is depicted in Fig. 2. Generally, the tip is virtually
grounded and the tunneling current is measured by a high-gain current follower or it is fed to
the STM control unit through a preamplifier. In all configurations, the tip and substrate
potentials are controlled with respect to a current less reference electrode. Usually, the counter
electrode in EC-STM setup is obtained by an Au or Pt wire which has enough stability [27].
Also, a good reference electrode is obtained when a metal is used in electrochemical equili‐
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brium with the corresponding metal cation in solution. In the past decade, STM has been
applied to study the solid-liquid interfaces, in which the STM probe is immersed into the liquid
media and controlled by the electrochemical module of STM for in-situ monitoring of redox
process on the sample electrode. ECSTM has advantages over classical or conventional STM
operated either in air or in a vacuum. It allows precise and independent control of both tip
potential and sample electrode potential through the use of a bipotentiostat and a quasi-
reference electrode [28]. Generally, STM allows to perform electronic spectroscopy by record‐
ing the tunneling current (It) with the applied bias potential (Vb) known as scanning tunneling
spectroscopy (STS) and the same can be applied in electrochemical environment, leading to
electrochemical scanning tunneling microscopy (ECSTS) technique [29]. Even though ECSTS
is a sophisticated and powerful tool it is not widely used because of complexity in tip prepa‐
ration methods.

Generally in ECSTS, the current flowing through the tip has several components; a) STM
tunneling current, b) faradaic current by the electrochemical reaction at the tip/electrolyte
interface and c) charge-discharge process of the electrochemical double layer at the tip-
electrolyte interface. So, if the faradaic currents and the charge-discharge processes are larger
than the set-point tunneling current, the STM measurement will no longer be possible. Hence
there should be an alternative to eliminate these two electrochemical contributions to the
measured tip current. The most effective alternative is, taking the advantage of the fact that
faradaic/capacitive currents are directly proportional to the exposed area of the electrode,

Figure 2. EC-STM configuration, the bipotentiostat controls potential of tip and sample with respect to reference elec‐
trode.
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significant and contribute to the measured currents which leads to a strong source of noise in
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of one electrode in an electrochemical cell also gives rise to phase variation in the surface
composition of the electrode. In this aspect, with bipotentiostatic approach an independent
control on the potential of both the tip and the substrate with respect to a reference electrode
in solution is established for the development of the in-situ STM.

The main purpose of the potentiostat is to control the potential of the electrode in an electro‐
chemical cell from various impedances connecting to these electrodes. The controller maintains
the potential of the reference with respect to the working electrode in such a way that the
potential is exactly opposite to the controlled potential, which is free from fluctuations of the
impedances [26]. Hence, the bipotentiostat controls the potential of two electrodes with respect
to a reference electrode. The ECSTM setup is depicted in Fig. 2. Generally, the tip is virtually
grounded and the tunneling current is measured by a high-gain current follower or it is fed to
the STM control unit through a preamplifier. In all configurations, the tip and substrate
potentials are controlled with respect to a current less reference electrode. Usually, the counter
electrode in EC-STM setup is obtained by an Au or Pt wire which has enough stability [27].
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media and controlled by the electrochemical module of STM for in-situ monitoring of redox
process on the sample electrode. ECSTM has advantages over classical or conventional STM
operated either in air or in a vacuum. It allows precise and independent control of both tip
potential and sample electrode potential through the use of a bipotentiostat and a quasi-
reference electrode [28]. Generally, STM allows to perform electronic spectroscopy by record‐
ing the tunneling current (It) with the applied bias potential (Vb) known as scanning tunneling
spectroscopy (STS) and the same can be applied in electrochemical environment, leading to
electrochemical scanning tunneling microscopy (ECSTS) technique [29]. Even though ECSTS
is a sophisticated and powerful tool it is not widely used because of complexity in tip prepa‐
ration methods.

Generally in ECSTS, the current flowing through the tip has several components; a) STM
tunneling current, b) faradaic current by the electrochemical reaction at the tip/electrolyte
interface and c) charge-discharge process of the electrochemical double layer at the tip-
electrolyte interface. So, if the faradaic currents and the charge-discharge processes are larger
than the set-point tunneling current, the STM measurement will no longer be possible. Hence
there should be an alternative to eliminate these two electrochemical contributions to the
measured tip current. The most effective alternative is, taking the advantage of the fact that
faradaic/capacitive currents are directly proportional to the exposed area of the electrode,
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coating the tip except for the very apex so that tunneling current can flow while faradaic and
capacitive currents can be minimized [30,31]. Generally in STM, the tunneling current is
usually set to between 1~10 nA. For accurate measurements, coated tips must yield faradaic
and capacitive currents ≤ 0.1 nA at the end of the STS curve when ramping at the highest tip
potential scan rate (up to 10 V/s) needed to minimize drift, whereas the STS curve is recorded
without feedback. Various methods and materials have been proposed for coating purposes,
such as apiezon wax, melt glass, copolymers, and a combination of glass and polymer, and in
all these coating procedures, the faradaic and capacitative contributions are too large to be
subtracted from the measured tip current, and thus, they do not allow STS spectra to be under
electrochemical control [32].

As mentioned above, the electrochemical charge associated to the charging-discharging
process of an electrode in contact with a specific electrolyte depends directly on the exposed
area of the electrode itself. For this purpose, the ECSTM tips must be insulated from the
electrolyte, in the way that just the very end tip apex remains in contact with the electrolyte.
With this isolation process, the electrochemical current measured through the STM must be
better than 10 % of the tunneling set point current, that is, typically ≤ 0.1 nA. Electrophoretic
paints are increasingly used for coating Pt-It tips as they are chemically and electrochemically
inert insulators [33]. However, among many protection methods available, apiezon wax is still
used for ECSTM tip isolation, despite its disadvantages.

4. Characterizations with ECSTM

4.1. Understanding electrochemical processes such as corrosion, deposition, and adsorption

Applications of ECSTM in the field of corrosion have mainly focused on understanding the
mechanism of corrosion initiation and the process of inhibition, including pitting initiation,
surface dissolution, passive film formation, and the effect of inhibitors. ECSTM has been
utilized to study a variety of materials, including Cu, Ni, and Fe, in many different corrosion
environments [34]. In general, the term corrosion stands for material deterioration or surface
damage in a liquid environment. In the case of metals, it is basically a chemical/electrochemical
process that suggests an oxidation of a metal which transfer electrons to the electrolytic
environment and undergoes a change of valence from zero to a positive value [35]. Normally,
this initial process leads to a number of parallel electrochemical methods that result in material
dissolution and/or eventual formation of secondary corrosion products. Basically the metal
corrosion processes can be classified in two different forms: one is general corrosion [36] that
symbolizes those corrosion processes involving the entire surface area of the material, and the
second one localized corrosion [37] which mentions to a number of corrosion processes that
are triggered at specifics sites on the material surface. The presence of a surface passive film
prevents the metallic substrate from further oxidation, i.e., the surface becomes passivated.
However, the passive state of a metal under certain conditions is susceptible to localized
instabilities that prompt the corrosion of the metal electrode through the local dissolution of
the passive layer. This process is called as pitting corrosion [38].
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Pitting corrosion takes place at passivated metal surfaces and leads to a creation and growth
of an active pit [39]. It is quite common that these pits can easily develop at defective sites on
the passive film surface, on sharp edges or sites where the oxide film is thinner. The essence
of the pitting process relays in its anodic nature (metal dissolution) compared with a passivated
cathodic region surrounding it, thus allowing the continuous flow of electrons to take place
[40]. The pit formation is depicted in Fig. 3 where peaks indicate the pitting corrosion. Most
metal passive layers present a semiconducting or insulating electronic behavior and, therefore,
it is expected to understand the initiation of the pitting corrosion process, this requires to
embed semiconductor phenomena into an actual classical corrosion mechanisms.

Figure 3. The typical 3D potential distribution image for the stainless steel in 10% (wt.%) FeCl3 solution. Figure repro‐
duced with permission from: ref. 43, © 2012 Elsevier

It is known that, charge injection always occurs at high electric fields in particularly under dc
conditions. The presence of space charge in solid dielectrics will result in distortion of electric
field distribution. Dielectric breakdown can began in the region where electric field enhance‐
ment takes place if the electric field exceeds the “threshold strength” of the material. That is,
spontaneous generation of extra charge carriers in an electrically insulated region either by
tunneling (Zener breakdown) or by collision (avalanche breakdown) [41]. Both these mecha‐
nisms occur when a sufficiently high electric field is applied to the oxide layer thus generating
high currents passing through the interface.

The location of a carrier at the semiconductor solid surface is generally accounted as the lattice
bond weakening that ultimately lead to the bond breaking and the corresponding electro‐
chemical electrode corrosion ( dissolution). This process may continue in different routes that
comprise either the movement of electrons and holes to charged states [42]. The rate of these
charge carriers (e- and h+) arriving to the particular charges state will then govern the disso‐
lution rate and, consequently, the material corrosion. ECSTM can be used to analyze the pitting
corrosion by measuring potential distribution image for the stainless steel in 10% (wt.%)
FeCl3 solution after 30 min of immersion [43]. Further, ECSTM is able to map the in-situ pitting
process with micro and nano-spatial resolution and can locate the positions also the local
activity of pitting corrosion in an early stage.

ECSTM has been a valuable tool for understanding electrochemical processes such as corro‐
sion, deposition and adsorption. For example, a method to estimate the pitting corrosion of
naked and self-assembled monolayer (SAM) of n-alkane thiol modified Au (111) surfaces in
CN- solutions was examined [44]. It is estimated that SAMs reduced the rate of corrosion, but
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electrolyte, in the way that just the very end tip apex remains in contact with the electrolyte.
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better than 10 % of the tunneling set point current, that is, typically ≤ 0.1 nA. Electrophoretic
paints are increasingly used for coating Pt-It tips as they are chemically and electrochemically
inert insulators [33]. However, among many protection methods available, apiezon wax is still
used for ECSTM tip isolation, despite its disadvantages.

4. Characterizations with ECSTM

4.1. Understanding electrochemical processes such as corrosion, deposition, and adsorption

Applications of ECSTM in the field of corrosion have mainly focused on understanding the
mechanism of corrosion initiation and the process of inhibition, including pitting initiation,
surface dissolution, passive film formation, and the effect of inhibitors. ECSTM has been
utilized to study a variety of materials, including Cu, Ni, and Fe, in many different corrosion
environments [34]. In general, the term corrosion stands for material deterioration or surface
damage in a liquid environment. In the case of metals, it is basically a chemical/electrochemical
process that suggests an oxidation of a metal which transfer electrons to the electrolytic
environment and undergoes a change of valence from zero to a positive value [35]. Normally,
this initial process leads to a number of parallel electrochemical methods that result in material
dissolution and/or eventual formation of secondary corrosion products. Basically the metal
corrosion processes can be classified in two different forms: one is general corrosion [36] that
symbolizes those corrosion processes involving the entire surface area of the material, and the
second one localized corrosion [37] which mentions to a number of corrosion processes that
are triggered at specifics sites on the material surface. The presence of a surface passive film
prevents the metallic substrate from further oxidation, i.e., the surface becomes passivated.
However, the passive state of a metal under certain conditions is susceptible to localized
instabilities that prompt the corrosion of the metal electrode through the local dissolution of
the passive layer. This process is called as pitting corrosion [38].
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Pitting corrosion takes place at passivated metal surfaces and leads to a creation and growth
of an active pit [39]. It is quite common that these pits can easily develop at defective sites on
the passive film surface, on sharp edges or sites where the oxide film is thinner. The essence
of the pitting process relays in its anodic nature (metal dissolution) compared with a passivated
cathodic region surrounding it, thus allowing the continuous flow of electrons to take place
[40]. The pit formation is depicted in Fig. 3 where peaks indicate the pitting corrosion. Most
metal passive layers present a semiconducting or insulating electronic behavior and, therefore,
it is expected to understand the initiation of the pitting corrosion process, this requires to
embed semiconductor phenomena into an actual classical corrosion mechanisms.
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It is known that, charge injection always occurs at high electric fields in particularly under dc
conditions. The presence of space charge in solid dielectrics will result in distortion of electric
field distribution. Dielectric breakdown can began in the region where electric field enhance‐
ment takes place if the electric field exceeds the “threshold strength” of the material. That is,
spontaneous generation of extra charge carriers in an electrically insulated region either by
tunneling (Zener breakdown) or by collision (avalanche breakdown) [41]. Both these mecha‐
nisms occur when a sufficiently high electric field is applied to the oxide layer thus generating
high currents passing through the interface.

The location of a carrier at the semiconductor solid surface is generally accounted as the lattice
bond weakening that ultimately lead to the bond breaking and the corresponding electro‐
chemical electrode corrosion ( dissolution). This process may continue in different routes that
comprise either the movement of electrons and holes to charged states [42]. The rate of these
charge carriers (e- and h+) arriving to the particular charges state will then govern the disso‐
lution rate and, consequently, the material corrosion. ECSTM can be used to analyze the pitting
corrosion by measuring potential distribution image for the stainless steel in 10% (wt.%)
FeCl3 solution after 30 min of immersion [43]. Further, ECSTM is able to map the in-situ pitting
process with micro and nano-spatial resolution and can locate the positions also the local
activity of pitting corrosion in an early stage.

ECSTM has been a valuable tool for understanding electrochemical processes such as corro‐
sion, deposition and adsorption. For example, a method to estimate the pitting corrosion of
naked and self-assembled monolayer (SAM) of n-alkane thiol modified Au (111) surfaces in
CN- solutions was examined [44]. It is estimated that SAMs reduced the rate of corrosion, but
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fragile and contain too many defects. To estimate this corrosion, the applied potential was
slowly changed from negative to positive values and it is observed that at small positive
potential values leads the initial stage of corrosion, at slightly higher positive potentials pits
and step edges occurs and even higher potentials the etching starts and surface becomes rough
[45]. Overall, the SAM modified surface is more resistance to corrosion for longer periods of
time and at more positive (etching) potentials than the naked Au surface. Hence, 1) the
potential imaging technique is able to locate the positions and map local activity of the pit
initiation. Hence ECSTM study becomes an alternative method for analyzing the pitting
initiation at an early stage; 2) combined with potential imaging, in situ ECSTM can be useful
for imaging the surface topographies that associated with dynamic process of local breakdown
of passive layers and micropitting initiation; 3) a threshold potential can be defined as a critical
potential to characterized the local breakdown of passive layers; 4) the pitting initiation is
strongly depends on the surface conditions of passive film, concentration of the ions and pH
in the solution.

4.2. Molecular resolution imaging of redox species in solution with ECSTM

In biological molecules, electron transfer (ET) in solid surface or liquid solution can occur
between donor (D) and acceptor (A) separated by a long distance. To describe this process
quantitatively, sophisticated models are required. Additionally, scanning tunneling and
atomic force microscopy (STM and AFM, respectively) have opened an exciting new perspec‐
tive for molecular imaging. STM imaging at the solid/air interface to molecular and occasion‐
ally sub molecular resolution also has been extended to biological macromolecules including
DNA and a number of redox and non-redox proteins [46,47]. In-situ STM offers, on the other
hand, new electrochemical spectroscopic probes in addition to current-bias voltage relations,
particularly the relation between the tunnel current and the overvoltage of both the tip and
substrate electrodes relative to a common reference electrode. Particularly, in-situ scanning
tunneling microscopy (STM) of redox molecules, in aqueous solution, shows interesting
analogies and differences compared with interfacial electrochemical electron transfer and also
in homogeneous solution. With ECSTM, high resolution imaging and spectroscopy of
adsorbed molecules can be achieved. It is understood that ECSTM combines electrochemical
control and STM high-resolution profiles such as molecular imaging and scanning tunneling
spectroscopy (STS) [48]. The possibility of using ECSTM to observe single-molecule charge
transport was proposed in the early 1990s. The first ECSTM experiments was performed on
iron porphyrin molecules adsorbed on highly ordered pyrolytic graphite (HOPG) surface, and
the redox-tuned resonant tunneling effect was directly visualized by STM imaging [49]. Since
then, it has become a powerful tool to study the interfacial electron transfer and molecular
conductance of electro active species at single-molecule level in an electrochemical environ‐
ment. For conductance imaging, with in situ ECSTM mapping was performed on redox
molecules such as azurin (a redox protein) seen in reference [50]. To observe the electron
transfer properties and its imaging, Azurin (Az) is a blue single-copper protein adsorbed on
gold surface which functions as an electron carrier physiologically associated with oxidative
stress responses in bacteria (e.g., Pseudomonas aeruginosa) and is a long-standing model for
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exploring electron tunneling through protein molecules was studied. The molecular assembly
for the effective coupling of Azurin with gold surface can be examined with STM imaging or
by examining the electrochemical property of the adsorbed Az on Au surface. Moreover, the
combination of electrochemical and STM measurements thus provide a way to quantify one
of the fundamental and long-lasting questions in adsorption chemistry of redox proteins: Such
as mainly 1) what percentage of the protein molecules retains their biological activity in the
immobilized state? 2) In addition to fast ET, stability is another key factor determining
reproducibility and operation in applications of the system to molecular electronics. ECSTM
enables to observe single-molecule current-voltage relations by tuning the over potential
across the equilibrium redox potential. The energy state of both the substrate and the tip in
ECSTM is under control by electrochemical potentials relative to a common reference electrode
in an aqueous buffer environment [51,52]. This STM configuration is particularly suitable for
in situ mapping of electronic properties of redox proteins during their biological action (e.g.,
ET or electrocatalysis), because the aqueous phase is essential for almost all biological processes
in nature. STM imaging was performed to observe single molecules, for which high-resolution
images of Az was obtained by keeping a constant bias voltage between the substrate and the
tip, with the substrate potential set at the equilibrium redox potential (zero over potential) of
azurin. Imaging was performed toward either positive or negative overpotentials by adjusting
the substrate and tip potentials in parallel (i.e., at constant bias voltage) and finally was
returned to the equilibrium potential [53]. The adsorbed azurin monolayer is sufficiently
robust and can withstand repeated ECSTM imaging without loss of its activity. Hence, a series
of STM images was obtained at various overpotentials. Fig. 4 shows typical images in which
three molecules were targeted. Focus is on the central molecule; two molecules in the upper
left region serve as a positioning reference. The single-molecule contrast is clearly tuned by
the redox state of azurin, with a maximum around the equilibrium redox potential (Fig. 4C).
The contrast decreases upon applying either positive (Fig. 4 A,B) or negative (Fig. 4 D, E)
overpotentials, but the effects are not symmetric, with the decay being stronger at negative
overpotentials.

4.2.1. Conductance images by potential variation

Potential-dependent EC-STM images of azurin was provided by an experiment in which
azurin was chemisorbed on Au substrates studied by EC-STM [54]. In-situ cyclic voltammetry
(CV) measurements were performed on monolayers of azurin to confirm that protein retained
its redox activity and to examine the redox potentials. As proposed by Kim et. al., azurin
adsorbed on Au surface has the redox peaks at with anodic redox wave at Epa= 278 mV and
cathodic wave at Epc= 486 mV which corresponds the redox process of Cu2+/1+ center in Azurin
[55]. The open circuit potential (Eoc) of the cysteine-modified azurin on Au surface was found
to be 80 mV. So, these three states were utilized to examine the images of azurin under different
potentials. Typical bright spots are seen when tuning the substrate potential in a region, appear
to be strongly potential-dependent of redox potentials. Such kind of behavior is consistent with
a resonant nature of the current measured in STM experiments in the Au adsorbed azurin
molecules.
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fragile and contain too many defects. To estimate this corrosion, the applied potential was
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exploring electron tunneling through protein molecules was studied. The molecular assembly
for the effective coupling of Azurin with gold surface can be examined with STM imaging or
by examining the electrochemical property of the adsorbed Az on Au surface. Moreover, the
combination of electrochemical and STM measurements thus provide a way to quantify one
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robust and can withstand repeated ECSTM imaging without loss of its activity. Hence, a series
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left region serve as a positioning reference. The single-molecule contrast is clearly tuned by
the redox state of azurin, with a maximum around the equilibrium redox potential (Fig. 4C).
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its redox activity and to examine the redox potentials. As proposed by Kim et. al., azurin
adsorbed on Au surface has the redox peaks at with anodic redox wave at Epa= 278 mV and
cathodic wave at Epc= 486 mV which corresponds the redox process of Cu2+/1+ center in Azurin
[55]. The open circuit potential (Eoc) of the cysteine-modified azurin on Au surface was found
to be 80 mV. So, these three states were utilized to examine the images of azurin under different
potentials. Typical bright spots are seen when tuning the substrate potential in a region, appear
to be strongly potential-dependent of redox potentials. Such kind of behavior is consistent with
a resonant nature of the current measured in STM experiments in the Au adsorbed azurin
molecules.
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The single-molecule tunneling contrast is clearly measured by the redox state of the protein;
the experimental observations represented in Fig. 5(a-c) can be explained by a two-step electron
transfer mechanism in the STM redox process. The energy levels of the substrate electrode, the
tip, and a redox molecule located in the substrate-tip gap may all be modified by changing the
substrate potential, but the difference between the substrate and tip energy levels will remain
constant if the bias voltage is fixed as the experimental conditions applied [56]. As a conse‐
quence, the redox level is shifted relative to the substrate and tip Fermi levels. The tunneling
current (It) is gated by the molecular redox level, which is displayed directly by the changes
in STM contrast. In other words, the contrast changes observed are due to the redox gated
tunneling resonance. In contrast, the bias voltage will change with changing the substrate
potential when the tip potential is fixed. The molecular energy levels can be mostly located
either above or below the tip Femi level, resulting in no significant resonant tunneling tuned
by the substrate potential.

Figure 4. A series of STM images showing the in-situ observations of the redox gated electron tunneling resonance
arising from the single azurin molecules. The images were obtained by using the azurin/thiol linker/Au at a fixed bias
voltage of -0.2 V. by the substrate potential by (a) +200 (b) +100 (c) 0 (d) -100 and (e) -200 mV respectively. Scan area
is 35×35 nm. Figure reproduced with permission from: ref. 27, © 2005 The National Academy of Sciences.
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The tunneling current (It) dependence on the effective overpotential (eξη) and the bias voltage
(eVbias) can be analysed in steady-state electron transfer form in the following combination [50]

2
o r r o

t o r r o
k kI en

k k
=

+
(2)

where ko/r and kr/o are the rate constants, for electron transfer between the tip and protein and
between the protein and substrate respectively. n is the number of electrons transmitted in a
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where κt and κs are electronic transmission coefficients for electron transfer between the tip
and the protein, and between the protein and the substrate, respectively; ρt  and ρs are the
electronic level densities of the tip and the substrate; ωeff is the effective nuclear vibrational
frequency, αt  and αs are the transfer coefficients for electron transfer between the tip and the
protein and between the protein and the substrate, respectively; λ is the reorganization free

Figure 5. Sequence of ECSTM images obtained for immobilized azurin molecules on Au substrate for different bias
potentials; (a) OCP (80 mV) (b) oxidation (486 mV) (c) reduction (278 mV) respectively. Scan size is 50 nm (d-f) is the 3-
dimentional profile of (a-c) images respectively. Figure reproduced with permission from: ref. 30, © 2010 Elsevier

Electrochemical Scanning Tunneling Microscopy (ECSTM) – From Theory to Future Applications
http://dx.doi.org/10.5772/57236

65



The single-molecule tunneling contrast is clearly measured by the redox state of the protein;
the experimental observations represented in Fig. 5(a-c) can be explained by a two-step electron
transfer mechanism in the STM redox process. The energy levels of the substrate electrode, the
tip, and a redox molecule located in the substrate-tip gap may all be modified by changing the
substrate potential, but the difference between the substrate and tip energy levels will remain
constant if the bias voltage is fixed as the experimental conditions applied [56]. As a conse‐
quence, the redox level is shifted relative to the substrate and tip Fermi levels. The tunneling
current (It) is gated by the molecular redox level, which is displayed directly by the changes
in STM contrast. In other words, the contrast changes observed are due to the redox gated
tunneling resonance. In contrast, the bias voltage will change with changing the substrate
potential when the tip potential is fixed. The molecular energy levels can be mostly located
either above or below the tip Femi level, resulting in no significant resonant tunneling tuned
by the substrate potential.

Figure 4. A series of STM images showing the in-situ observations of the redox gated electron tunneling resonance
arising from the single azurin molecules. The images were obtained by using the azurin/thiol linker/Au at a fixed bias
voltage of -0.2 V. by the substrate potential by (a) +200 (b) +100 (c) 0 (d) -100 and (e) -200 mV respectively. Scan area
is 35×35 nm. Figure reproduced with permission from: ref. 27, © 2005 The National Academy of Sciences.

Modern Electrochemical Methods in Nano, Surface and Corrosion Science64

The tunneling current (It) dependence on the effective overpotential (eξη) and the bias voltage
(eVbias) can be analysed in steady-state electron transfer form in the following combination [50]

2
o r r o

t o r r o
k kI en

k k
=

+
(2)

where ko/r and kr/o are the rate constants, for electron transfer between the tip and protein and
between the protein and substrate respectively. n is the number of electrons transmitted in a
single electron transfer event and e the electronic charge.

( )22
exp

4
eff Bo r bias

t t
t B

k T e e V
k

k T
w l xh g

k r
a l

æ ö- -ç ÷= -
ç ÷
è ø

(3)

( )22
exp

4
eff Br o bias bias

s s
s B

k T eV e e V
k

k T
w l xh g

k r
a l

æ ö- + +ç ÷= -
ç ÷
è ø

(4)

where κt and κs are electronic transmission coefficients for electron transfer between the tip
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energy; ξ is the fraction of the substrate-solution potential drop, η is the overpotential; γ is the
fraction of the bias voltage drop at the site of the molecular redox center. It should be noted
that, the parameters ξ and γ represent the electric potential distribution in the ECSTM
tunneling gap.

4.2.2. Current-voltage characteristics and transition voltage spectroscopy of individual redox proteins

The measurement of I-V plots is essential for electrical characterization of devices, particularly
in redox proteins by electrochemical scanning tunneling microscopy (ECSTM) is essential for
the development of bioelectronic devices and biosensors. Further transition voltage spectro‐
scopy (TVS), through which molecular level positions can be examined in molecular devices
without applying higher voltages, was utilized for organic monolayer and also for non-redox
proteins. For the first time, see [57] TVS spectroscopy for redox proteins which is useful for
understanding voltage dependence of molecular conductance is specifically important for the
mechanism of ET in redox-active molecule.

ECSTM was employed to measure the I-V characteristics of the redox protein azurin covalently
bound to Au substrate in an electrochemical cell under bipotentiostatic control for the probe
and sample electrodes versus Ag/AgCl reference electrode on both the reduced and oxidized
azurin molecules. I-V measurements were carried out in the tunneling configuration (better
known that there is no physical contact between the STM probe and the protein) and the wired
configuration (where the probe is in contact with the protein). In tunneling configuration of
ECSTM, like normal STS spectroscopy, the I-V curves were obtained by positioning the probe
over a region with a high protein surface concentration once the imaging is finished. The I-V
curves for the reduced azurin depicts two distinct behavior one relatively linear and the other
more rectifying behavior which is not observed on bare Au electrode.

This rectifying behavior is due to the applied bias voltage such as the reduced and oxidized
states of azurin. From the I−V characteristics, the conductance (G) of the tunneling gap in the
presence of azurin was calculated from the relation G = I/V to be between 10−6 G0 and 10−5 G0.
To get better understanding of the obtained I-V curves, TV value that can be used to describe
the electrochemical potential dependence of the azurin conductance in the framework of TVS.
Individual I-V curves and plotted ln(I/V2) versus 1/V displayed a minima in the curve, called
transition voltage(TV) value, Fig. 6, which is not visible in bare Au samples. Several ET studies
of redox molecules have shown that a transition in conductance occurs when the application
of an external potential results in the arrangement of the molecular energy levels and the Fermi
level of the electrodes. Here, the low TV value found for azurin suggests that the effective
barrier for tunneling through a solution is lower than the barrier observed in pure tunneling
processes is in agreement with experimental and theoretical works on tunneling through an
electrochemical environment [58,59].

In particular, in the context of two-step ET in a redox molecule, a transition was predicted by
theory to occur in the range where the effective voltage in the redox center is higher than the
reorganization energy of the molecule.
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For the determination of TV in the conductance of the redox protein, the tunneling current for
the two-step electron transfer mechanism, IT is given by [60],
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in which κ is the electronic transmission coefficient; ρ is the density of states in the metal near
the Fermi level; ω is the nuclear vibration frequency; k is Boltzmann’s constant; T is the
temperature; Ubias = UP − US is the potential difference between probe and sample electrodes;
λ is the reorganization energy; η is the overpotential, given by η = US − UAz, where UAz is the
redox potential of an azurin molecule; and γ and ξ are two model parameters describing the
shifts in Ubias and η at the redox center, respectively. The parameters γ and ξ are related to the
electronic coupling of the molecule with the probe and substrate, respectively

To obtain values of the parameters for azurin, the experimental I-V curves has been fitted using
Pobelov and Wandlowski’s numerical equation,[61]

Figure 6. (a) Experimental ECSTM set-up for the azurin immobilized Au structure, WE, working electrode, RE, refer‐
ence electrode, CE, counter electrode. (b) I-V curves, a triangular ramp was applied to the probe (WE1) while the feed‐
back is off. The current signal (IT) was recorded at constant potential (WE2). (c) 2D I-V histogram showing two
populations of curves in azurin on Au. (d) Average of two I-V curves obtained in (c) corresponding the azurin (red
curve) and bare Au (yellow curve). Gray error bars indicate the standard deviations. Figure reproduced with permission
from: ref. 31, © 2012 ACS
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energy; ξ is the fraction of the substrate-solution potential drop, η is the overpotential; γ is the
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understanding voltage dependence of molecular conductance is specifically important for the
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known that there is no physical contact between the STM probe and the protein) and the wired
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transition voltage(TV) value, Fig. 6, which is not visible in bare Au samples. Several ET studies
of redox molecules have shown that a transition in conductance occurs when the application
of an external potential results in the arrangement of the molecular energy levels and the Fermi
level of the electrodes. Here, the low TV value found for azurin suggests that the effective
barrier for tunneling through a solution is lower than the barrier observed in pure tunneling
processes is in agreement with experimental and theoretical works on tunneling through an
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In particular, in the context of two-step ET in a redox molecule, a transition was predicted by
theory to occur in the range where the effective voltage in the redox center is higher than the
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in which IT is expressed in nA, potentials are in V, and λ is in eV. In this expression, typical
values for ω in a liquid and ρ in a metal were used, and ξ, γ, λ, and γ were left as free model
parameters. In the wired junctions, a TVS spectrum is also determined but a negative low value
was determined. This minimum is due to the stronger coupling with the probe electrode, which
lowers the energy barrier between the levels of the STM probe electrode and the molecule.
Thus, in wired junctions, the TV is related to the contact resistance, as commonly found for
single-molecule junctions. Hence, these measurements help in characterizing redox proteins
and understanding their performance in biological ET chains and molecular electronic devices.

5. Applications of ECSTM

5.1. Combined instrument for electrochemical scanning tunneling microscopy (ECSTM)
and scanning electrochemical microscopy (SECM)

Until now, we have analyzed the advantages of ECSTM but there are many versatile techniques
such as scanning electrochemical microscopy (SECM) which is also a useful tool to analyze
interfacial physicochemical processes. The main reason, ECSTM is able to localize electro‐
chemical reactivity only if this is accompanied by changes in sample topography, e.g. for
deposition, adsorption or dissolution reactions. Parallel to the advance of ECSTM, scanning
electrochemical microscopy (SECM) was developed as a new tool for localized electrochem‐
istry [62,63]. SECM uses an ultramicroelectrode (UME) as a probe and by either amperometric/
potentiometrically utilized to investigate the activity and/or topography of an interface on a
localized scale. The tip moves much longer distance than the tunneling distance and measures
faradic currents that results from an electron transfer reaction at UME [64,65]. Several opera‐
tional modes of SECM have been developed which allows the investigation of local chemical
properties of interfaces. To study biomolecular interfaces these are most important methods
which can be utilized for the analysis.

a. Tip detection (or collection) method: Local variations in concentrations about an interface can
be mapped with both potentiometric and amperometric probes. In this method, the
detector probe is generally assumed to be passive (i.e. non-perturbing to the interfacial
process) [66]. Tip detection measurements have demonstrated particularly powerful in
identifying localized transport pathways in synthetic membranes and biological tissues.
Also it is useful for the investigation of the activity of immobilized enzymes [67]. However,
mass transport between the tip and the surface, under tip detection conditions, is com‐
plicated.

b. Feedback mode: SECM involves in the usage of the tip to locally perturb an interfacial
process, by electrolysis or ion transfer, and determine the kinetic effect from the resulting
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tip current. A mediator is added (concentration in mM) to the supporting electrolyte that
is converted at the UME under diffusion controlled conditions which produces a steady-
state current, IT,∞, in the bulk phase of the solution. If the UME is brought close to an inert
and insulating surface, it blocks the diffusion of the mediator to the UME and the UME
current IT decreases below IT,∞ (called negative feedback) [68]. If the UME is brought above
a conductive surface or a catalytically active surface, IT increases above the value found
for an inert and insulating surface. The magnitude of this increase depends on the local
reactivity of the sample. A diffusion-controlled reaction at the sample and the tip consti‐
tute an important limiting and is called as positive feedback [69].

c. Advanced tip positioning: SECM tip usually needs to be positioned close to an interface with
high precision. Accurate positioning is achieved by attaching the tip to piezoelectric
translators. However, this still leaves the problem of determining the exact separation of
the tip electrode and the surface commonly known as ‘distance of closest approach’ of the
electrode with the surface [70]. One can use the amperometric response of the tip electrode
in some instances for many systems it might be difficult to add a redox-active species to
the solution, without affecting the process or the viability of the sample. Also there are
challenges that include in low analytes concentrations or background processes in
biological media which means it is hard to measure the distance accurately from the
amperometric response [71]. Hence, much effort has been directed towards the develop‐
ment of alternate procedures for tip positioning and distance determination.

Shear force modulation is one method to achieve the control of tip-sample separation by
shaking the electrode through a small oscillation in the x-y plane. As the electrode is brought
close to a surface, the oscillation is damped, to a degree which depends on the tip-substrate
separation. Images are usually acquired at constant damping amplitude, which resembles to
a constant distance between the tip and substrate; thus, the tip follows the surface contours
[72]. Further, Tip position modulation SECM refers to an operation where an amperometric
tip is oscillated in a sinusoidal motion perpendicular to the surface. The resulting current varies
with the frequency of the driving oscillation. The amplitude and phase of the oscillating current
enable one to deconvolute the activity and topography of the surface [73]. The phase of the
current is the same as the phase of the tip-surface separation when the probe is oscillated above
an inert surface, whereas they are entirely out of phase above a conducting surface (in positive
feedback mode).

d. SECM with ECSTM: SECM coupled ECSTM has the dual benefits of nanometer scale
resolution imaging along with the ability of the electrochemical measurements. For
example see [74]. In order to perform measurements with SECM at nanometer scale many
number of technical hurdles has to overcome. Some of them are 1) preparation of suitable
nanoscale electrodes with insulator coatings 2) scanning and positioning the probe above
the sample surface with a sample distance of 10 nm which is much larger than the
tunneling distance but smaller than some electrode radii of the probe, while avoiding
mechanical contact between sample and probe. In order to observe electrochemical
reactivity at individual nanometer-sized features, such features have to be prepared on
the sample surface with such a large distance that SECM can determine the signals of
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parameters. In the wired junctions, a TVS spectrum is also determined but a negative low value
was determined. This minimum is due to the stronger coupling with the probe electrode, which
lowers the energy barrier between the levels of the STM probe electrode and the molecule.
Thus, in wired junctions, the TV is related to the contact resistance, as commonly found for
single-molecule junctions. Hence, these measurements help in characterizing redox proteins
and understanding their performance in biological ET chains and molecular electronic devices.
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5.1. Combined instrument for electrochemical scanning tunneling microscopy (ECSTM)
and scanning electrochemical microscopy (SECM)

Until now, we have analyzed the advantages of ECSTM but there are many versatile techniques
such as scanning electrochemical microscopy (SECM) which is also a useful tool to analyze
interfacial physicochemical processes. The main reason, ECSTM is able to localize electro‐
chemical reactivity only if this is accompanied by changes in sample topography, e.g. for
deposition, adsorption or dissolution reactions. Parallel to the advance of ECSTM, scanning
electrochemical microscopy (SECM) was developed as a new tool for localized electrochem‐
istry [62,63]. SECM uses an ultramicroelectrode (UME) as a probe and by either amperometric/
potentiometrically utilized to investigate the activity and/or topography of an interface on a
localized scale. The tip moves much longer distance than the tunneling distance and measures
faradic currents that results from an electron transfer reaction at UME [64,65]. Several opera‐
tional modes of SECM have been developed which allows the investigation of local chemical
properties of interfaces. To study biomolecular interfaces these are most important methods
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tip current. A mediator is added (concentration in mM) to the supporting electrolyte that
is converted at the UME under diffusion controlled conditions which produces a steady-
state current, IT,∞, in the bulk phase of the solution. If the UME is brought close to an inert
and insulating surface, it blocks the diffusion of the mediator to the UME and the UME
current IT decreases below IT,∞ (called negative feedback) [68]. If the UME is brought above
a conductive surface or a catalytically active surface, IT increases above the value found
for an inert and insulating surface. The magnitude of this increase depends on the local
reactivity of the sample. A diffusion-controlled reaction at the sample and the tip consti‐
tute an important limiting and is called as positive feedback [69].
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translators. However, this still leaves the problem of determining the exact separation of
the tip electrode and the surface commonly known as ‘distance of closest approach’ of the
electrode with the surface [70]. One can use the amperometric response of the tip electrode
in some instances for many systems it might be difficult to add a redox-active species to
the solution, without affecting the process or the viability of the sample. Also there are
challenges that include in low analytes concentrations or background processes in
biological media which means it is hard to measure the distance accurately from the
amperometric response [71]. Hence, much effort has been directed towards the develop‐
ment of alternate procedures for tip positioning and distance determination.

Shear force modulation is one method to achieve the control of tip-sample separation by
shaking the electrode through a small oscillation in the x-y plane. As the electrode is brought
close to a surface, the oscillation is damped, to a degree which depends on the tip-substrate
separation. Images are usually acquired at constant damping amplitude, which resembles to
a constant distance between the tip and substrate; thus, the tip follows the surface contours
[72]. Further, Tip position modulation SECM refers to an operation where an amperometric
tip is oscillated in a sinusoidal motion perpendicular to the surface. The resulting current varies
with the frequency of the driving oscillation. The amplitude and phase of the oscillating current
enable one to deconvolute the activity and topography of the surface [73]. The phase of the
current is the same as the phase of the tip-surface separation when the probe is oscillated above
an inert surface, whereas they are entirely out of phase above a conducting surface (in positive
feedback mode).

d. SECM with ECSTM: SECM coupled ECSTM has the dual benefits of nanometer scale
resolution imaging along with the ability of the electrochemical measurements. For
example see [74]. In order to perform measurements with SECM at nanometer scale many
number of technical hurdles has to overcome. Some of them are 1) preparation of suitable
nanoscale electrodes with insulator coatings 2) scanning and positioning the probe above
the sample surface with a sample distance of 10 nm which is much larger than the
tunneling distance but smaller than some electrode radii of the probe, while avoiding
mechanical contact between sample and probe. In order to observe electrochemical
reactivity at individual nanometer-sized features, such features have to be prepared on
the sample surface with such a large distance that SECM can determine the signals of
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individual features. But it is very difficult to avoid the possibility of mechanical contact
between the probe and the surface structures. Hence a method is adopted in which the
probe is used in ECSTM mode over the protruding regions of the sample surface and
retracted from there [75]. A novel instrumentation has been developed for the imaging
with ECSTM and SECM with Pt/Ir wire coated with paint is used as the tip. The tip is kept
at a working distance of 20 nm which is much larger than the tunneling distance but
enough for feedback imaging for SECM. Probes for the operation of ECSTM and SECM
is the most important factor so selecting a desired probe is crucial for better imaging and
electrochemical analysis. Tips can be distinguished by the geometric shape of the active
electrode area and the insulating sheath for different applications.

Disk-shaped microelectrodes which are the preferred shape for quantitative SECM experi‐
ments in the micrometer range, which consists of a Pt wire, sealed in glass or quartz with a
laser-heated capillary puller (Fig. 7a) [76]. Because of the large insulating sheath these
electrodes are unlikely to function as ECSTM probes. Ring-disk electrodes have been approxi‐
mated as modified cantilevers for combined scanning force microscopy (SFM)/SECM experi‐
ments (Fig. 7b) [77]. The probes have been produced by modification of SFM cantilevers and
shaping individual cantilevers by fast ion bombardment. The outer electrode was square-
shaped with a side length of 1.5 mm.

Figure 7. Schematics of the shapes of different microelectrodes used in scanning probe microscopy. Figure repro‐
duced with permission from: ref. 40, © 2010 Elsevier

Electrodes shown in Fig. 7c are generally used for high-resolution ECSTM experiments. The
pointed tip allows atomic resolution in tunneling experiments. However, the active electrode
area is decreased by an insulating coating which leaves the pointed area of about 10 mm length
open. This is sufficient because the potentials for the imaging experiments are selected such
that no Faradic reactions proceed at the tip potential. The tunneling current can be as high as
1 nA so that other currents do not interfere significantly with the experiments. Such electrodes
are, however, not useful for SECM feedback experiments. Mediators can access the UME by
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diffusing parallel to the sample so that no diffusional blocking occurs above passivated
samples [78]. The positive feedback would be insignificant compared with the large back‐
ground current from mediator conversion at such electrodes. Electrodes with a slightly
recessed active electrode area (Fig. 7d) were used for amperometric single molecule detection.
No images were recorded with such probes. For the combined ECSTM/SECM operation the
electrodes such as in Fig. 7e are required. Although they are not as pointed as the one in Fig.
7c, they should allow ECSTM experiments of flat samples although not with atomic resolution.
Apart from that, the shallow cone would still provide a blocking of the mediator diffusion
above passivated samples [79,80].

Operating principle:

The combined ECSTM/SECM operation is based on the sequential acquisition of ECSTM and
SECM [74] data shown in Fig. 8. Once the probe is brought in tunneling contact, an ECSTM
image is recorded in the constant current mode. It provides topographic data of the sample.
After completion of the ECSTM scan, the electronic feedback loop is switched off and the probe
is retracted 20 nm from the working point of the ECSTM scan. This distance is much larger
than the tunneling distance. At the same time the potentials at the probe are switched for a
desired range to obtain the redox properties of the adsorbed molecule on the surface. After
completing the SECM scan, the probe is brought back into tunneling contact with the sample
and a step perpendicular to the high-frequency scan axis is performed. From there the sequence
is repeated until a full image frame is recorded.

Figure 8. Schematic diagram for the combined operation of ECSTM-SECM performance. Figure reproduced with per‐
mission from: ref. 40, © 2010 Elsevier
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5.2. Limitations of ECSTM

ECSTM has several limitations and drawbacks, generally these limitations resides in the
difficulty to perform bias-dependent measurements such as when potential of the substrate is
fixed during electrochemical process then the tip is adjusted to maximize the faradic current
and to optimize STM measurements, with the tunnel voltage is no longer adjusted over long
range. Hence in STS measurements, voltage dependent imaging is not possible to measure in
ECSTM mode [81]. Limitations are also arises from the possible interference of the tip with the
electrochemical process at the working electrode. The close proximity of the tip causes
shielding effects for reaction at the sample-solution interface.

Further, corrosion studies by ECSTM are also facing problems as high rate of mass transport
with respect to time for acquisition of images thus leads to low resolution images. Apart from
these limitations, ECSTM is an effective tool which can provide valuable information related
to molecular structures of the adsorbed molecules at nanoscale and also provide information
relating to corrosion process like adsorption, dissolution and localized corrosion of metallic
materials.

5.2.1. Instability and drift

Repeated electrochemical experiments on the all the coated tips leads two typical instability
behaviors. A progressive increase of the maximum current is observed on aging, which is
associated with dissolution of the coated layer that leaves more and more metal surface
uncoated in time. Secondly, all the current levels at each potential drift in time toward higher
values, which means that the effective electrical resistance at the tip due to coating decreases.
Probably, the solution was leaking into the interface between metal and coating [82].

Mechanical drift is a critical parameter in high resolution imaging caused by the differential
thermal expansion of individual instrument components. Sources of drift in the X-Y plane
consist of these thermal effects and hysteresis in the piezo-scanner. The Z-direction presents a
more complex situation due to the contributions of temperature, sample tilt in the X-Y plane,
and hysteresis. Further, in the cases of in-situ and electrochemical experiments where drift is
typically higher [83], the effects of time and evaporation of the solvent must be carefully
balanced. The influence of drift in the X-Y plane detrimentally affects two main aspects of the
imaging process. First, the ability to image a given region or feature over time is limited.
Second, high-resolution imaging of atomic and molecular lattices demonstrates curvature in
the observed periodic structure. The analysis of drift in the X-Y plane is carried out by the
collection of sequential images [84].

The major effects of drift in the Z-direction are most disruptive during surface spectroscopic
measurements. In the STM application, tunnel current versus distance curves (I-S) collected at
a constant bias voltage provide a direct measurement of the effective local barrier height involved
in the tunneling process. This value is generally unknown and directly influences the more
common bias-dependent (I-V) spectroscopy. It is therefore desirable to minimize differential
drift in the Z-direction between the tip and sample. Measurement of drift in the Z-direction was
quantified through long-term acquisition of the Z-signal in the tunneling condition.
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5.2.2. Poorly resolved images

High-resolution imaging has been the primary feature that attracted the researcher’s attention
to scanning probe microscopy yet there are still a number of outstanding questions regarding
this function of scanning tunneling microscopes or coupled with other microscopic techniques.
Some types of proteins may adhere to the tip. This will reduce resolution giving “fuzzy”
images. If tip contamination is suspected to be a problem, it will be necessary to protect the tip
against such contamination [85]. The ECSTM images become unclear and noisy at potentials
more negative potentials due to the perturbation of the tip caused by severe reactions. A great
quantity of spots will be observed on all over the surface. In addition, it is know that on the
surface of graphite substrate the alkane molecules are assembled in flat-lying lamellar
structures. The alkane adsorbates on graphite were analyzed by means of a droplet of saturated
alkane solution that is deposited on graphite surface and the metallic tip penetrates this droplet
and a molecular adsorbate at the liquid-solid interface until it detects a tunneling current. At
these conditions the tip is scanning over the ordered molecular layer in immediate vicinity of
the substrate. A specific feature of the STM imaging at the liquid-solid interface is that the
probe is surrounded by the alkane saturated solution [86]. Any instability of the imaging and
the use of low tunneling gap resistance cause a mechanical damage of the alkane order, and
the probe might record the image of the underlying graphite. If the gap is increased again the
alkane order is restored. It is difficult to get STM images of “dry” alkane layers on graphite
because an occasional damage of the layer is not repairable. This progress relies on instru‐
mental improvements (better signal-to-noise characteristics, low thermal drift, improved
detection and control of the tip-sample forces, etc.) and the use of sharp probes [87].

The other issue is related to the better understanding of the nature of atomic-scale resolution in
STM. In some cases, imaging provides only the lattice resolution in the contrast with true atomic
resolution where a detection of such defects is expected. The imaging of the periodical lattices
with the defects can be demonstrated with the results of the computer simulation which revealed
that visualization of the defects does not necessarily mean that the surrounding molecular order
is correctly reproduced in the images. These findings emphasize a need of a thorough interac‐
tion between the experiment and theory in the analysis of the atomic scale data.

6. Future trends and applications

The invention of the scanning tunneling microscope had a revolutionary influence on the
development of material characterization at nanometer scale. The future of STM with electro‐
chemical control depends on the development of appropriate probes for implementing the
electrochemically controlled current sensing atomic force microscopy (ECAFM) [88]. In
comparison of ECAFM and ECSTM, it can be said that both methods can measure the electronic
properties of single molecules but ECAFM allows the control of force applied by the tip on the
molecules adsorbed on the surface, thus allowing measure the mechanical properties of the
single molecules. In comparison with STM, Atomic force microscopy (AFM) doesn’t require
conductive samples and tips. AFM has the advantages of measuring the local forces between
the tip and the sample surface, including van der Waals, Born repulsion, electrostatic and
magnetic forces, friction and adhesion [89]. In electrochemical applications, ECAFM is often
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preferred because it is easier to set-up and the obtained topographic information is independ‐
ent of the conductivity of corrosion materials. Moreover, ECAFM is most often used at sub-
micron level, i.e., at a lower level of spatial resolution that does not require preparation of
atomically smooth surfaces as for ECSTM studies. Further, ECAFM can also be combined with
a variety of other techniques to analyze corrosion and optimize corrosion protection properties
[90]. However in comparison with ECSTM, even though ECAFM doesn’t require atomically
smooth surfaces like ECSTM and also in ECAFM the cantilever-tip assembly doesn’t constitute
a fourth electrode through which the electrochemical current that would flow, but there is a
disadvantage that in the resonant contact mode, the fluid medium tends to damp the normal
resonance frequency of the cantilever which is complicated. Further, the noncontact mode is
impractical because the van der waals forces are even smaller making it as a big drawback for
biological applications. Such instrument would enable better molecular investigation of
electron transfer properties thereby maintaining the molecular conformation. To achieve this
spectroscopy, specially designed probes such as insulated conductive probes along with
bipotentiostat setup essential. The capability of recording atomic scale features with STM has
increased the scope of research to develop other types of STM which provide information about
the topography and mechanical, magnetic, electrical properties of the surfaces [91]. The
development of these new applications is the design of specific probes, having improved
spatial resolution, sensing the desired sample properties and operating in different environ‐
ments. Developing a highly flexible, compact microscopic system can be easily interfaced with
commercial control electronics and integrated with inverted optical microscopy. Simple design
architecture enables simple exchange of the probe tip, sample, and scanner while enhancing
system resonances and resistance to thermal drift. In recent years, the demand of the applica‐
tions of ECSTM has greatly increased in numerous fields [92]. ECSTM in combination with
SECM has the ability to perform local reactivity imaging simultaneously with ECSTM imaging
as well as to induce local electrochemical surface modification in the same setup opens up new
perspectives for the investigation of heterogeneous reactions in electrocatalysis at metal
clusters and in corrosion processes in a new size regime. Hence with the help of STM, com‐
plemented by other characterization techniques, it is reasonable to believe that new advance
in building specific and functional surfaces can be achieved in the future.
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Chapter 4

Recent Trends in the Development of Electrochemical
Biosensors for Organophosphorus Pesticides
Determination

Margarita Stoytcheva and Roumen Zlatev

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58310

1. Introduction

The environmental and public concerns provoked by the indiscriminate use of organophos‐
phorus pesticides (OPs) and the adopted safety standards [1-6] incited the development of
new sensitive methods enabling their determination in the nanomole-picomole range. Such
analytical performances offer the nanostructured electrochemical biosensors.

The nanotechnological approach to electrochemical biosensing [7-16], due to the electrocata‐
lytical properties of the nanostructures, their action as electron transfer mediators or electrical
wires, large surface to volume ratio, structural robustness, and biocompatibility leads to
electrode potential lowering, enhancement of the electron transfer rate with no electrode
surface fouling, sensitivity increase, stability improvement, and interface functionalization.

In this review are presented the recent trends in the development of nanomaterials based
electrochemical biosensors for organophosphorus pesticides determination. Their perform‐
ance characteristics such as sensitivity, linear range, detection limits, and stability are com‐
pared and discussed.

2. OPs determination applying electrochemical biosensors

The electrochemical biosensors, because of the high sensitivity of the determinations, the
simplicity of the operational procedure, the availability and the affordable cost of the equip‐
ment, are considered as an alternative to the expensive, time-consuming, and sophisticated
chromatographic techniques currently applied for OPs quantification [17].

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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The main processes involved in the electrochemical biosensors for OPs quantification are:
cholinesterases activity inhibition by OPs or OPs hydrolysis catalyzed by organophosphorus
hydrolase, both followed by the conversion of the signal produced by the interaction between
the biorecognition element and the analyte into electrical one.

2.1. Inhibition based electrochemical biosensors for OPs quantification

The electrochemical biosensors which take advantage of the inhibitory effect of the OPs on
cholinesterases activity have been extensively investigated [18-26]. The first generation of
inhibition based electrochemical biosensors involves the following reactions:

ChE
2R- choline + H O choline + R- COOH¾¾¾® (1)

ChO
2 2 2 2choline + 2O + H O betaine + 2H O¾¾¾® (2)

+ -
2 2 22H O O + 2H + 2e® (3)

or

- -
2 2O + 4e + 2H O 4 OH® (4)

where ChE is acylcholinesterase and ChO is choline oxidase.

The acylcholinesterases catalyzed R-choline hydrolysis (Eq. 1) affected by the enzyme activity
inhibition with OPs, is coupled with the choline oxidase catalyzed betaine oxidation (Eq. 2).
The current of the oxidation of the produced H2O2 (Eq. 3) or the current of the reduction of the
consumed O2 (Eq. 4) is registered as a sensor response and is correlated to the OPs concentra‐
tion.

Nevertheless, the electrochemical biosensors for OPs determination of first generation present
some intrinsic deficiencies: sophisticated design as two enzymes have to be integrated,
multistep protocol, and possible interferences at the potential of H2O2 oxidation (+0.6 V/SCE),
among other. These drawbacks imposed the development of the electrochemical biosensors
for OPs determination of second generation. They quantify the cholinesterases inhibition
applying a simpler measurement principle, consisting in the monitoring of the electroactive
thiocholine formed upon enzymatic hydrolysis of acylthiocholine (Eq. 5):

ChE
2R- thiocholine + H O thiocholine + R-COOH¾¾¾® (5)

The response generating reaction is the direct thiocholine oxidation (Eq. 6) at a potential of+0.8
V/SCE at conventional metal and graphite transducers [27-31]:
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+ -2 thiocholine dithio- bis- choline + 2H + 2e® (6)

or the mediated thiocholine oxidation (Eqs. 7 and 8) at lower potentials using chemically
modified electrodes [32-40], thus avoiding the interferences:

ox red2 thiocholine + M dithio- bis- choline + M® (7)

-
red oxM M + 2e® (8)

where Mox and Mred are the oxidized and the reduced forms of the mediator M.

The biosensors based on the inhibitory effects of OPs on cholinesterases activity are very
sensitive, but the indirect sensing mechanism they use is associated with some shortcomings
such as poor selectivity, an irreversible response, etc. The non-ideal behavior of the enzyme
inhibition-based biosensors and biosensing systems for OPs determination is exhaustively
commented by Luque de Castro [41].

2.2. Substrate based electrochemical biosensors for OPs quantification

The nitro phenyl-substituted OPs (paraoxon, parathion, methyl parathion, fenitrothion, etc.),
and some chemical warfare agents (sarin, soman, tabun, VX, etc.) act as substrates for the
enzyme organophosphorus hydrolase (OPH) [42-44]. The enzyme catalyzed hydrolysis of
these substances yields p-nitrophenol (PNP). The PNP oxidation current, which is the sensor
signal, measured at a fixed-potential is proportional to the OPs concentration. The occurring
reactions, selecting paraoxon as a model, are the following:

(9)

(10)

Thus, the use of OPH is extremely attractive for the direct and selective biosensing of OPs [19,
21, 22, 45-48]. Nevertheless, the sensitivity of the OPH based electrochemical sensors is lower
and their detection limits are much higher than those of the inhibition based ones [20, 49]. The
PNP oxidation that produces phenoxy radicals which couple to form an insulating polymeric
film fouling the electrodes surfaces and inhibiting further phenols oxidation [50-59] and the
complex, long-lasting, and expensive procedure for OPH extraction and purification, per‐
formed in specialized microbiological laboratories (this enzyme is not commercially available)
[21] create additional problems.
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3. Nanostructured electrochemical biosensors for OPs quantification

The bibliographical survey covering the period 2010-2013 demonstrated that the predominant
part of the recently developed nanostructured electrochemical biosensors for OPs quantifica‐
tion make use of carbon nanotubes (CNTs) or gold nanoparticles (GNPs). Previous studies are
revised and reported in the comprehensive reviews of Liu et al. [60] and Periasami et al. [61].

3.1. Carbon nanotubes

Carbon nanotubes are widely used in electrochemical biosensors because of their chemical
stability, mechanical strength and stiffness [62, 63], and improved electron transfer properties
attributed to the changes in the energy bands close to the Fermi level [64].

The single-walled carbon nanotubes (SWCNTs) display higher surface area and low electrical
percolation thresholds in comparison to the multi-walled carbon nanotubes (MWCNTs).
Nevertheless, their higher cost and poorer dispersibility limit their application. Moreover,
SWCNTs form less regular layers onto the electrodes with a higher deviation of the signal
measured. Nevertheless, data reported in the literature [65] demonstrate that OPH covalently
immobilized on SWNTs conserves much higher activity than OPH conjugated to MWNTs.
This was attributed to the more uniform deposition of OPH on the SWNTs and the formation
of a SWNTs network. The dynamic concentration range for paraoxon determination applying
SWNT-OPH sensor was found to be in the range 0.5-8.5 µmol L-1 with a detection limit of
0.01µg mL-1. In addition, the SWNTs sensor with covalently immobilized enzyme exhibited
enhanced solution-storage and operational stability: 25% signal loss over 7 months.

Earlier studies has also shown that the CNT surface modification could be useful for improving
the sensitivity and stability of oxidative measurement of phenolic compounds, produced upon
OPH catalyzed hydrolysis of OPs. The evaluation of the performances of the SWCNTs and of
MWCNTs prepared by chemical vapor deposition (SWCNT-CVD and MWNT-CVD), and by
the ARC discharge method (MWNT-ARC) demonstrates that both the SW-and MW-CVD-CNT
coated surfaces offer sensitivity enhancement compared to the ARC-CNT and bare electrodes
[66]. It was considered that the higher sensitivity of the CVD-CNT-modified electrode reflects
differences in the density of edge-plane-like defects that leads to higher electrochemical
reactivity [66].

SWCNTs were also used for the development of an inhibition based biosensor for OPs
determination, applying a simple protocol. It includes the one-stage deposition of SWCNs and
Co phtalocyanine followed by carbodiimide binding of acetylcholinesterase, providing
directed coordination of the protein molecule at the terminal carboxylic groups of the oxidized
SWCNTs [67]. The biosensor made it possible the detection of 5-50 ppb of paraoxon and 2-50
ppb of malaoxon with detection limits of 3 and 2 ppb, respectively. The amperometric
measurements were performed at low potential (0.050 V/Ag, AgCl), thus avoiding the
interferences.

The use of pristine MWCNTs and of MWCNTs modified with metal nanoparticles has attracted
much attention. Au, Pt, Pd, and Ni nanoparticles are applied to enhance the performances of
the CNTs modified electrodes, because of their high catalytic activity, biocompatibility, and
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increased surface area. Increase of enzyme loading, promotion of electron transfer, and
synergistic effect in the biosensing of methyl parathion were observed using a nanocomposite
sensing film prepared via the formation of gold nanoparticles on silica particles, mixing with
multiwall carbon nanotubes and subsequent covalent immobilization of methyl parathion
hydrolase. A linear response was obtained in the range from 0.001 µg mL-1 to 5.0 µg mL-1 with
a detection limit of 0.3 ng mL-1 [68].

The one-step fabrication of MWCNTs-GNPs composite could be performed by in situ reduc‐
tion of HAuCl4 by NaBH4. The self-coating of the GNPs on the MWCNTs produced a uniform
nanocomposite. It was used for the fabrication of an acetylcholinesterase based electrochemical
sensor for malathion determination [69]. The detection limit was found to be 0.6 ng mL-1.

3.2. Gold nanoparticles

GNPs are extensively used in biosensors application, for the reason of their biocompatibility,
catalytic activity, excellent conductivity, and high surface area [70, 71].

Various materials modified with GNPs were tested as enzyme immobilization matrices.
Marinov et al. [72] suggest the use of GNPs loaded chemically modified poly(acrylonitrile-
methylmethacrylate-sodium vinylsulfonate) membranes (PAN) as supports for acetylcholi‐
nesterase immobilization. Since PAN is not electroconductive, GNPs acted as electron transfer
“wires”. The high enzyme loading and the presence of GNPs resulted in high sensitivity. The
detection limit for paraoxon determination was found to be 0.074 ng L-1 and a linear response
was obtained in the range 0.1-100 ng L-1. Important advantage of the developed biosensor is
the substitutability of the enzyme membrane, as the enzyme carrier is a separate element that
could be incubated in a pesticide solution and reactivated in PAM solution afterwards aside
from the working electrode, which is hence available to be assembled with another enzyme
membrane and used for further pesticide measurements.

Simple and efficient strategy for acetylcholinesterase immobilization onto a composite film of
Au-polypyrrole nanowires was proposed by Gong et al. [73]. It is assumed that the three-
dimensional interlaced polypyrrole nanowires network provides a favorable microenviron‐
ment to maintain the bioactivity of the enzyme, while the GNPs distributed in the network-
structured matrix facilitate the electron transfer. The inhibition of methyl parathion was found
to be proportional to its concentration ranging from 0.005 to 0.12 and 0.5 to 4.5µg mL-1 with a
detection limit of 2 ng mL-1. After 30-days storage the sensor retained 60% of its initial current
response.

A fast method for the preparation of acetylcholinesterase-GNPs-CaCO3 bioconjugates was
suggested by Chauhan et al. [74]. The procedure includes the preparation of the hybrid GNPs-
CaCO3 material by CaCO3 dispersion into Au colloid solution, followed by enzyme adsorption
and encapsulation of the bioconjugates on the electrode surface using silica sol. The electro‐
chemical measurements were performed at a potential of+0.2 V/Ag, AgCl, this avoiding the
interferences. It was demonstrated that malathion and chlorpyrifos could be detected in the
range of 0.1-100 nM and 0.1-70 nM, respectively, with a detection limit of 0.1 nM for both. The
response current of the sensor decreased to 60% after 60 days.
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3. Nanostructured electrochemical biosensors for OPs quantification

The bibliographical survey covering the period 2010-2013 demonstrated that the predominant
part of the recently developed nanostructured electrochemical biosensors for OPs quantifica‐
tion make use of carbon nanotubes (CNTs) or gold nanoparticles (GNPs). Previous studies are
revised and reported in the comprehensive reviews of Liu et al. [60] and Periasami et al. [61].

3.1. Carbon nanotubes

Carbon nanotubes are widely used in electrochemical biosensors because of their chemical
stability, mechanical strength and stiffness [62, 63], and improved electron transfer properties
attributed to the changes in the energy bands close to the Fermi level [64].

The single-walled carbon nanotubes (SWCNTs) display higher surface area and low electrical
percolation thresholds in comparison to the multi-walled carbon nanotubes (MWCNTs).
Nevertheless, their higher cost and poorer dispersibility limit their application. Moreover,
SWCNTs form less regular layers onto the electrodes with a higher deviation of the signal
measured. Nevertheless, data reported in the literature [65] demonstrate that OPH covalently
immobilized on SWNTs conserves much higher activity than OPH conjugated to MWNTs.
This was attributed to the more uniform deposition of OPH on the SWNTs and the formation
of a SWNTs network. The dynamic concentration range for paraoxon determination applying
SWNT-OPH sensor was found to be in the range 0.5-8.5 µmol L-1 with a detection limit of
0.01µg mL-1. In addition, the SWNTs sensor with covalently immobilized enzyme exhibited
enhanced solution-storage and operational stability: 25% signal loss over 7 months.

Earlier studies has also shown that the CNT surface modification could be useful for improving
the sensitivity and stability of oxidative measurement of phenolic compounds, produced upon
OPH catalyzed hydrolysis of OPs. The evaluation of the performances of the SWCNTs and of
MWCNTs prepared by chemical vapor deposition (SWCNT-CVD and MWNT-CVD), and by
the ARC discharge method (MWNT-ARC) demonstrates that both the SW-and MW-CVD-CNT
coated surfaces offer sensitivity enhancement compared to the ARC-CNT and bare electrodes
[66]. It was considered that the higher sensitivity of the CVD-CNT-modified electrode reflects
differences in the density of edge-plane-like defects that leads to higher electrochemical
reactivity [66].

SWCNTs were also used for the development of an inhibition based biosensor for OPs
determination, applying a simple protocol. It includes the one-stage deposition of SWCNs and
Co phtalocyanine followed by carbodiimide binding of acetylcholinesterase, providing
directed coordination of the protein molecule at the terminal carboxylic groups of the oxidized
SWCNTs [67]. The biosensor made it possible the detection of 5-50 ppb of paraoxon and 2-50
ppb of malaoxon with detection limits of 3 and 2 ppb, respectively. The amperometric
measurements were performed at low potential (0.050 V/Ag, AgCl), thus avoiding the
interferences.

The use of pristine MWCNTs and of MWCNTs modified with metal nanoparticles has attracted
much attention. Au, Pt, Pd, and Ni nanoparticles are applied to enhance the performances of
the CNTs modified electrodes, because of their high catalytic activity, biocompatibility, and
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increased surface area. Increase of enzyme loading, promotion of electron transfer, and
synergistic effect in the biosensing of methyl parathion were observed using a nanocomposite
sensing film prepared via the formation of gold nanoparticles on silica particles, mixing with
multiwall carbon nanotubes and subsequent covalent immobilization of methyl parathion
hydrolase. A linear response was obtained in the range from 0.001 µg mL-1 to 5.0 µg mL-1 with
a detection limit of 0.3 ng mL-1 [68].

The one-step fabrication of MWCNTs-GNPs composite could be performed by in situ reduc‐
tion of HAuCl4 by NaBH4. The self-coating of the GNPs on the MWCNTs produced a uniform
nanocomposite. It was used for the fabrication of an acetylcholinesterase based electrochemical
sensor for malathion determination [69]. The detection limit was found to be 0.6 ng mL-1.

3.2. Gold nanoparticles

GNPs are extensively used in biosensors application, for the reason of their biocompatibility,
catalytic activity, excellent conductivity, and high surface area [70, 71].

Various materials modified with GNPs were tested as enzyme immobilization matrices.
Marinov et al. [72] suggest the use of GNPs loaded chemically modified poly(acrylonitrile-
methylmethacrylate-sodium vinylsulfonate) membranes (PAN) as supports for acetylcholi‐
nesterase immobilization. Since PAN is not electroconductive, GNPs acted as electron transfer
“wires”. The high enzyme loading and the presence of GNPs resulted in high sensitivity. The
detection limit for paraoxon determination was found to be 0.074 ng L-1 and a linear response
was obtained in the range 0.1-100 ng L-1. Important advantage of the developed biosensor is
the substitutability of the enzyme membrane, as the enzyme carrier is a separate element that
could be incubated in a pesticide solution and reactivated in PAM solution afterwards aside
from the working electrode, which is hence available to be assembled with another enzyme
membrane and used for further pesticide measurements.

Simple and efficient strategy for acetylcholinesterase immobilization onto a composite film of
Au-polypyrrole nanowires was proposed by Gong et al. [73]. It is assumed that the three-
dimensional interlaced polypyrrole nanowires network provides a favorable microenviron‐
ment to maintain the bioactivity of the enzyme, while the GNPs distributed in the network-
structured matrix facilitate the electron transfer. The inhibition of methyl parathion was found
to be proportional to its concentration ranging from 0.005 to 0.12 and 0.5 to 4.5µg mL-1 with a
detection limit of 2 ng mL-1. After 30-days storage the sensor retained 60% of its initial current
response.

A fast method for the preparation of acetylcholinesterase-GNPs-CaCO3 bioconjugates was
suggested by Chauhan et al. [74]. The procedure includes the preparation of the hybrid GNPs-
CaCO3 material by CaCO3 dispersion into Au colloid solution, followed by enzyme adsorption
and encapsulation of the bioconjugates on the electrode surface using silica sol. The electro‐
chemical measurements were performed at a potential of+0.2 V/Ag, AgCl, this avoiding the
interferences. It was demonstrated that malathion and chlorpyrifos could be detected in the
range of 0.1-100 nM and 0.1-70 nM, respectively, with a detection limit of 0.1 nM for both. The
response current of the sensor decreased to 60% after 60 days.
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A stable and sensitive inhibition based sensor for OPs quantification was fabricated by Sun et
al. [75], using hollow gold nanospheres (HGNs). The protocol comprised glassy carbon
electrode modification with chitosan, hollow gold nanospheres adsorption onto the surface of
chitosan through electrostatic interactions, L-cysteine assemblage on HGNs through Au-S
bond, and acetylcholinesterase covalent immobilization via the-COOH groups of L-cysteine.
The inhibition rates of pesticides were found to be proportional to their concentrations in the
range of 0.1-150 and 0.1-200 µg L-1 for chlorpyrifos and carbofuran, with detection limits of
0.06µg L-1 and 0.08 µg L-1, respectively. After 40-days of storage, the sensor retained 85.4 % of
its initial current response.

3.3. Other nanomaterials

Effective devices for OPs determination were developed using functionalized graphene
structures. It has been demonstrated that the acetylcholinesterase sensors based on graphene
oxide, GNP-graphene oxide, and nanoparticles (NiO, Pt, SnO2)-graphene nanocomposites
show high electron mobility, catalytic activity, and sensitivity [76-80]. They were successfully
applied for methylparathion, chlorpyrifos, malathion, and dichlorvos quantification. Another
sensitive acetylcholinesterase sensor was fabricated using oxidized exfoliated graphite
nanoplatelet (xGnPs)-chitosan cross-linked composite [81]. It was used for chloropyrifos
determination with a detection limit of 1.58x10-10 M.

Other carbonaceous materials used in OPs biosensing are the mesoporous carbons and carbon
black [82]. The well-ordered nanopores, many edge-plane-like defective sites, and high surface
area of the mesoporous carbon resulted in increased sensitivity, and allowed for nanomolar-
range detection of the analyte paraoxon using an OPH-based sensor. The detection limit
achieved was of 0.12µM (36 ppb).

The potential of the magnetic nanoparticles was exploited for the construction of a disposable
acetylcholinesterase-coated Fe3O4/Au magnetic nanoparticles (GMP-AChE) sensor [83]. The
GMP-AChE were absorbed on the surface of a screen printed carbon electrode modified by
carbon nanotubes (CNTs)/nano-ZrO2/prussian blue(PB)/Nafion (Nf) composite membrane by
an external magnetic field. The biosensor exhibited a fast response, wide linear detection range
and high sensitivity to OPs due to the conductive Fe3O4/Au NPs providing a large electrode
surface. The other advantages of the biosensor are associated with the specific adsorption of
OPs by the ZrO2 NPs, and the easy removal and replacement of the Fe3O4/Au/AChE by
applying an external magnetic field. The biosensor was used for dimethoate determination in
the range 1.0x10-3-10 ng mL-1 with a detection limit of 5.6x10-4 ng mL-1.

An OPs biosensor fabricated by covalent acetylcholinesterase immobilization onto iron oxide
nanoparticles and carboxylated multi walled carbon nanotubes modified Au electrode was
reported by Chauhan et al. [84]. The synergistic action of Fe3O4 NP and MWCNT showed
excellent electrocatalytic activity at low potential (+0.4 V). Under optimum conditions, the
inhibition rates of OPs were proportional to their concentrations in the range of 0.1-40 nM,
0.1-50 nM, 1-50 nM and 10-100 nM for malathion, chlorpyrifos, monocrotophos and endosul‐
fan, respectively. The detection limits were 0.1 nM for malathion and chlorpyrifos, 1 nM for
monocrotophos, and 10 nM for endosulfan. The biosensor was stable (2 months) and reusable
(more than 50 times).
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4. Analytical performances of the recently developed nanostructured
electrochemical biosensors for OPs quantification

The analytical performances of the recently developed nanostructures electrochemical
biosensors for OPs quantification are summarized in Table 1.
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A stable and sensitive inhibition based sensor for OPs quantification was fabricated by Sun et
al. [75], using hollow gold nanospheres (HGNs). The protocol comprised glassy carbon
electrode modification with chitosan, hollow gold nanospheres adsorption onto the surface of
chitosan through electrostatic interactions, L-cysteine assemblage on HGNs through Au-S
bond, and acetylcholinesterase covalent immobilization via the-COOH groups of L-cysteine.
The inhibition rates of pesticides were found to be proportional to their concentrations in the
range of 0.1-150 and 0.1-200 µg L-1 for chlorpyrifos and carbofuran, with detection limits of
0.06µg L-1 and 0.08 µg L-1, respectively. After 40-days of storage, the sensor retained 85.4 % of
its initial current response.

3.3. Other nanomaterials

Effective devices for OPs determination were developed using functionalized graphene
structures. It has been demonstrated that the acetylcholinesterase sensors based on graphene
oxide, GNP-graphene oxide, and nanoparticles (NiO, Pt, SnO2)-graphene nanocomposites
show high electron mobility, catalytic activity, and sensitivity [76-80]. They were successfully
applied for methylparathion, chlorpyrifos, malathion, and dichlorvos quantification. Another
sensitive acetylcholinesterase sensor was fabricated using oxidized exfoliated graphite
nanoplatelet (xGnPs)-chitosan cross-linked composite [81]. It was used for chloropyrifos
determination with a detection limit of 1.58x10-10 M.

Other carbonaceous materials used in OPs biosensing are the mesoporous carbons and carbon
black [82]. The well-ordered nanopores, many edge-plane-like defective sites, and high surface
area of the mesoporous carbon resulted in increased sensitivity, and allowed for nanomolar-
range detection of the analyte paraoxon using an OPH-based sensor. The detection limit
achieved was of 0.12µM (36 ppb).

The potential of the magnetic nanoparticles was exploited for the construction of a disposable
acetylcholinesterase-coated Fe3O4/Au magnetic nanoparticles (GMP-AChE) sensor [83]. The
GMP-AChE were absorbed on the surface of a screen printed carbon electrode modified by
carbon nanotubes (CNTs)/nano-ZrO2/prussian blue(PB)/Nafion (Nf) composite membrane by
an external magnetic field. The biosensor exhibited a fast response, wide linear detection range
and high sensitivity to OPs due to the conductive Fe3O4/Au NPs providing a large electrode
surface. The other advantages of the biosensor are associated with the specific adsorption of
OPs by the ZrO2 NPs, and the easy removal and replacement of the Fe3O4/Au/AChE by
applying an external magnetic field. The biosensor was used for dimethoate determination in
the range 1.0x10-3-10 ng mL-1 with a detection limit of 5.6x10-4 ng mL-1.

An OPs biosensor fabricated by covalent acetylcholinesterase immobilization onto iron oxide
nanoparticles and carboxylated multi walled carbon nanotubes modified Au electrode was
reported by Chauhan et al. [84]. The synergistic action of Fe3O4 NP and MWCNT showed
excellent electrocatalytic activity at low potential (+0.4 V). Under optimum conditions, the
inhibition rates of OPs were proportional to their concentrations in the range of 0.1-40 nM,
0.1-50 nM, 1-50 nM and 10-100 nM for malathion, chlorpyrifos, monocrotophos and endosul‐
fan, respectively. The detection limits were 0.1 nM for malathion and chlorpyrifos, 1 nM for
monocrotophos, and 10 nM for endosulfan. The biosensor was stable (2 months) and reusable
(more than 50 times).
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4. Analytical performances of the recently developed nanostructured
electrochemical biosensors for OPs quantification

The analytical performances of the recently developed nanostructures electrochemical
biosensors for OPs quantification are summarized in Table 1.
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CHIT-chitosan; GCE-glassy carbon electrode; HGNs-hollow gold nanospheres; MWCNTs-multi-walled carbon nanotubes;
PB-Prussian blue; PPy-polypyrrole; SPCE-screen printed carbon electrode.

Table 1. Analytical performances of some nanostructured acetylcholinesterase based sensors for OPs determination.
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5. Conclusion

This review addresses the recent trends in the development of nanomaterials based electro‐
chemical biosensors for organophosphorus pesticides determination. The included examples
demonstrate the great potential of the carbon nanotubes and the gold nanoparticles, as well
as of the emerging graphene structures.

Current researches confirm that the adequate combination of nanomaterials, biological
recognition events, and efficient electronic signal transduction result in biosensors with
improved analytical performances, appropriate for the high sensitive determination of OPs,
among other.
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5. Conclusion

This review addresses the recent trends in the development of nanomaterials based electro‐
chemical biosensors for organophosphorus pesticides determination. The included examples
demonstrate the great potential of the carbon nanotubes and the gold nanoparticles, as well
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1. Introduction

Corrosion is a destructive phenomenon that causes severe damage to metals, alloys, compo‐
sites etc [12]. The Electrochemical theory of corrosion involves two half-cell reactions, an
oxidation reaction at the anode and a reduction reaction at the cathode. For metals corroding
in water at neutral pH, the half cell reactions are presented as:

Anodic reaction: M=> Mn++ne-

Cathodic reaction: O2+2H2O+ne-=> 4OH-

These half cell reactions create microscopic anodes and cathodes covering the entire corroding
metal surface, which turns to macroscopic anodes and cathodes with the progresses of time.
Metals lose their useful properties like metallic lustre, strength, permeability to liquids and
gases etc. with prolong exposure to corrosive atmosphere. Mild steel is frequently used as a
structural material for marine applications, petroleum production and refining, pipelines,
mining etc. because of its good machinability, superior strength and low cost of production.
However, this steel is extremely vulnerable towards corrosion. Break down of mild steel
occurs, when exposed to diffusive chloride ions, in the sea water. Chromate based conversion
coatings were used for many years for corrosion protection of mild steel [3]. These coatings
have chromate, an oxidising oxy anion of chromium with superb corrosion resistance. But
chromate ion is considered as a serious environmental pollutant and is acutely toxic. As an
alternative approach, organic paints and coatings are also applied to protect steel substrates
against corrosion [4-8]. But, it is challenging to design corrosion resistant coatings having
corrosion protection efficiency equivalent to traditional chromate coatings.

Conducting  polymers  have  attracted  immense  importance  because  of  their  versatile
processing  applications.  These  polymers  are  reported  as  corrosion  inhibitors  for  active

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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metals and alloys [9-17]. The mechanism of corrosion protection by conducting polymers
involves anodic protection of the underlying metal, by raising its potential to passive region
[18]. The polymer exhibits barrier property in its electronically insulating state, where an
important feature in its conducting state is the ability to store charge at the metal/coating
interface. This charge can be effectively used to oxidize base metal to form a passive layer.
Polyaniline  and  Polypyrrole  are  the  most  studied  conducting  polymers  due  to  their
environmental stability, biocompatibility, physical and electrical properties. Polypyrrole is
reported  as  an  effective  material  for  corrosion  protection  purposes  [19-23].  Polypyrrole
based corrosion resistant coatings can be prepared either by chemical synthesis or it may
be electrochemically deposited on the metal surface. Electrochemical deposition of polypyr‐
role coatings are reported to be carried out on steel substrates using aqueous media [24-30].
These coatings show good adherence to metal surface and thickness of the coatings can be
controlled  precisely  [19-21].  Schaftinghen  et.al.  have  reported  that  the  surface  per-treat‐
ment of steel surface prior to electrochemical deposition of polypyrrole coatings has strong
influence on corrosion protection performance of the coatings [20]. However, mechanical
integrity and thermal stability of coatings in harsh climatic conditions are still questiona‐
ble. The valuable properties of the coatings lost with prolong exposure to diffusive anions
(e.g. chlorides) [31].  To overcome this,  conducting polymer based composite systems are
interesting alternatives and have attracted substantial academic and industrial interest in
recent years. These composites are conducting polymers with thoroughly dispersed small
inorganic  filler  particles.  The  physical,  chemical  and mechanical  properties  of  the  poly‐
mer  composites  are  superior  as  compared  to  polymer  alone  because  of  the  synergistic
interaction between the conducting polymers and filler particles [32-39].  Therefore, these
composites  can be  explored as  coating material  having superior  properties.  Polyaniline/
SiO2  composite  coatings have been reported to enhance the corrosion resistance of  steel
substrates [40, 41]. Incorporation of SiO2 particles as filler in the polymer matrix has shown
significant  impact  on  thermal  and  mechanical  properties  of  coatings  [42].  Studies  have
shown that, silica has a large surface area and smooth non-porous surface [43]. This feature
promotes  contact  between  SiO2  (as  filler)  and  the  polymer  matrix.  Inspite  of  this,  the
chemically synthesized polymer composites are difficult  to apply as coatings because of
their non solubility in common organic solvents. Conventional polymer coating like epoxy
is known to have superior characteristics as compared to regular paints due to its good
scratch resistance and adhesion to metal surface [5-6]. However, epoxy coating alone is not
sufficient  to  protect  the  underlying metal  and fails  due to  cathodic  disbondment  under
harsh environmental  conditions over prolong exposure [44].  Literature shows the use of
SiO2 particles as reinforcement for anti corrosive epoxy coatings [45]. The particles are found
to be useful in enhancing properties of organic coatings in aggressive medium [46].  But
this  effort  is  not  enough for  long term corrosion protection  of  metals.  Polymer  compo‐
sites having superior corrosion resistance can be incorporated in the existing epoxy paints
to  get  the  desired  results.  Very  limited  works  are  reported  on  epoxy paints  containing
polyaniline and polypyrrole as anticorrosive additives [47-49]. In a novel approach, Armelin
et.al. [47] have used polyaniline and polypyrrole as additives in epoxy paint system. In this
work, it is discussed that the added polymers enhance the corrosion protection ability of
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epoxy paint under accelerated conditions and also acts as adhesion promoter. Hema et.al.
[99] have studied the corrosion preventive response of polyaniline composites where it has
been observed that PANI-SiO2 composites can be used as effective coatings for corrosion
prevention in marine environment.

The crucial question faced by coating industries is to explore green alternatives for chromate
conversion coatings with equally good corrosion protection ability. Chitosan is one of the
potential candidates for coating purposes with excellent film forming ability, barrier property
and affinity towards metals. It is a natural polysaccharide found in the shells of marine
crustaceans, a common sea food waste. The proper disposal of the sea food wastes is a
continuous problem as it creates major environmental concern associated with ground and
drinking water pollution. Chitosan can be explored as an eco-friendly candidate for coating
purpose because of its low cost, most plentiful abundance in nature, biodegradable and non-
toxic nature [50, 51]. Previous reports have explored the potential use of chitosan coatings for
contact lenses and wound dressing [52, 53]. Apart from this, chitosan forms complexes with
metal ions and also adheres to negatively charged surfaces. This chemical uniqueness of
chitosan can be exploited as corrosion resistant coatings for active metals. A few investigations
are carried out to develop chitosan based corrosion resistant coatings for metals [54, 62].
However, chitosan is prone to absorb moisture from atmosphere leading to failure of the
coating [63]. A few investigations are carried out to decrease the hydrophilicity and to improve
bond strength of chitosan [64, 65]. However, these measures are not sufficient for long term
corrosion protection by chitosan coatings. The interaction of chitosan and conjugated polymers
like polyaniline, polypyrrole has been reported earlier [66-68]. The synergistic effect of chitosan
and polypyrrole is reported to reduce the size and improve the solubility of polypyrrole [69].
The interactive advantage of chitosan and polypyrrole can be used as corrosion resistant
coatings for metals like mild steel. Inspite of this, the potential of chitosan/polypyrrole
composite as a corrosion resistant coating material is not studied well [70].

Present chapter explains the preparation of polypyrrole based nano composite coatings for
mild steel substrate using powder coating technique. Powder coating technique is adopted
because of the advantage of low cost, excellent finish and almost no emission of volatile organic
compounds. The synthesis of polypyrrole/SiO2 nano composites were carried out using in-situ
chemical polymerization of pyrrole monomer on SiO2 particles. The corrosion protection of
the composites was evaluated by Tafel extrapolation, Electrochemical Impedance Spectrosco‐
py (EIS) and salt spray tests in NaCl solution. In order to improve the corrosion resistance of
mild steel further, chitosan is introduced in the polymer composite system. Studies are also
focussed to highlight the role of chitosan in enhancing the mechanical, thermal and corrosion
resistance properties of polypyrrole. SiO2 particles are purposely added to further enhance the
properties of the composite. In order to evaluate the role of chitosan in improving corrosion
protection properties, polypyrrole/SiO2 composites (without chitosan) are also synthesized.
The crucial role of SiO2 is justified by synthesizing chitosan/polypyrrole composites (without
SiO2).
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2. Electrochemical studies

The electrochemical studies were carried out using Tafel extrapolation method and Electro‐
chemical Impedance Spectroscopy (EIS) in 3.5% NaCl solution at room temperature. Experi‐
ments were carried in a conventional three electrode cell assembly using Autolab Potentiostat/
Galvanostat, PGSTAT100 (Nova Software). In three electrode cell assembly, the steel strip of
dimension 1 cm x 1 cm is taken as working electrode embedded in araldite epoxy, Pt as counter
electrode and Ag/AgCl as reference electrode. The surface cleaning of working electrode was
carried out by polishing metallographically polishing with 1/0, 2/0, 3/0 and 4/0 grade emery
papers. Thereafter, electrodes were thoroughly cleaned with acetone to remove impurities
present on the steel surface.

2.1. Tafel extrapolation method

Tafel extrapolation is a method to measure the rate of corrosion, where the working electrode
is polarised in positive direction from cathodic to Ecorr ending at anodic to Ecorr. Figure 1 shows
the potential vs. log current plot for an applied potential scan.

The anodic and cathodic curves are drawn by running the test results using electrochemical
software. The anode is polarised upwards to more positive values by an amount ηa (anodic
polarisation). Whereas, the cathode is polarised downwards to a more negative value by an
amount ηc (cathodic polarisation). Here, η is over voltage (measure of polarisation with respect
to equilibrium potential of an electrode). The measured electrode potential is called as
corrosion (Ecorr). The point of intersection between the two rectilinear polarisation curves in

Conducting

polymer
Fillers/dopant Substrates References/Journal

Polyaniline a) PO4 -3 mild steel [39]

b) SiO2 mild steel [40]

c) TiO2 steel [11]

d) Al2O3 carbon steel [15]

(e) SiO2/PFOA mild steel [99]

Polyethylene Ni/Mo steel [32]

Polythiophene ------ steel [17]

Polypyrrole a) Diglycidyl ether of bisphenol A (DGEBA)mild steel [35]

b) SO4 2-, pTS-, DBS Ni/Ti alloy [36]

c) TiO2 mild steel [37]

d) titanate nano tube stainless steel [33]

e) chitosan steel [70]

Table 1. Corrosion resistant properties of conducting polymer composites.
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the polarisation diagram (Figure 1) gives the value of corrosion current (icorr). The values of
anodic (βa) and cathodic (βc) Tafel constants are measured from the anodic and cathodic slopes
respectively. It is possible to measure corrosion rate (C.R) in mm/year by knowing the value
of icorr using equation 1.

C.R=3
→
.268x103x

icorr
ρ

MW
z

(1)

Where MW is the molecular weight of the specimen (g/mole), ρ is density of the specimen (g/
m3) and z is the number of electrons transferred in corrosion reactions.

2.2. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a non-destructive technique which gives
accurate kinetic and mechanistic information of a corroding system [71-79]. It is one of the
powerful tools to study the corrosion rate. The impedance technique has been widely used to
extract information concerning the interaction of metal/coating system with the corrosive
environments, degradation of highly resistive organic coatings [80-83], corrosion rates at the

Figure 1. Polarisation curve of a corroding metal using Tafel extrapolation
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defects and porosity in the coating. The impedance data is measured from Nyquist and Bode
plots. Nyquist plot is also known as Cole-Cole plot (Figure 2a). In this plot, the real part of
impedance Z’=|Z|Cosф and imaginary part Z”=|Z|Sinф of the impedance is plotted against
each other at each excitation frequency. Usually the plot of Z’ vs Z” is a semicircle and it cuts
the Z’ axis at high frequency corresponding to Rs (solution resistance) and at low frequency
corresponding to Rs+Rct. Kinetic parameters like Rs, Rct (charge transfer resistance) and Cdl

(double layer capacitance) can be calculated from Nyquist plot. The disadvantages of the
Nyquist plot are that the frequency does not appear explicitly and capacitance of the electrode
can be calculated only after knowing the frequency. In Bode plots (Figure 2b), impedance (log
Z) and phase angle (ф) are plotted against log of frequency. Bode plots give the information
regarding the variation of impedance with respect to the frequency.

Figure 2. (a) Nyquist plot showing real vs imaginary part of impedance. (b) Bode plots showing the variation of impe‐
dance (log Z) and phase angle (Φ) with respect to change in frequency

2.3. Salt spray fog test

The salt spray fog test is a standardized method used to check corrosion resistance of coatings
exposed to aggressive environments. Salt spray test is an accelerated corrosion test that
produces a corrosive attack to the coated samples in order to predict their corrosion tolerance
under high salt and humidity conditions. An intentional scribe mark is applied on the coated
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surface and the appearance of corrosion products (oxides) is evaluated after a period of time.
Test duration depends on the corrosion resistance of the coatings. Salt spray test is popular
because it is cheap, quick, well standardized and reasonably repeatable. Salt spray test is
widely used in the industrial sector for the evaluation of corrosion resistance of coated surfaces
or parts. The apparatus for testing consists of a closed testing chamber, where a salted solution
(mainly, a solution of 5% NaCl) is atomized by means of a nozzle. This produces a corrosive
environment of dense saline fog in the chamber so that parts exposed in it are subjected to
severely corrosive conditions. Chamber construction, testing procedure and testing parame‐
ters are standardized under national and international standards, such as ASTM B 117 and
ISO 9227. These standards contain the necessary information regarding testing parameters like
temperature, air pressure of the sprayed solution, preparation of the spraying solution,
concentration, pH, etc. Different coatings have different behaviour in salt spray test and
consequently, test duration will differ from one type of coating to another.

3. Experimental work

3.1. Synthesis SiO2 particles

The synthesis of mono disperse uniform sized SiO2 particles was carried out by hydrolysis of
tetra-ethyl orthosilicate (TEOS, Merck) in ethanol using ammonia as a catalyst. Aqueous
ammonia (3.14ml, Merck) was added to a solution of ethanol in water. The solution was
vigorously stirred for 1 hr. To this, 5 ml of TEOS was added slowly with constant stirring for
the proper hydrolysis of TEOS. The appearance of turbidity indicated the formation of SiO2

particles. The particles were retrieved by centrifuging at 15000 rpm for 5 minutes. The obtained
powder was calcined at 6000C in a furnace. The calcined silica was crushed by mortar pastel
and kept in a desiccator for further use.

3.2. Synthesis of polymer composites (Polypyrrole/SiO2)

Polypyrrole/SiO2  composites  (PCs)  were  synthesized  by  chemical  oxidative  polymeriza‐
tion of pyrrole (Acros Organics) using ferric chloride as an oxidant [84]. The schematic view
of the synthesis is shown in Figure 3. Pyrrole and silica were taken to a weight ratio of 3:1
to  form the  composite.  For  this,  synthesized SiO2  particles  were  dispersed in  deionised
water using a mechanical stirrer. 0.01 M of sodium lauryl sulphate (SLS) was added to the
above suspension with continuous stirring. Thereafter, 0.1 M of pyrrole was added slowly
followed by drop wise addition of ferric chloride solution (0.1M). The appearance of black
colour showed the start of polymerization of pyrrole. The polymerization was carried out
at room temperature for a period of 4-5 hrs.  The synthesized polymer composites (PCs)
were retrieved from the suspension using G 4 filtration funnel. The obtained powder was
washed with deionised water several times to remove oxidant and oligomers, followed by
drying in a vacuum oven at 600C.
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under high salt and humidity conditions. An intentional scribe mark is applied on the coated
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surface and the appearance of corrosion products (oxides) is evaluated after a period of time.
Test duration depends on the corrosion resistance of the coatings. Salt spray test is popular
because it is cheap, quick, well standardized and reasonably repeatable. Salt spray test is
widely used in the industrial sector for the evaluation of corrosion resistance of coated surfaces
or parts. The apparatus for testing consists of a closed testing chamber, where a salted solution
(mainly, a solution of 5% NaCl) is atomized by means of a nozzle. This produces a corrosive
environment of dense saline fog in the chamber so that parts exposed in it are subjected to
severely corrosive conditions. Chamber construction, testing procedure and testing parame‐
ters are standardized under national and international standards, such as ASTM B 117 and
ISO 9227. These standards contain the necessary information regarding testing parameters like
temperature, air pressure of the sprayed solution, preparation of the spraying solution,
concentration, pH, etc. Different coatings have different behaviour in salt spray test and
consequently, test duration will differ from one type of coating to another.

3. Experimental work

3.1. Synthesis SiO2 particles

The synthesis of mono disperse uniform sized SiO2 particles was carried out by hydrolysis of
tetra-ethyl orthosilicate (TEOS, Merck) in ethanol using ammonia as a catalyst. Aqueous
ammonia (3.14ml, Merck) was added to a solution of ethanol in water. The solution was
vigorously stirred for 1 hr. To this, 5 ml of TEOS was added slowly with constant stirring for
the proper hydrolysis of TEOS. The appearance of turbidity indicated the formation of SiO2

particles. The particles were retrieved by centrifuging at 15000 rpm for 5 minutes. The obtained
powder was calcined at 6000C in a furnace. The calcined silica was crushed by mortar pastel
and kept in a desiccator for further use.

3.2. Synthesis of polymer composites (Polypyrrole/SiO2)

Polypyrrole/SiO2  composites  (PCs)  were  synthesized  by  chemical  oxidative  polymeriza‐
tion of pyrrole (Acros Organics) using ferric chloride as an oxidant [84]. The schematic view
of the synthesis is shown in Figure 3. Pyrrole and silica were taken to a weight ratio of 3:1
to  form the  composite.  For  this,  synthesized SiO2  particles  were  dispersed in  deionised
water using a mechanical stirrer. 0.01 M of sodium lauryl sulphate (SLS) was added to the
above suspension with continuous stirring. Thereafter, 0.1 M of pyrrole was added slowly
followed by drop wise addition of ferric chloride solution (0.1M). The appearance of black
colour showed the start of polymerization of pyrrole. The polymerization was carried out
at room temperature for a period of 4-5 hrs.  The synthesized polymer composites (PCs)
were retrieved from the suspension using G 4 filtration funnel. The obtained powder was
washed with deionised water several times to remove oxidant and oligomers, followed by
drying in a vacuum oven at 600C.
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3.3. Preparation and deposition of powder coating

The polymer composite (PCs) was blended with epoxy powder coating formulation in various
wt% loadings (1.0, 2.0, 3.0 and 4.0%) using a laboratory ball mill. For epoxy powder coating
formulation has following composition: resin {epoxy (bisphenol A)+polyester} (70%), Flow
agent (D-88) (2.3%), degassing agent (benzion) (0.7%), fillers (TiO2 and BaSO4) (27%). A
homogenous mixture of well dispersed PCs in epoxy was obtained after ball milling. The
blended epoxy-polymer composite formulation was applied on mild steel specimens using an
electrostatic spray gun held at 67.4 KV potential with respect to the substrate. The powder
coated mild steel specimens were cured in oven at 1800C for 30 minutes. The adhesion of the
coatings was tested by tape test as per ASTM D3359-02 and found to pass the test.
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Figure 3. Schematic diagram of the synthesis of the polypyrrole/SiO2 composite. (Progress in Organic Coatings DOI:
10.1016/j.porgcoat.2014.04.013).

4. Characterization of polypyrrole/SiO2 composite

4.1. FTIR spectra

Figure 4 shows the FTIR spectra of SiO2, polypyrrole alone and polypyrrole/SiO2 composite
(PCs). The FTIR spectrum of SiO2 exhibits the characteristic bands of stretching and bending
vibration of Si-O-Si at 1108 and 817 cm-1, respectively. In FTIR spectrum of polymer composite,
the observed peak at 1554 cm-1 corresponds to typical pyrrole ring vibration [85]. The low
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intensity peak at 1474 cm−1 is attributed to=CH in plane vibrations and the peak at 771 cm-1 is
due to=CH out of plane vibrations [86-88]. A peak of considerable intensity at 1038 cm-1 is the
N–H in plane deformation absorption of polypyrrole. The corresponding peak of C-N
stretching [89] of polypyrrole at 1186cm-1 is masked by a band (at 1108 cm-1) of SiO2. For
polypyrrole alone, the characteristic peaks of pyrrole rings, in and out of plane=CH vibrations
are observed at 1559, 1480, 929 and 789 cm-1, respectively [90]. On comparing the peaks of
polypyrrole alone and polymer composites (PCs), it is observed that shifting of FTIR peak of
polypyrrole occurred as a result of the incorporation of SiO2 particles in the polymer matrix
(Figure 4). The=CH out of plane vibration at 789 cm-1 of polypyrrole alone is shifted to a lower
wave number (771 cm-1) for the composite. The appearance of a broad band at 3440 cm-1 for
the polymer composite (PCs) may be attributed to the interaction between SiO2 and polypyr‐
role through hydrogen bonding between proton on N-H and oxygen atom on SiO2. The above
results show a strong interaction between polypyrrole and SiO2 particles of the composite.
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Figure 4. FTIR spectra of SiO2 ( ), polypyrrole alone ( ), and polypyrrole/SiO2 composite ( ).
(Progress in Organic Coatings DOI: 10.1016/j.porgcoat.2014.04.013).
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agent (D-88) (2.3%), degassing agent (benzion) (0.7%), fillers (TiO2 and BaSO4) (27%). A
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Figure 3. Schematic diagram of the synthesis of the polypyrrole/SiO2 composite. (Progress in Organic Coatings DOI:
10.1016/j.porgcoat.2014.04.013).

4. Characterization of polypyrrole/SiO2 composite

4.1. FTIR spectra

Figure 4 shows the FTIR spectra of SiO2, polypyrrole alone and polypyrrole/SiO2 composite
(PCs). The FTIR spectrum of SiO2 exhibits the characteristic bands of stretching and bending
vibration of Si-O-Si at 1108 and 817 cm-1, respectively. In FTIR spectrum of polymer composite,
the observed peak at 1554 cm-1 corresponds to typical pyrrole ring vibration [85]. The low
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intensity peak at 1474 cm−1 is attributed to=CH in plane vibrations and the peak at 771 cm-1 is
due to=CH out of plane vibrations [86-88]. A peak of considerable intensity at 1038 cm-1 is the
N–H in plane deformation absorption of polypyrrole. The corresponding peak of C-N
stretching [89] of polypyrrole at 1186cm-1 is masked by a band (at 1108 cm-1) of SiO2. For
polypyrrole alone, the characteristic peaks of pyrrole rings, in and out of plane=CH vibrations
are observed at 1559, 1480, 929 and 789 cm-1, respectively [90]. On comparing the peaks of
polypyrrole alone and polymer composites (PCs), it is observed that shifting of FTIR peak of
polypyrrole occurred as a result of the incorporation of SiO2 particles in the polymer matrix
(Figure 4). The=CH out of plane vibration at 789 cm-1 of polypyrrole alone is shifted to a lower
wave number (771 cm-1) for the composite. The appearance of a broad band at 3440 cm-1 for
the polymer composite (PCs) may be attributed to the interaction between SiO2 and polypyr‐
role through hydrogen bonding between proton on N-H and oxygen atom on SiO2. The above
results show a strong interaction between polypyrrole and SiO2 particles of the composite.
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Figure 4. FTIR spectra of SiO2 ( ), polypyrrole alone ( ), and polypyrrole/SiO2 composite ( ).
(Progress in Organic Coatings DOI: 10.1016/j.porgcoat.2014.04.013).
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4.2. X-ray diffraction

Figure 5 shows the XRD powder diffraction pattern of SiO2 and polymer composite. One can
find a broad diffraction peak at 2θ of 24.3° corresponding to the semi crystalline nature of
synthesized SiO2 particles. For polypyrrole/SiO2 composite, the broad characteristic peak has
shifted to 22.2°. The shifting may be due to the SiO2 particles embedded in the polymer matrix.
A uniform covering of amorphous polypyrrole on the surface of SiO2 is expected.
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Figure 5. XRD graphs of (a) SiO2 and (b) polypyrrole/SiO2 composite. (Progress in Organic Coatings DOI: 10.1016/
j.porgcoat.2014.04.013).

4.3. Thermo Gravimetric Analysis (TGA)

The thermogravimetric profiles of SiO2, polypyrrole alone and polymer composite (PCs) are
presented in Figure 6. The thermograms were recorded by heating the samples at a tempera‐
ture range of 25 to 600°C under nitrogen atmosphere (60 ml/min). As shown in Figure 6, the
SiO2 particles are found to be thermally stable with almost no weight loss over the entire range
of temperature. The thermogram of polypyrrole alone indicates three stage weight loss. In the
first stage, 5-6% weight loss at temperature 100° C is attributed to the loss of water molecules
from the polymer matrix [91].The weight loss at second stage that starts above 100°C until
220°C (about 7-8%) is basically due to the removal of dopants and low molecular weight
oligomers. The gradual weight loss above 250°C represents the thermal decomposition of
polypyrrole backbone [92]. The thermogram of polymer composite exhibits a three stage
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weight loss pattern similar to polypyrrole alone. It exhibits an initial weight loss of 6% (around
100°C) due to loss of residual water molecules followed by 7% weight loss (around 230° C)
due to removal of dopants and oligomers. However, a considerable enhancement in the
thermal stability is noticed for the polymer composite. With the addition of SiO2, the thermal
decomposition of polypyrrole (250°C) increases to 330°C for the polymer composite. The
improvement in the thermal stability of the composite is certainly attributed to the presence
of SiO2 as filler. SiO2 is stable in the range from room temperature to 600°C, when combined
with polypyrrole, it restricts the thermal motion of the polypyrrole chains and shields the
degradation of polymer [93]. The retarding effect of SiO2 on the movement of polypyrrole
chains also shows the relatively compact structure of polypyrrole/SiO2 composite. The weight
loss for polypyrrole alone and polymer composite at 600°C is found to be 63% and 57%,
respectively. The decrease in weight loss indicates the interaction of polypyrrole with SiO2

particles.
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Figure 6. TGA graphs of SiO2 ( ), polypyrrole alone ( ) and polypyrrole/SiO2 composite ( ).
Their first derivatives are also shown here. (Progress in Organic Coatings DOI: 10.1016/j.porgcoat.2014.04.013).

4.4. SEM/TEM micrographs

Figure 7a depicts the scanning electron micrograph of synthesized SiO2 particles. The particles
exhibit spherical morphology with smooth texture. The average particle size of SiO2 is 200 nm.
The microstructural features of polymer composite (PCs), as shown in Figure 7b reveal a
globular cluster of polypyrrole matrix incorporating SiO2 particles. The entrapment of SiO2

particles in the matrix can easily be noticed in Figure 7b. EDX analysis shows the presence of
elements, Si (51.74%) and O (10.49%) from SiO2, C (33.61%) and N (1.28%) from polypyrrole in
the composite. The TEM image of polymer composite is shown in Figure 7c. It can be noticed
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Figure 5. XRD graphs of (a) SiO2 and (b) polypyrrole/SiO2 composite. (Progress in Organic Coatings DOI: 10.1016/
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4.3. Thermo Gravimetric Analysis (TGA)

The thermogravimetric profiles of SiO2, polypyrrole alone and polymer composite (PCs) are
presented in Figure 6. The thermograms were recorded by heating the samples at a tempera‐
ture range of 25 to 600°C under nitrogen atmosphere (60 ml/min). As shown in Figure 6, the
SiO2 particles are found to be thermally stable with almost no weight loss over the entire range
of temperature. The thermogram of polypyrrole alone indicates three stage weight loss. In the
first stage, 5-6% weight loss at temperature 100° C is attributed to the loss of water molecules
from the polymer matrix [91].The weight loss at second stage that starts above 100°C until
220°C (about 7-8%) is basically due to the removal of dopants and low molecular weight
oligomers. The gradual weight loss above 250°C represents the thermal decomposition of
polypyrrole backbone [92]. The thermogram of polymer composite exhibits a three stage
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weight loss pattern similar to polypyrrole alone. It exhibits an initial weight loss of 6% (around
100°C) due to loss of residual water molecules followed by 7% weight loss (around 230° C)
due to removal of dopants and oligomers. However, a considerable enhancement in the
thermal stability is noticed for the polymer composite. With the addition of SiO2, the thermal
decomposition of polypyrrole (250°C) increases to 330°C for the polymer composite. The
improvement in the thermal stability of the composite is certainly attributed to the presence
of SiO2 as filler. SiO2 is stable in the range from room temperature to 600°C, when combined
with polypyrrole, it restricts the thermal motion of the polypyrrole chains and shields the
degradation of polymer [93]. The retarding effect of SiO2 on the movement of polypyrrole
chains also shows the relatively compact structure of polypyrrole/SiO2 composite. The weight
loss for polypyrrole alone and polymer composite at 600°C is found to be 63% and 57%,
respectively. The decrease in weight loss indicates the interaction of polypyrrole with SiO2
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Their first derivatives are also shown here. (Progress in Organic Coatings DOI: 10.1016/j.porgcoat.2014.04.013).

4.4. SEM/TEM micrographs

Figure 7a depicts the scanning electron micrograph of synthesized SiO2 particles. The particles
exhibit spherical morphology with smooth texture. The average particle size of SiO2 is 200 nm.
The microstructural features of polymer composite (PCs), as shown in Figure 7b reveal a
globular cluster of polypyrrole matrix incorporating SiO2 particles. The entrapment of SiO2

particles in the matrix can easily be noticed in Figure 7b. EDX analysis shows the presence of
elements, Si (51.74%) and O (10.49%) from SiO2, C (33.61%) and N (1.28%) from polypyrrole in
the composite. The TEM image of polymer composite is shown in Figure 7c. It can be noticed
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that majority of SiO2 particles are covered with polypyrrole. Some free separated SiO2 particles
can also be seen in the micrograph (Figure 7c). The SiO2 particles are found to be well dispersed
in polymer matrix. The large contact area of SiO2 and polypyrrole in the polymer composite
resulted in a more uniform composite structure. The microstructural analyses are in good
agreement with FTIR and XRD results of polymer composite, confirming a strong interaction
between polypyrrole and silica in the composite.

Figure 7. SEM micrographs showing morphology of (a) SiO2 particles, (b) polypyrrole/SiO2 composite. SiO2 particles
embedded inside the polymer matrix are visible in the micrograph. (c) TEM micrograph of polypyrrole/SiO2 composite
showing even distribution of SiO2 particles in the composite. (Progress in Organic Coatings DOI: 10.1016/j.porgcoat.
2014.04.013).

4.5. Corrosion studies of polymer composites in 3.5% NaCl solution

4.5.1. Tafel polarization

Figure 8 shows the Tafel polarisation behaviour of epoxy coated (EC) and epoxy with different
wt% loading of polymer composites (PCs) coated steel specimens (PCs1, PCs2, PCs3 and PCs4)
in 3.5% NaCl at room temperature (25± 3 °C).The plots were drawn to derive the values of
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different electrochemical parameters like corrosion potential (Ecorr), corrosion current density
(icorr), anodic (βa) and cathodic (βc) Tafel constants. icorr, βa and βc are measured by extrapolating
the anodic and cathodic curves using Tafel extrapolation method (Table 1). The variability in
the test results was found to be 2-3% for each measurement. Figure 8 exhibits a remarkable
shift of Ecorr towards positive potential for the epoxy with different wt% loading of PCs coated
steel specimens as compared to the epoxy coated (EC) steel specimen. One can notice a slight
reduction in Ecorr for epoxy with 1 wt% loading of polymer composite coated steel specimen
(PCs1) as compared epoxy coated steel (EC) specimen. However, the measured Ecorr is found
to be significantly increased for steel specimens coated with 2-4 wt% loading of polymer
composite in epoxy. The Ecorr occurred 177, 554 and 667 mV vs Ag/AgCl more positive for
specimens PCs2, PCs3 and PCs4, respectively than the specimen EC (Table 1). The more
positive values of Ecorr for the epoxy with PCs coated specimens indicate the presence of a
passive layer on the metal surface that control the anodic/cathodic reactions. The corrosion
current density (icorr) of epoxy coated steel specimen (Table 1) is observed to be eight times less
than the bare mild steel (not shown here). Conventional polymeric coatings like epoxy are
known to have good resistance towards diffusive ions and long exposure time is required to
evidence degradation of polymeric chains [94]. The icorr further reduced significantly with the
addition of polymer composite in the epoxy resin. The trend of decrease of icorr is in accordance
with the increase of wt% loading of polymer composite in epoxy. The icorr of PCs1 occurred
four times less than the specimen EC. For specimens PCs2, PCs3 and PCs4, the measured icorr

is found to be two, more than four and four orders of magnitude less, respectively as compared
to the specimen EC (Table 1). The significant reduction in the values of icorr for the epoxy with
polymer composite coated steel specimens indicate the effective corrosion protection per‐
formance of the polypyrrole/SiO2 composite when added as additive in the epoxy resin.
Further, the occurrence of notably higher value of anodic and cathodic Tafel constants for
epoxy with polymer composite coated steel specimens as compared to epoxy coated specimens
implies the effective role of polymer composite in controlling anodic and cathodic reactions.
The combined effect of presence of conjugation in the polymer backbone and the presence of
polar N-H group in the pyrrole ring acts as corrosion inhibitor [95]. Additionally, polypyrrole
facilitates delocalisation of charge through it, which hinders the formation of localised anodic
and cathodic currents. This ultimately makes the coated surface resistant towards corrosion
that requires localization of charges [95]. Previous works carried out by Wessling [96],
Sathiyanarayan et al. [97], Nguyen et al. [98] and Hema et. al. [99] explain the ability of
conducting polymers to intercept electrons at metal surface and transport them. Similarly,
works on PANI/SiO2 composite in epoxy coatings also It is important to note that the epoxy
with 4.0 wt% loading of PCs coated specimen (PCs4) exhibits more positive Ecorr as compared
to the epoxy with 3.0 wt% loading of PCs coated specimen (PCs3). But interestingly, the icorr

for specimen PCs3 is observed to be less than the specimen PCs4. This shows the better
corrosion resistance of epoxy coating with 3.0 wt% loading of PCs. This could be the optimum
limit of loading of PCs in the epoxy system.
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Figure 8. Tafel plots of (a) epoxy coated and epoxy with (b) 1.0 wt%, (c) 2.0 wt%, (d) 3.0 wt% and (e) 4.0 wt% loading
of polypyrrole/SiO2 composite (PCs) coated mild steel specimens in 3.5% NaCl solution at room temperature (25+3°C).
(Progress in Organic Coatings DOI: 10.1016/j.porgcoat.2014.04.013).

Sample Name
Loading level

of composite

Ecorr

(mV)

icorr

(A/cm2)

βa

(mV/decade)

βc

(mV/decade)

EC ----- -582.4 8.4x10-7 92.1 189.8

PCs1 1.0 wt% -523 1.9x10-7 333.6 97.9

PCs2 2.0 wt% -405.3 1.8x10-8 659.4 126.7

PCs3 3.0 wt% -28.3 1.3x10-9 408.7 603.5

PCs4 4.0 wt% 83.5 1.5x10-9 285.1 441.7

Table 2. Different electrochemical parameters obtained by Tafel extrapolation for epoxy and epoxy with different wt
% loading of polymer composite in 3.5% NaCl solution.

The polarisation resistance (Rp) is inversely related to corrosion current density (icorr) through
Stern-Geary equation [100] as mentioned in equation 2.
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Rp=
βaβc

2.3.3(βa+βc)
x 1

icorr
(2)

Since, the icorr values reduced with the increase of percentage loading of PCs in the epoxy resin.
Accordingly, the value polarisation resistance (Rp) increased with the increase of polymer
composite in epoxy (Table 2). The measured Rp is found to be maximum for specimen PCs3
exhibiting its superior resistance towards diffusive chloride ions [101]. The corrosion protec‐
tion efficiency (% P.E.) calculated from Rp values are shown in Table 2. % P.E. was determined
from the measured Rp {polarisation resistance of epoxy coated mild steel (Rps) and polarisation
resistance of epoxy with different wt% loading of PCs coated mild steel (Rpc)} values by using
equation 3.

pc ps

pc

R -R
%P>E>= x100

R (3)

The P.E. is observed to be 81.54%, 98.73% and 99.92% for specimens PCs1, PCs2 and PCs4,
respectively. Up to 99.95 % P.E. was achieved for sample PCs3 (epoxy coating with 3 wt %
loading of polymer composite).

Sample Name (%P.E) Rp (Ω) Protection Efficiency

EC 31.8 x 103 -----

PCs1 172.6 x 103 81.5

PCs2 2523.4 x 103 98.7

PCs3 77280 x 103 99.9

PCs4 45310 x 103 99.9

Table 3. Protection efficiency (%P.E.) calculated using polarisation resistance (Rp)

Another parameter that allows the evaluation of barrier nature of a surface coating is the cross
linking density. It is reported that higher the cross linking density of the coating, lower is the
diffusion of electrolyte through it [48]. The values of glass transition temperature (Tg) shows
the extent of cross linking and is directly proportional to the cross linking density. Figure 9
shows the DSC curves of epoxy and epoxy with different wt% loading of polymer composites
(PCs). The observed values of Tg are mentioned in Table 3. The Tg for epoxy is measured to be
less than the epoxy with polymer composites. It shows the higher cross linking density of epoxy
with PCs. Further, the Tg increases gradually with the increase of wt% loading of polymer
composite in the epoxy system. This clearly indicates a better cross linking and hence low
extent of electrolyte diffusion with the increase wt% of polymer composite. The results are in
good agreement with the Tafel extrapolation test results.
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Figure 8. Tafel plots of (a) epoxy coated and epoxy with (b) 1.0 wt%, (c) 2.0 wt%, (d) 3.0 wt% and (e) 4.0 wt% loading
of polypyrrole/SiO2 composite (PCs) coated mild steel specimens in 3.5% NaCl solution at room temperature (25+3°C).
(Progress in Organic Coatings DOI: 10.1016/j.porgcoat.2014.04.013).
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Sample Name (%P.E) Rp (Ω) Protection Efficiency

EC 31.8 x 103 -----

PCs1 172.6 x 103 81.5

PCs2 2523.4 x 103 98.7

PCs3 77280 x 103 99.9

PCs4 45310 x 103 99.9

Table 3. Protection efficiency (%P.E.) calculated using polarisation resistance (Rp)

Another parameter that allows the evaluation of barrier nature of a surface coating is the cross
linking density. It is reported that higher the cross linking density of the coating, lower is the
diffusion of electrolyte through it [48]. The values of glass transition temperature (Tg) shows
the extent of cross linking and is directly proportional to the cross linking density. Figure 9
shows the DSC curves of epoxy and epoxy with different wt% loading of polymer composites
(PCs). The observed values of Tg are mentioned in Table 3. The Tg for epoxy is measured to be
less than the epoxy with polymer composites. It shows the higher cross linking density of epoxy
with PCs. Further, the Tg increases gradually with the increase of wt% loading of polymer
composite in the epoxy system. This clearly indicates a better cross linking and hence low
extent of electrolyte diffusion with the increase wt% of polymer composite. The results are in
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Figure 9. DSC thermograms of epoxy alone and epoxy with different wt% loading of polypyrrole/SiO2 composites
(PCs) recorded after second heating, at a heating rate of 10° C/min in nitrogen atmosphere. (Progress in Organic Coat‐
ings DOI: 10.1016/j.porgcoat.2014.04.013).

Loading level of Composite Tg (º C)

0% 65.2

1.0% 66.6

2.0% 67.3

3.0% 69.2

4.0% 69.8

Table 4. Glass transition temperature (Tg) obtained after second heating.

4.5.2. EIS study

Electrochemical Impedance Spectroscopy (EIS) is a non-destructive electrochemical method
used to estimate the performance of the coatings against corrosion. Impedance measurements
were carried out at open circuit conditions in 3.5% NaCl solution at room temperature. The
impedance graphs obtained for epoxy coated (EC) and epoxy with different wt% loading of
polymer composites (PCs1, PCs2, PCs3 and PCs4) coated steel specimens are displayed in
Nyquist (Figure. 10) and Bode plots (Figure. 11). The Nyquist plots for epoxy with polymer
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composite coated mild steel specimens show much higher impedance value (almost a straight
line, Figure. 10c and d) as compared to epoxy coated specimen. However no apparent time
constant can be resolved in the plots except for epoxy coating with 2 wt% loading of polymer
composite (Figure 10b). So, an attempt to fit the equivalent circuit for the extraction of
impedance parameters failed for coated specimens. The Nyquist plot for specimen PCs2 can
be differentiated into a high frequency capacitive behaviour followed by low frequency
diffusion controlled behaviour of the coating. The high frequency part of the plot represents
the property of the coating, whereas, the low frequency part is associated with the Faradiac
processes occurring at coating/metal interface through pores and cracks present in the coating
[102]. The high frequency capacitive behaviour of the specimen PCs2 demonstrates the
corrosion resistance property, while low frequency diffusion behaviour indicated occurrence
of diffusion process at the coating/metal interface. Warburg impedance Zw represents the
porosities present in the coating, is expressed in equation 4.

ZW=σω-1/2 (4)

Here, σ is the Warburg coefficient and ω is the angular frequency (2πf) at which the Warburg
diffusion starts. The value of Warburg coefficient (σ) is calculated to be 17.7 x 105 Ωcm-1(by
putting the value of Zw at frequency 12.1 Hz, where diffusion process starts). Further, the
Nyquist plots for epoxy coating with 3 and 4 wt% loading of polymer composite (Figure 10 c
and d) show capacitive property similar to an undamaged coating with significantly high
impedance in the high frequency region. However, scattering of data points is noticed in the
lower frequency region, is basically due to the surface heterogeneities.

The corresponding Bode plots are more informative, as it gives simultaneous measurement of
modulus of impedance |Z| with respect to frequency. The Bode plots, as shown in Figure 11
exhibit high frequency region due to the coating capacitance (Cc) and low frequency region
due to the charge transfer processes occurring at solution/coating interface [103-105]. The Bode
plots of specimens PCs3 and PCs4 show a straight line (slope-1) with high modulus of
impedance (|Z|) in the high frequency region. This signifies the excellent barrier property of
the surface film [106]. However, the slope of the plot becomes-1/2 in the lower frequency region
(Figure 11). This is could be due to the adsorbed water on the surface of the coated sample.
The value of |Z| in the low frequency region signifies the good barrier property of the surface
film [106]. The measured value of |Z| (Table 4) is found to be significantly high (64940 x 103

Ωcm2) for the specimen PCs3 (epoxy coating with 3.0 wt% loading of PCs). The magnitude of
|Z| at low frequency dropped gradually following the trend from specimens PCs3, PCs4,
PCs2, PCs1 to EC (Table 4). The capacitance of the coating (Cc) is an important parameter to
evaluate the failure of the coating, as it determines the extent of water uptake [106, 107]. The
capacitance of a coating is related to |Z| by equation (4).

|Z|= 1
2πfCc

(5)
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Table 4. Glass transition temperature (Tg) obtained after second heating.

4.5.2. EIS study

Electrochemical Impedance Spectroscopy (EIS) is a non-destructive electrochemical method
used to estimate the performance of the coatings against corrosion. Impedance measurements
were carried out at open circuit conditions in 3.5% NaCl solution at room temperature. The
impedance graphs obtained for epoxy coated (EC) and epoxy with different wt% loading of
polymer composites (PCs1, PCs2, PCs3 and PCs4) coated steel specimens are displayed in
Nyquist (Figure. 10) and Bode plots (Figure. 11). The Nyquist plots for epoxy with polymer
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line, Figure. 10c and d) as compared to epoxy coated specimen. However no apparent time
constant can be resolved in the plots except for epoxy coating with 2 wt% loading of polymer
composite (Figure 10b). So, an attempt to fit the equivalent circuit for the extraction of
impedance parameters failed for coated specimens. The Nyquist plot for specimen PCs2 can
be differentiated into a high frequency capacitive behaviour followed by low frequency
diffusion controlled behaviour of the coating. The high frequency part of the plot represents
the property of the coating, whereas, the low frequency part is associated with the Faradiac
processes occurring at coating/metal interface through pores and cracks present in the coating
[102]. The high frequency capacitive behaviour of the specimen PCs2 demonstrates the
corrosion resistance property, while low frequency diffusion behaviour indicated occurrence
of diffusion process at the coating/metal interface. Warburg impedance Zw represents the
porosities present in the coating, is expressed in equation 4.

ZW=σω-1/2 (4)

Here, σ is the Warburg coefficient and ω is the angular frequency (2πf) at which the Warburg
diffusion starts. The value of Warburg coefficient (σ) is calculated to be 17.7 x 105 Ωcm-1(by
putting the value of Zw at frequency 12.1 Hz, where diffusion process starts). Further, the
Nyquist plots for epoxy coating with 3 and 4 wt% loading of polymer composite (Figure 10 c
and d) show capacitive property similar to an undamaged coating with significantly high
impedance in the high frequency region. However, scattering of data points is noticed in the
lower frequency region, is basically due to the surface heterogeneities.

The corresponding Bode plots are more informative, as it gives simultaneous measurement of
modulus of impedance |Z| with respect to frequency. The Bode plots, as shown in Figure 11
exhibit high frequency region due to the coating capacitance (Cc) and low frequency region
due to the charge transfer processes occurring at solution/coating interface [103-105]. The Bode
plots of specimens PCs3 and PCs4 show a straight line (slope-1) with high modulus of
impedance (|Z|) in the high frequency region. This signifies the excellent barrier property of
the surface film [106]. However, the slope of the plot becomes-1/2 in the lower frequency region
(Figure 11). This is could be due to the adsorbed water on the surface of the coated sample.
The value of |Z| in the low frequency region signifies the good barrier property of the surface
film [106]. The measured value of |Z| (Table 4) is found to be significantly high (64940 x 103

Ωcm2) for the specimen PCs3 (epoxy coating with 3.0 wt% loading of PCs). The magnitude of
|Z| at low frequency dropped gradually following the trend from specimens PCs3, PCs4,
PCs2, PCs1 to EC (Table 4). The capacitance of the coating (Cc) is an important parameter to
evaluate the failure of the coating, as it determines the extent of water uptake [106, 107]. The
capacitance of a coating is related to |Z| by equation (4).
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Where, f is the frequency of the applied AC voltage. The values of coating capacitance (Cc) are
mentioned in Table 4. The measured Cc is found to be minimum for specimen PCs3 (2.44 x
10-8 F/cm2) exhibiting the undamaged coating formed with 3.0 wt% loading of polymer
composite in epoxy. The EIS data clearly shows the superior corrosion resistance property of
epoxy coating with 3.0 wt% loading of PCs. The EIS data are in accordance with the Tafel
polarisation test results.

From the above electrochemical measurements, it is clear that the polymer composite has made
a significant improvement in the corrosion resistance properties of the conventional epoxy
coatings in 3.5% NaCl solution. However, it is necessary to evaluate the corrosion resistance
of the coating for relatively longer period of exposure to corrosive electrolyte. Since, epoxy
with 3 wt% loading of polymer composite coated steel specimen (PCs3) has shown the superior
corrosion resistance amongst the coated specimens, therefore, it has been considered for
periodic impedance measurement. Figure 12 shows the variation of modulus of impedance (|
Z|) and coating capacitance (Cc) with the immersion time. The magnitude of impedance
reduced significantly for the first 10 days of immersion. This is basically due to the weakening

Figure 10. Nyquist plots of epoxy coated (▼) and epoxy with 1.0 wt% ( ),2.0 wt% ( ), 3.0 wt% ( ) and 4.0 wt% ( )
loading of polypyrrole/SiO2 composite (PCs) coated mild steel specimens in 3.5% NaCl solution at room temperature
(25+3°C). (Progress in Organic Coatings DOI: 10.1016/j.porgcoat.2014.04.013).
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of the barrier property of the surface film due to diffusive chloride ions. Accordingly, an
increase in coating capacitance (Cc) is noticed for this period. The increase in the value of
coating capacitance is due to the electrolyte uptake with the passage of immersion time [108,
109]. The high dielectric constant of water (ε=80) increases the dielectric constant of the organic
coatings when exposed to it leading to increase of coating capacitance [110]. The above
observations reveal the weakening of the barrier property of the coating with immersion time.
However, the coating capacitance becomes almost constant after 15 days of immersion. This
could be due to the clogging of the pores of the coatings by the corrosion products. Interest‐
ingly, the measured |Z| for specimen PCs3 after 20 days of immersion (16.6 KΩ cm2) is still

Figure 11. Bode plots of epoxy coated (▼) and epoxy with 1.0 wt% ( ), 2.0 wt% ( ), 3.0 wt% ( ) and 4.0 wt% ( )
loading of polypyrrole/SiO2 composite (PCs) coated mild steel specimens in 3.5% NaCl solution at room temperature
(25 ± 3°C). (Progress in Organic Coatings DOI: 10.1016/j.porgcoat.2014.04.013).

Sample Name Loading level of composite
|Z|

(KΩ cm 2)

Cc

(F/cm2)

EC 0 % 7.5 2.1 x 10-4

PCs1 1.0 wt% 57.4 2.7 x 10-5

PCs2 2.0 wt% 2810 5.6 x 10-7

PCs3 3.0 wt% 64940 2.4 x 10-8

PCs4 4.0 wt% 14750 1.0 x 10-7

Table 5. Different electrochemical parameters extracted by EIS measurements for epoxy and epoxy with different wt
% loading of polymer composite in 3.5% NaCl solution.
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Table 5. Different electrochemical parameters extracted by EIS measurements for epoxy and epoxy with different wt
% loading of polymer composite in 3.5% NaCl solution.
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observed to be higher than the freshly immersed epoxy coated specimen (7.5 KΩ cm2).
Similarly, the Cc for specimen PCs3 after 20 days of immersion (9.4 x 10-5 F/cm2) is lower than
the freshly immersed epoxy coated specimen (2.1 x 10-4 F/cm2). This clearly shows the superior
barrier property shown by epoxy coatings with polymer composite.
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Figure 12. Variation of magnitude of impedance (|Z|) and coating capacitance (Cc) with time for epoxy with 3 wt%
loading of polymer composite coated steel specimen exposed to 3.5% NaCl solution. (Progress in Organic Coatings
DOI: 10.1016/j.porgcoat.2014.04.013).

4.5.3. Salt spray test

Figure 13 shows the photographs of epoxy coated (EC) and epoxy with different wt% loading
of polymer composites (PCs1, PCs2, PCs3 and PCs4) coated steel panels after exposure to salt
spray fog for 65 days. Figure 13a clearly shows the occurrence of severe rusting throughout
the scribe mark for epoxy coated steel panel. The under film blisters were also noticed visually.
The presence of rust and blisters indicates loss of adherence of the epoxy coating during
prolong exposure to salt fog. The presence of polymer composites in epoxy improves the
corrosion resistance properties of the steel, which can be noticed from the photographs (Figure
13b-e). The epoxy with 1.0 and 2.0 wt% loading of PCs coated steel panels exhibit less extended
corrosion along the scribe mark (Figure 13b and c). Further, the extended corroded area along
the scribe mark almost disappeared for steel panels coated with epoxy with 3.0 and 4.0 wt%
loading of PCs (Figure 13d and e). The results clearly show that the epoxy powder coating
formulations incorporating polypyrrole/SiO2 composites are very effective in preventing
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corrosion and blistering near the scribe mark when exposed to environmental conditions of
high humidity and high salt content. The remarkably high corrosion protection of epoxy
coatings with polymer composites as compared to epoxy coating alone is due to the dual
protection mechanism by the synthesized composite in the coating system. Polypyrrole forms
a passive layer and simultaneously act as a physical barrier between metal and electrolyte. On
the other hand, SiO2 particles as filler in polypyrrole matrix provide mechanical integrity and
reduce the degradation of polymer composite coating under corrosive conditions.

Figure 13. Photographs of (a) epoxy coated and epoxy with (b) 1.0 wt%, (c) 2.0 wt%, (d) 3.0 wt% and (e) 4.0 wt%
loading of polypyrrole/SiO2 composite (PCs) coated mild steel specimens exposed to salt spray fog after 65 days.
(Progress in Organic Coatings DOI: 10.1016/j.porgcoat.2014.04.013).

5. Anti corrosive properties of chitosan/polymer composite in 3.5% NaCl
solution

5.1. Synthesis of chitosan/polypyrrole/SiO2 composite (CsPC)

Chitosan with a degree of deacetylation 90% was a fine pale yellow powder (100 mesh) ground
from shrimp shell was used for the synthesis of the composite. The synthesis of mono dispersed
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a passive layer and simultaneously act as a physical barrier between metal and electrolyte. On
the other hand, SiO2 particles as filler in polypyrrole matrix provide mechanical integrity and
reduce the degradation of polymer composite coating under corrosive conditions.

Figure 13. Photographs of (a) epoxy coated and epoxy with (b) 1.0 wt%, (c) 2.0 wt%, (d) 3.0 wt% and (e) 4.0 wt%
loading of polypyrrole/SiO2 composite (PCs) coated mild steel specimens exposed to salt spray fog after 65 days.
(Progress in Organic Coatings DOI: 10.1016/j.porgcoat.2014.04.013).

5. Anti corrosive properties of chitosan/polymer composite in 3.5% NaCl
solution

5.1. Synthesis of chitosan/polypyrrole/SiO2 composite (CsPC)

Chitosan with a degree of deacetylation 90% was a fine pale yellow powder (100 mesh) ground
from shrimp shell was used for the synthesis of the composite. The synthesis of mono dispersed
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uniform-sized SiO2 particles were carried out by hydrolysis of tetra-ethyl orthosilicate (TEOS)
in ethanol using ammonia as a catalyst as mentioned in section 3.1. Chitosan/polymer
composites (CsPC) were synthesized by chemical oxidative polymerization of pyrrole
monomer in presence of 1wt% chitosan solution (in 1% acetic acid) [111]. For this, a mixture
of 1 gm chitosan (Cs), 1 gm acetic acid and 98 gms of deionized water was stirred till a clear
pale solution (pH ~ 3) of chitosan acetate appears [112]. The synthesized silica particles were
dispersed in suspension of sodium lauryl sulphate (SLS) in distilled water. The suspension
was added to chitosan solution and was allowed to stir for 20 minutes. It is reported that
chitosan interacts with anionic surfactants by electrostatic attraction to form soluble complexes
[113, 114]. Thereafter, pyrrole was introduced in it, followed by drop by drop addition of
freshly prepared FeCl3 to initiate the polymerization of pyrrole. The molar ratio of FeCl3 :
pyrrole : SLS was taken to be 1:1:0.5. The resultant composite was filtered and washed with
water and ethanol to remove oligomers and oxidant. Thereafter, it was dried in a vacuum oven
at 600 C. The schematic of the synthesis of chitosan/polymer composite is shown in Figure 14.

Figure 14. Schematic of the synthesis of chitosan/polypyrrole/SiO2 composites. (Communicated to Progress in Organ‐
ic Coatings, Ref. 110, Elsevier)
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5.2. Powder coating on mild steel surface

Mild steel specimens were polished metallographically, prior to the development of coating.
The powder coating formulations were prepared by blending composites in epoxy resin. A
homogenous mixture of well dispersed composites in epoxy was obtained after ball milling
treatment. The coatings were applied on mild steel specimens using an electrostatic spray
gun held at 67.4 KV potential with respect to the substrate (grounded). The powder coated
mild steel specimens were cured at 1400C for 30 minutes. The adhesion of the coating was
tested by tape test as per ASTM D3359-02 and found to pass the test.

6. Characterization of chitosan/polymer composites

6.1. FTIR spectra

The FTIR spectrum of chitosan, as shown in Figure 15 exhibits an intense broad band in
the spectral range of 3200-3650 cm-1. It is attributed to the axial stretching of O-H and N-
H bonds. A small band near 2870 cm-1 is due to the C-H stretching vibration. A peak of
considerable intensity at 1650 cm-1 is assigned to amide I vibration and peaks at 1426 and
1382 cm-1 is the result of coupling of C-N axial stretching and N-H angular deformation.
The peaks at  1155,  1074 and 1024 cm-1  corresponds to the stretching vibration of C-O-C
linkage in  the glucosamine rings.  The FTIR spectrum of  chitosan-polypyrrole  composite
(CP) exhibits a broad band at 3421 cm-1 showing the N-H stretching of pyrrole and O-H
stretching of chitosan. The characteristic peaks of polypyrrole at 1546 cm-1  (C=C benzoic
form), 1458 cm-1 (C-N stretching) was observed with considerable intensity [115-117]. The
peak at 1172 cm-1 (S-O stretching) and 1035 cm-1 (S-C stretching) confirm the formation of
chitosan/polypyrrole composite doped with SLS. It is important to note that the reported
peak for S-O stretching for polypyrrole occurs at 1168 cm-1, which has been shifted to 1172
cm-1 for the composite. It clearly shows interaction of chitosan and polypyrrole with SLS.
The corresponding peak for amide vibration at 1650 cm-1 of chitosan was not observed for
the composite. This shows the presence of mainly protonated amino groups as a result of
dissolution of chitosan in acetic acid. The other peaks at 902, 768 and 670 cm-1 are due to
the C-H out of plane deformation vibration of the ring. An additional peak of considera‐
ble intensity appears at 1108 cm-1, solely due to the presence of SiO2 in chitosan/polypyrrole/
SiO2  composite  (CsPC).  However,  this  peak  is  slightly  shifted,  as  the  peak  for  Si-O-Si
stretching in SiO2 occurs at 1080 cm-1. The shifting of the peak could be due to the adsorption
of chitosan/polypyrrole on the surface of silica particles. It is reported that chitosan provides
the formation of active sites for grafting of polypyrrole chains on silica particles and acts
as a stabilizer of silica-polypyrrole particles [118]. The FTIR results exhibit strong interac‐
tion between chitosan, polypyrrole and silica in the composite.
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freshly prepared FeCl3 to initiate the polymerization of pyrrole. The molar ratio of FeCl3 :
pyrrole : SLS was taken to be 1:1:0.5. The resultant composite was filtered and washed with
water and ethanol to remove oligomers and oxidant. Thereafter, it was dried in a vacuum oven
at 600 C. The schematic of the synthesis of chitosan/polymer composite is shown in Figure 14.
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5.2. Powder coating on mild steel surface

Mild steel specimens were polished metallographically, prior to the development of coating.
The powder coating formulations were prepared by blending composites in epoxy resin. A
homogenous mixture of well dispersed composites in epoxy was obtained after ball milling
treatment. The coatings were applied on mild steel specimens using an electrostatic spray
gun held at 67.4 KV potential with respect to the substrate (grounded). The powder coated
mild steel specimens were cured at 1400C for 30 minutes. The adhesion of the coating was
tested by tape test as per ASTM D3359-02 and found to pass the test.

6. Characterization of chitosan/polymer composites

6.1. FTIR spectra

The FTIR spectrum of chitosan, as shown in Figure 15 exhibits an intense broad band in
the spectral range of 3200-3650 cm-1. It is attributed to the axial stretching of O-H and N-
H bonds. A small band near 2870 cm-1 is due to the C-H stretching vibration. A peak of
considerable intensity at 1650 cm-1 is assigned to amide I vibration and peaks at 1426 and
1382 cm-1 is the result of coupling of C-N axial stretching and N-H angular deformation.
The peaks at  1155,  1074 and 1024 cm-1  corresponds to the stretching vibration of C-O-C
linkage in  the glucosamine rings.  The FTIR spectrum of  chitosan-polypyrrole  composite
(CP) exhibits a broad band at 3421 cm-1 showing the N-H stretching of pyrrole and O-H
stretching of chitosan. The characteristic peaks of polypyrrole at 1546 cm-1  (C=C benzoic
form), 1458 cm-1 (C-N stretching) was observed with considerable intensity [115-117]. The
peak at 1172 cm-1 (S-O stretching) and 1035 cm-1 (S-C stretching) confirm the formation of
chitosan/polypyrrole composite doped with SLS. It is important to note that the reported
peak for S-O stretching for polypyrrole occurs at 1168 cm-1, which has been shifted to 1172
cm-1 for the composite. It clearly shows interaction of chitosan and polypyrrole with SLS.
The corresponding peak for amide vibration at 1650 cm-1 of chitosan was not observed for
the composite. This shows the presence of mainly protonated amino groups as a result of
dissolution of chitosan in acetic acid. The other peaks at 902, 768 and 670 cm-1 are due to
the C-H out of plane deformation vibration of the ring. An additional peak of considera‐
ble intensity appears at 1108 cm-1, solely due to the presence of SiO2 in chitosan/polypyrrole/
SiO2  composite  (CsPC).  However,  this  peak  is  slightly  shifted,  as  the  peak  for  Si-O-Si
stretching in SiO2 occurs at 1080 cm-1. The shifting of the peak could be due to the adsorption
of chitosan/polypyrrole on the surface of silica particles. It is reported that chitosan provides
the formation of active sites for grafting of polypyrrole chains on silica particles and acts
as a stabilizer of silica-polypyrrole particles [118]. The FTIR results exhibit strong interac‐
tion between chitosan, polypyrrole and silica in the composite.
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Figure 15. FTIR spectra of chitosan ( ), chitosan/polypyrrole ( ) and chitosan/polypyrrole/SiO2

( ) composite. (Communicated to Progress in Organic Coatings, Ref. 110, Elsevier)

6.2. XRD diffraction

The XRD diffraction patterns of chitosan (a) and chitosan/polypyrrole/SiO2 composite (CsPC)
are presented in Figure 16. The presence of a scattering peak at 2θ value 19.88° corresponding
to (020) plane is basically due to the semi crystalline nature of chitosan [119, 120]. The diffrac‐
togram of CsPC showed a broad scattering peak at approximately 26°-27°, which indicates a
highly amorphous structure of the composite. This shows the interaction between chitosan
and polypyrrole. The absence of corresponding peaks of silica is due to the uniform covering
of polypyrrole chains on the silica particles [118].

6.3. Thermogravimetric analysis of composites

TGA curves for chitosan, chitosan/polypyrrole (CP) and chitosan/polypyrrole/SiO2 (CsPC)
composites are presented in Figure 17. The curves were recorded by heating the samples from
25° to 800° C under constant heating rate of 15°C/min under nitrogen atmosphere (60 ml/min).
The first stage of all the three curves shows 10% weight loss between 25° to 145° C. The weight
loss is attributed to the loss of moisture and other volatile compounds. The second weight loss
of 34 % for chitosan occurs at 240° C, is mainly due to thermal decomposition of chitosan [121,
122]. The second weight loss due to thermal decomposition of polymer composites is delayed
to 260° and 265° C for CP and CsPC, respectively. Aditionally, the chitosan and CP showed a
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weight loss of 61% and 54%, respectively at 800° C. The comparatively less weight loss of
chitosan/polypyrrole composite (CP) as compared to chitosan shows the better thermal
stability of composite. The incorporation of SiO2 in the polymer matrix further improves the
thermal stability of the composite as the weight loss at 800° C was only 49%. The increase in
thermal stability of CsPC can be attributed to the better thermal stability of silica particles and
to the interactions between silica and chitosan/polypyrrole.

6.4. SEM/TEM images of chitosan/polymer composites

Figure 18 (a-c) depict the FE-SEM and TEM images of composites. The FE-SEM image of the
chitosan/polypyrrole/SiO2 composite (CsPC) reveals a clustered structure composed of
spherical nano particles (diameters ~ 40-50 nm) of polypyrrole and chitosan (Figure 18 a). The
presence of SiO2 particles embedded in chitosan/polypyrrole matrix can easily be noticed in
the micrograph. The TEM image of CsPC (Figure 18 b) exhibits the presence of distinct
spherical nano particles of chitosan and polypyrrole arranged in a regular pattern. It is reported
that the polymerisation of pyrrole in absence of chitosan, forms polypyrrole particles having
diameters 100-150 nm with aggregated cauliflower morphology [69]. On the other hand, the
in situ chemical polymerisation of pyrrole in presence of chitosan causes the formation of much
smaller polypyrrole nano spheres (40-60 nm). Here, chitosan acts as a steric stabiliser and
hinders the formation of large size polypyrrole particles [67]. The TEM micrograph of poly‐
pyrrole/SiO2 composite (PS) (Figure 18c) shows the presence of large size polypyrrole particles
with diffused morphology. The EDAX spectrum of CsPC confirms the presence of carbon,
nitrogen, sulphur, oxygen and silicon in the composite. The microstructural features of the
composites are in good agreement with the FTIR results showing strong interaction between
polypyrrole and chitosan.

Figure 16. XRD graphs of (a) chitosan and (b) chitosan/polypyrrole/SiO2 composite. (Communicated to Progress in Or‐
ganic Coatings, Ref. 110, Elsevier)
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are presented in Figure 16. The presence of a scattering peak at 2θ value 19.88° corresponding
to (020) plane is basically due to the semi crystalline nature of chitosan [119, 120]. The diffrac‐
togram of CsPC showed a broad scattering peak at approximately 26°-27°, which indicates a
highly amorphous structure of the composite. This shows the interaction between chitosan
and polypyrrole. The absence of corresponding peaks of silica is due to the uniform covering
of polypyrrole chains on the silica particles [118].
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composites are presented in Figure 17. The curves were recorded by heating the samples from
25° to 800° C under constant heating rate of 15°C/min under nitrogen atmosphere (60 ml/min).
The first stage of all the three curves shows 10% weight loss between 25° to 145° C. The weight
loss is attributed to the loss of moisture and other volatile compounds. The second weight loss
of 34 % for chitosan occurs at 240° C, is mainly due to thermal decomposition of chitosan [121,
122]. The second weight loss due to thermal decomposition of polymer composites is delayed
to 260° and 265° C for CP and CsPC, respectively. Aditionally, the chitosan and CP showed a
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weight loss of 61% and 54%, respectively at 800° C. The comparatively less weight loss of
chitosan/polypyrrole composite (CP) as compared to chitosan shows the better thermal
stability of composite. The incorporation of SiO2 in the polymer matrix further improves the
thermal stability of the composite as the weight loss at 800° C was only 49%. The increase in
thermal stability of CsPC can be attributed to the better thermal stability of silica particles and
to the interactions between silica and chitosan/polypyrrole.

6.4. SEM/TEM images of chitosan/polymer composites

Figure 18 (a-c) depict the FE-SEM and TEM images of composites. The FE-SEM image of the
chitosan/polypyrrole/SiO2 composite (CsPC) reveals a clustered structure composed of
spherical nano particles (diameters ~ 40-50 nm) of polypyrrole and chitosan (Figure 18 a). The
presence of SiO2 particles embedded in chitosan/polypyrrole matrix can easily be noticed in
the micrograph. The TEM image of CsPC (Figure 18 b) exhibits the presence of distinct
spherical nano particles of chitosan and polypyrrole arranged in a regular pattern. It is reported
that the polymerisation of pyrrole in absence of chitosan, forms polypyrrole particles having
diameters 100-150 nm with aggregated cauliflower morphology [69]. On the other hand, the
in situ chemical polymerisation of pyrrole in presence of chitosan causes the formation of much
smaller polypyrrole nano spheres (40-60 nm). Here, chitosan acts as a steric stabiliser and
hinders the formation of large size polypyrrole particles [67]. The TEM micrograph of poly‐
pyrrole/SiO2 composite (PS) (Figure 18c) shows the presence of large size polypyrrole particles
with diffused morphology. The EDAX spectrum of CsPC confirms the presence of carbon,
nitrogen, sulphur, oxygen and silicon in the composite. The microstructural features of the
composites are in good agreement with the FTIR results showing strong interaction between
polypyrrole and chitosan.
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Figure 18. (a) FESEM micrograph of chitosan/polypyrrole/SiO2 composite. TEM micrographs of (b) Chitosan/polypyr‐
role/SiO2 and (c) polypyrrole/SiO2 composites. (Communicated to Progress in Organic Coatings, Ref. 110, Elsevier)

Figure 17. TGA curves of chitosan ( ), chitosan/polypyrrole ( ) and chitosan/polypyrrole/SiO2

( ) composite. (Communicated to Progress in Organic Coatings, Ref. 110, Elsevier)
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6.5. Corrosion studies of chitosan/polymer composites in 3.5% NaCl solution

6.5.1. Tafel polarisation

Figure 19 shows the Tafel polarisation curves for epoxy coated (EC) and epoxy with different
wt% loadings of chitosan/polymer composite coated steel specimens (CsPC1 for 1.0%, CsPC2
for 2.0% and CsPC3 for 3.0%) exposed to 3.5% NaCl solution. For comparative studies Tafel
plots are drawn for polypyrrole/SiO2 composite with 4 wt% loading in epoxy,PCs4 (without
chitosan) and chitosan/polypyrrole composite (CP) (without SiO2) coated steel specimens.
Different electrochemical parameters, such as corrosion potential (Ecorr) and corrosion current
density (icorr) are derived from curve fitting method and are summarized in Table 5.

Figure 19. (a) Tafel plots of (a) epoxy coated and epoxy with (b)1.0 wt%, (c) 2.0 wt%, (d) 3.0 wt% chitosan/polypyr‐
role/SiO2 composite, (e) polypyrrole/SiO2, (f) chitosan/polypyrrole composite coated mild steel specimens in 3.5%
NaCl solution at room temperature (25+3°C). (Communicated to Progress in Organic Coatings, Ref. 100, Elsevier)
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Figure 18. (a) FESEM micrograph of chitosan/polypyrrole/SiO2 composite. TEM micrographs of (b) Chitosan/polypyr‐
role/SiO2 and (c) polypyrrole/SiO2 composites. (Communicated to Progress in Organic Coatings, Ref. 110, Elsevier)

Figure 17. TGA curves of chitosan ( ), chitosan/polypyrrole ( ) and chitosan/polypyrrole/SiO2

( ) composite. (Communicated to Progress in Organic Coatings, Ref. 110, Elsevier)

Modern Electrochemical Methods in Nano, Surface and Corrosion Science124

6.5. Corrosion studies of chitosan/polymer composites in 3.5% NaCl solution

6.5.1. Tafel polarisation

Figure 19 shows the Tafel polarisation curves for epoxy coated (EC) and epoxy with different
wt% loadings of chitosan/polymer composite coated steel specimens (CsPC1 for 1.0%, CsPC2
for 2.0% and CsPC3 for 3.0%) exposed to 3.5% NaCl solution. For comparative studies Tafel
plots are drawn for polypyrrole/SiO2 composite with 4 wt% loading in epoxy,PCs4 (without
chitosan) and chitosan/polypyrrole composite (CP) (without SiO2) coated steel specimens.
Different electrochemical parameters, such as corrosion potential (Ecorr) and corrosion current
density (icorr) are derived from curve fitting method and are summarized in Table 5.

Figure 19. (a) Tafel plots of (a) epoxy coated and epoxy with (b)1.0 wt%, (c) 2.0 wt%, (d) 3.0 wt% chitosan/polypyr‐
role/SiO2 composite, (e) polypyrrole/SiO2, (f) chitosan/polypyrrole composite coated mild steel specimens in 3.5%
NaCl solution at room temperature (25+3°C). (Communicated to Progress in Organic Coatings, Ref. 100, Elsevier)
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The Ecorr for epoxy coated mild steel is observed to be-582.09 mV. One can notice a remarkable
shift of Ecorr in the noble direction for all the composite coated steel specimens exhibiting the
presence of corrosion resistant passive layer on the metal surface. The Ecorr of specimen PCs4
occurs at 95.43 mV. It is important to mention that the polypyrrole/SiO2 composite coating
(PCs4) that was taken for the comparative studies is developed by 4.0 wt % loading in epoxy
powder formulation. Accordingly, the icorr value of PCs4 is observed to be three orders of
magnitude less than the epoxy coated steel, showing its superior corrosion resistance property.
On the other hand, the chitosan/polypyrrole/SiO2 composite coated steel specimens, CsPC1
and CsPC2 show the Ecorr values 36.46 mV and 20.75 mV, respectively, (Table 5) which was
slightly less than the Ecorr observed for specimen PCs4. However, the corrosion current density
(icorr) values of CsPC1 and CsPC2 were found to be almost 7.73 and 16 times respectively less
as compared to the specimen PCs4. The significantly less icorr values for the chitosan/polypyr‐
role/SiO2 composite coated specimens clearly exhibit the efficient role of chitosan in enhancing
the corrosion protection tendency of the composite. It is be due to the synergistic effect of the
chitosan and polypyrole that resulted in the formation of coatings, which is less susceptible to
moisture and prevent the penetration of corrosive ions. Further, the icorr value increased slightly
for specimen CsPC3 as compared to CsPC1 and CsPC2. This reveals the deterioration of
corrosion protection tendency of the composite coating with further increase of the percentage
loading in the epoxy. The 2.0 wt% loading of CsPC in epoxy could be the best possible
combination of coating formulation. The role of SiO2 particles cannot be ignored in the
composite system, as the Ecorr and icorr values of specimen CP is found to be almost equal to the
specimen CsPC3 (the chitosan/polymer composite coated specimen with least corrosion
resistance). The better thermal stability of chitosan/polypyrrole/SiO2 composite is discussed in
TGA analysis. The remarkably high corrosion resistance of chitosan/polypyrrole/SiO2

composite coatings could be due to the combined effect of chitosan and polypyrrole as
corrosion inhibitors. The polarisation resistance (Rp) values are related to corrosion current
density (icorr), which is directly proportional to corrosion rate through Stern-Geary equation as
mentioned in equation (2) are also shown in Table 5. The maximum Rp value measured for
sample CsPC2, further confirms the superior corrosion resistance property of the epoxy with
2 wt% loading of chitosan/polypyrrole/SiO2 composite. The maximum of 99.97% corrosion
protection efficiency (P.E.) is achieved for specimen CsPC2. So, chitosan/polypyrrole/SiO2

composite coating with 2.0 wt% loading in epoxy powder formulation exhibits superior
corrosion resistance among all test specimens in 3.5% NaCl solution.

Figure 20 shows the DSC thermograms of epoxy and epoxy with chitosan/polypyrrole/SiO2

(CsPC2), chitosan/polypyrrole (CP) composite. In order to evaluate the role of chitosan in the
composite, DSC thermograms of epoxy with polypyrrole/SiO2 composites (PCs4) are also
shown here. The glass transition temperature (Tg) is related to cross linking density [85], that
relates to the barrier nature of the surface film. The observed Tg is found to increase with the
incorporation of polymer composite in the epoxy resin. The Tg for epoxy with chitosan/
polypyrrole/SiO2 composite (75.1°C) is found to be almost 10°C more than the epoxy resin,
showing the higher cross linking density with superior barrier property of the chitosan/
polymer composite. On the other hand, the Tg for epoxy with polypyrrole/SiO2 composite
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occurs 6°C less than the epoxy with chitosan/polypyrrole/SiO2 composite. The excellent film
forming tendency of chitosan and the synergistic interaction of chitosan and polypyrrole are
the reasons for the occurrence of higher cross linking density of chitosan/polypyrrole/SiO2. It
is reported that higher the cross linking density of the coating, lower is the diffusion of
electrolyte through it [85]. Therefore, epoxy with chitosan/polypyrrole/SiO2 composite has the
superior barrier property. The results are in accordance with the Tafel extrapolation test results.

 

Figure 20.DSC thermograms of epoxy and epoxy with 2% loading of chitosan/polypyrrole/SiO2 (CsPC), chitosan/polypyrrole 
composites (CP) and polypyrrole/SiO2 (PCs4) composite recorded after second heating, at a heating rate of 10º C/min in nitrogen 
atmosphere. (Communicated to Progress in Organic Coatings, Ref. 110, Elsevier) 

Sample name Tg (º C) 
epoxy 65.2 

epoxy+CsPC 75.1 
epoxy+CP 71.3 

epoxy + PCs4 69.2 

Table 7. Glass transition temperature (Tg) obtained after second heating. 

6.5.2. Electrochemical impedance spectroscopy (EIS) 

Impedance measurements were carried out in terms of Bode plots at open circuit conditions in 3.5% NaCl solution at 
room temperature (25 ± 3º C). The Bode plots obtained for epoxy coated (EC), chitosan/polypyrrole/SiO2 composite 
coated with different wt% loading in epoxy (CsPC1, CsPC2 and CsPC3), chitosan/polypyrrole composite (CP) coated 
and polypyrrole/SiO2 composite (PS) coated steel specimens are displayed in Figure 21. Bode plot is informative as it 
gives simultaneous measurement of modulus of impedance Z with respect to frequency. As shown in Figure 21, a high 
magnitude of impedance (Z) with a slope of -1 at frequency ~ 10 Hz, for the composite coated steel specimens 
specimens signify an excellent barrier property of the surface film and correspond to the less corrosive ions being in 
contact with the metal surface [123]. The respective region for the epoxy coated steel specimen shows a significantly less 
Z (Table 7) revealing its weak barrier property against corrosive ions. Further, the Bode plots show a resistive platue 
(horizontal line) in the low frequency region (< 1Hz). The total impedance (Z) in this region is mainly due to the 
impedance of the coating defects and can be considered as a measure of coating protectiveness [81, 124]. The magnitude 
of total impedance for coated specimens, CsPC1 and CsPC2 in this region is found to be four orders of magnitude higher 
as compared to the epoxy coated steel specimen (Table 7). Although, the Z values for specimen CP and PCs4 is almost 
three orders of magnitude higher as compared to epoxy coated steel (EC). But, Z values occur an order of magnitude 
less than the specimens CsPC1 and CsPC2. A much high magnitude of impedance for chitosan/polypyrrole/SiO2 
composite coated specimens shows the presence of surface film with superior corrosion resistance. However, the low 
value of impedance for epoxy coated steel is associated with the high defectiveness of the coating. Further, the 
capacitance of the coating (Cc) is an important parameter to evaluate the failure of the coating as it determines the extent 
of water uptake [106]. The capacitance of a coating is related to the magnitude of the impedance (|Z|) by the equation (3) 
is given in Table 7. The value of Cc is found to be least for specimen CsPC2 exhibiting the undamaged coating formed 
with 2.0 wt% loading of chitosan/polypyrrole/SiO2 composite in epoxy coating formulation. As expected, the highest 
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Figure 20. DSC thermograms of epoxy and epoxy with 2% loading of chitosan/polypyrrole/SiO2 (CsPC), chitosan/
polypyrrole composites (CP) and polypyrrole/SiO2 (PCs4) composite recorded after second heating, at a heating rate of
10° C/min in nitrogen atmosphere. (Communicated to Progress in Organic Coatings, Ref. 110, Elsevier)

Sample Name
Loading level

of polymer

Ecorr

(mV)

icorr

(A/cm2)

Rp

(KΩ)

Protection

Efficiency

(% P.E.)

EC ----- -582.49 8.45x10-7 31.87 ----

CsPC1 1.0 wt% 36.46 0.50x10-9 105580 99.96

CsPC2 2.0 wt% 20.75 0.24x10-9 156200 99.97

CsPC3 3.0 wt% -46.68 3.79x10-9 22632 99.85

PCs4 4.0 wt% 83.522 1.51x10-9 45310 99.92

CP 1.0 wt% -41.62 3.27x10-9 20580 99.84

Table 6. Different electrochemical parameters obtained by Tafel extrapolation in 3.5% NaCl solution.
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The Ecorr for epoxy coated mild steel is observed to be-582.09 mV. One can notice a remarkable
shift of Ecorr in the noble direction for all the composite coated steel specimens exhibiting the
presence of corrosion resistant passive layer on the metal surface. The Ecorr of specimen PCs4
occurs at 95.43 mV. It is important to mention that the polypyrrole/SiO2 composite coating
(PCs4) that was taken for the comparative studies is developed by 4.0 wt % loading in epoxy
powder formulation. Accordingly, the icorr value of PCs4 is observed to be three orders of
magnitude less than the epoxy coated steel, showing its superior corrosion resistance property.
On the other hand, the chitosan/polypyrrole/SiO2 composite coated steel specimens, CsPC1
and CsPC2 show the Ecorr values 36.46 mV and 20.75 mV, respectively, (Table 5) which was
slightly less than the Ecorr observed for specimen PCs4. However, the corrosion current density
(icorr) values of CsPC1 and CsPC2 were found to be almost 7.73 and 16 times respectively less
as compared to the specimen PCs4. The significantly less icorr values for the chitosan/polypyr‐
role/SiO2 composite coated specimens clearly exhibit the efficient role of chitosan in enhancing
the corrosion protection tendency of the composite. It is be due to the synergistic effect of the
chitosan and polypyrole that resulted in the formation of coatings, which is less susceptible to
moisture and prevent the penetration of corrosive ions. Further, the icorr value increased slightly
for specimen CsPC3 as compared to CsPC1 and CsPC2. This reveals the deterioration of
corrosion protection tendency of the composite coating with further increase of the percentage
loading in the epoxy. The 2.0 wt% loading of CsPC in epoxy could be the best possible
combination of coating formulation. The role of SiO2 particles cannot be ignored in the
composite system, as the Ecorr and icorr values of specimen CP is found to be almost equal to the
specimen CsPC3 (the chitosan/polymer composite coated specimen with least corrosion
resistance). The better thermal stability of chitosan/polypyrrole/SiO2 composite is discussed in
TGA analysis. The remarkably high corrosion resistance of chitosan/polypyrrole/SiO2

composite coatings could be due to the combined effect of chitosan and polypyrrole as
corrosion inhibitors. The polarisation resistance (Rp) values are related to corrosion current
density (icorr), which is directly proportional to corrosion rate through Stern-Geary equation as
mentioned in equation (2) are also shown in Table 5. The maximum Rp value measured for
sample CsPC2, further confirms the superior corrosion resistance property of the epoxy with
2 wt% loading of chitosan/polypyrrole/SiO2 composite. The maximum of 99.97% corrosion
protection efficiency (P.E.) is achieved for specimen CsPC2. So, chitosan/polypyrrole/SiO2

composite coating with 2.0 wt% loading in epoxy powder formulation exhibits superior
corrosion resistance among all test specimens in 3.5% NaCl solution.

Figure 20 shows the DSC thermograms of epoxy and epoxy with chitosan/polypyrrole/SiO2

(CsPC2), chitosan/polypyrrole (CP) composite. In order to evaluate the role of chitosan in the
composite, DSC thermograms of epoxy with polypyrrole/SiO2 composites (PCs4) are also
shown here. The glass transition temperature (Tg) is related to cross linking density [85], that
relates to the barrier nature of the surface film. The observed Tg is found to increase with the
incorporation of polymer composite in the epoxy resin. The Tg for epoxy with chitosan/
polypyrrole/SiO2 composite (75.1°C) is found to be almost 10°C more than the epoxy resin,
showing the higher cross linking density with superior barrier property of the chitosan/
polymer composite. On the other hand, the Tg for epoxy with polypyrrole/SiO2 composite
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occurs 6°C less than the epoxy with chitosan/polypyrrole/SiO2 composite. The excellent film
forming tendency of chitosan and the synergistic interaction of chitosan and polypyrrole are
the reasons for the occurrence of higher cross linking density of chitosan/polypyrrole/SiO2. It
is reported that higher the cross linking density of the coating, lower is the diffusion of
electrolyte through it [85]. Therefore, epoxy with chitosan/polypyrrole/SiO2 composite has the
superior barrier property. The results are in accordance with the Tafel extrapolation test results.

 

Figure 20.DSC thermograms of epoxy and epoxy with 2% loading of chitosan/polypyrrole/SiO2 (CsPC), chitosan/polypyrrole 
composites (CP) and polypyrrole/SiO2 (PCs4) composite recorded after second heating, at a heating rate of 10º C/min in nitrogen 
atmosphere. (Communicated to Progress in Organic Coatings, Ref. 110, Elsevier) 

Sample name Tg (º C) 
epoxy 65.2 

epoxy+CsPC 75.1 
epoxy+CP 71.3 

epoxy + PCs4 69.2 

Table 7. Glass transition temperature (Tg) obtained after second heating. 

6.5.2. Electrochemical impedance spectroscopy (EIS) 

Impedance measurements were carried out in terms of Bode plots at open circuit conditions in 3.5% NaCl solution at 
room temperature (25 ± 3º C). The Bode plots obtained for epoxy coated (EC), chitosan/polypyrrole/SiO2 composite 
coated with different wt% loading in epoxy (CsPC1, CsPC2 and CsPC3), chitosan/polypyrrole composite (CP) coated 
and polypyrrole/SiO2 composite (PS) coated steel specimens are displayed in Figure 21. Bode plot is informative as it 
gives simultaneous measurement of modulus of impedance Z with respect to frequency. As shown in Figure 21, a high 
magnitude of impedance (Z) with a slope of -1 at frequency ~ 10 Hz, for the composite coated steel specimens 
specimens signify an excellent barrier property of the surface film and correspond to the less corrosive ions being in 
contact with the metal surface [123]. The respective region for the epoxy coated steel specimen shows a significantly less 
Z (Table 7) revealing its weak barrier property against corrosive ions. Further, the Bode plots show a resistive platue 
(horizontal line) in the low frequency region (< 1Hz). The total impedance (Z) in this region is mainly due to the 
impedance of the coating defects and can be considered as a measure of coating protectiveness [81, 124]. The magnitude 
of total impedance for coated specimens, CsPC1 and CsPC2 in this region is found to be four orders of magnitude higher 
as compared to the epoxy coated steel specimen (Table 7). Although, the Z values for specimen CP and PCs4 is almost 
three orders of magnitude higher as compared to epoxy coated steel (EC). But, Z values occur an order of magnitude 
less than the specimens CsPC1 and CsPC2. A much high magnitude of impedance for chitosan/polypyrrole/SiO2 
composite coated specimens shows the presence of surface film with superior corrosion resistance. However, the low 
value of impedance for epoxy coated steel is associated with the high defectiveness of the coating. Further, the 
capacitance of the coating (Cc) is an important parameter to evaluate the failure of the coating as it determines the extent 
of water uptake [106]. The capacitance of a coating is related to the magnitude of the impedance (|Z|) by the equation (3) 
is given in Table 7. The value of Cc is found to be least for specimen CsPC2 exhibiting the undamaged coating formed 
with 2.0 wt% loading of chitosan/polypyrrole/SiO2 composite in epoxy coating formulation. As expected, the highest 

60 80 100 120 140
-2.0

-1.6

-1.2

-0.8

-0.4

0.0

H
ea

t F
lo

w
 (m

W
)

Temperature (0 C)

epoxy 

epoxy + CsPC  

epoxy +CP 

epoxy + PCs4 

Figure 20. DSC thermograms of epoxy and epoxy with 2% loading of chitosan/polypyrrole/SiO2 (CsPC), chitosan/
polypyrrole composites (CP) and polypyrrole/SiO2 (PCs4) composite recorded after second heating, at a heating rate of
10° C/min in nitrogen atmosphere. (Communicated to Progress in Organic Coatings, Ref. 110, Elsevier)

Sample Name
Loading level

of polymer

Ecorr

(mV)

icorr

(A/cm2)

Rp

(KΩ)

Protection

Efficiency

(% P.E.)

EC ----- -582.49 8.45x10-7 31.87 ----

CsPC1 1.0 wt% 36.46 0.50x10-9 105580 99.96

CsPC2 2.0 wt% 20.75 0.24x10-9 156200 99.97

CsPC3 3.0 wt% -46.68 3.79x10-9 22632 99.85

PCs4 4.0 wt% 83.522 1.51x10-9 45310 99.92

CP 1.0 wt% -41.62 3.27x10-9 20580 99.84

Table 6. Different electrochemical parameters obtained by Tafel extrapolation in 3.5% NaCl solution.
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Sample name Tg (º C)

epoxy 65.2

epoxy+CsPC 75.1

epoxy+CP 71.3

epoxy + PCs4 69.2

Table 7. Glass transition temperature (Tg) obtained after second heating.

6.5.2. Electrochemical impedance spectroscopy (EIS)

Impedance measurements were carried out in terms of Bode plots at open circuit condi‐
tions in 3.5% NaCl solution at room temperature (25 ± 3° C). The Bode plots obtained for
epoxy coated (EC), chitosan/polypyrrole/SiO2 composite coated with different wt% loading
in  epoxy  (CsPC1,  CsPC2  and  CsPC3),  chitosan/polypyrrole  composite  (CP)  coated  and
polypyrrole/SiO2 composite (PS) coated steel specimens are displayed in Figure 21. Bode
plot is informative as it  gives simultaneous measurement of modulus of impedance |Z|
with respect to frequency. As shown in Figure 21, a high magnitude of impedance (|Z|)
with a slope of-1 at  frequency ~ 10 Hz,  for  the composite coated steel  specimens speci‐
mens signify an excellent barrier property of the surface film and correspond to the less
corrosive ions being in contact with the metal surface [123]. The respective region for the
epoxy coated steel  specimen shows a significantly less  |Z| (Table  7)  revealing its  weak
barrier  property  against  corrosive  ions.  Further,  the  Bode  plots  show a  resistive  platue
(horizontal  line)  in the low frequency region (< 1Hz).  The total  impedance (|Z|) in this
region is mainly due to the impedance of the coating defects and can be considered as a
measure of coating protectiveness [81, 124]. The magnitude of total impedance for coated
specimens, CsPC1 and CsPC2 in this region is found to be four orders of magnitude higher
as compared to the epoxy coated steel specimen (Table 7).  Although, the |Z| values for
specimen CP and PCs4 is almost three orders of magnitude higher as compared to epoxy
coated steel  (EC).  But,  |Z| values occur an order of  magnitude less than the specimens
CsPC1 and CsPC2. A much high magnitude of  impedance for chitosan/polypyrrole/SiO2

composite  coated specimens shows the presence of  surface film with superior  corrosion
resistance. However, the low value of impedance for epoxy coated steel is associated with
the  high  defectiveness  of  the  coating.  Further,  the  capacitance  of  the  coating  (Cc)  is  an
important parameter to evaluate the failure of the coating as it  determines the extent of
water  uptake  [106].  The  capacitance  of  a  coating  is  related  to  the  magnitude  of  the
impedance (|Z|) by the equation (3) is given in Table 7.  The value of Cc is found to be
least  for specimen CsPC2 exhibiting the undamaged coating formed with 2.0 wt% load‐
ing of chitosan/polypyrrole/SiO2 composite in epoxy coating formulation. As expected, the
highest value of Cc for epoxy coated specimens (EC) shows its greater electrolyte uptake
tendency. The observed results are in accordance with the Tafel polarisation results.
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Figure 21. Bode plots of epoxy coated (▲) and epoxy with 1.0 wt% (▼), 2.0 wt% (◆), 3.0 wt% (■) and polypyrrole/
SiO2 composite (*) coated mild steel specimens in 3.5% NaCl solution at room temperature (25+3°C). (Communicated
to Progress in Organic Coatings, Ref. 110, Elsevier)

Sample Name
Loading level

of polymer

|Z|

(KΩ cm2)

Cc

(F/cm2)

EC 0 % 7.55 2.1 x 10-4

CsPC1 1.0 wt% 76669 2.0 x 10-8

CsPC2 2.0 wt% 104200 1.5 x 10-8

CsPC3 3.0 wt% 16220 9.9 x 10-8

PCs4 4.0 wt% 14750 1.0 x 10-7

CP 1.0 wt% 16281 2.7 x 10-7

Table 8. Different electrochemical parameters extracted by EIS measurements in 3.5% NaCl solution.

6.6. Salt spray tests

Salt spray tests results are displayed in Figure 22. Figure shows the photographs of epoxy
coated (a) and epoxy with different wt% loading of polymer composites, CsPC1 (b), CsPC2
(c), CsPC3 (d), CP (e) and PCs4 (f) coated steel panels after exposure to salt spray fog for 65
days. Figure 22a clearly shows rusting throughout the scribe mark for epoxy coated steel panel.
The presence of rust and blisters indicates the loss of adherence of the epoxy coating during
prolong exposure to salt fog. The incorporation of chitosan/polypyrrole/SiO2 composites
(CsPC) in epoxy improve the corrosion resistance properties of the steel that can be noticed
from the photographs (Figure 22b-d). The epoxy with 1.0 and 2.0 wt% loading of CsPC coated
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Table 7. Glass transition temperature (Tg) obtained after second heating.
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epoxy coated (EC), chitosan/polypyrrole/SiO2 composite coated with different wt% loading
in  epoxy  (CsPC1,  CsPC2  and  CsPC3),  chitosan/polypyrrole  composite  (CP)  coated  and
polypyrrole/SiO2 composite (PS) coated steel specimens are displayed in Figure 21. Bode
plot is informative as it  gives simultaneous measurement of modulus of impedance |Z|
with respect to frequency. As shown in Figure 21, a high magnitude of impedance (|Z|)
with a slope of-1 at  frequency ~ 10 Hz,  for  the composite coated steel  specimens speci‐
mens signify an excellent barrier property of the surface film and correspond to the less
corrosive ions being in contact with the metal surface [123]. The respective region for the
epoxy coated steel  specimen shows a significantly less  |Z| (Table  7)  revealing its  weak
barrier  property  against  corrosive  ions.  Further,  the  Bode  plots  show a  resistive  platue
(horizontal  line)  in the low frequency region (< 1Hz).  The total  impedance (|Z|) in this
region is mainly due to the impedance of the coating defects and can be considered as a
measure of coating protectiveness [81, 124]. The magnitude of total impedance for coated
specimens, CsPC1 and CsPC2 in this region is found to be four orders of magnitude higher
as compared to the epoxy coated steel specimen (Table 7).  Although, the |Z| values for
specimen CP and PCs4 is almost three orders of magnitude higher as compared to epoxy
coated steel  (EC).  But,  |Z| values occur an order of  magnitude less than the specimens
CsPC1 and CsPC2. A much high magnitude of  impedance for chitosan/polypyrrole/SiO2

composite  coated specimens shows the presence of  surface film with superior  corrosion
resistance. However, the low value of impedance for epoxy coated steel is associated with
the  high  defectiveness  of  the  coating.  Further,  the  capacitance  of  the  coating  (Cc)  is  an
important parameter to evaluate the failure of the coating as it  determines the extent of
water  uptake  [106].  The  capacitance  of  a  coating  is  related  to  the  magnitude  of  the
impedance (|Z|) by the equation (3) is given in Table 7.  The value of Cc is found to be
least  for specimen CsPC2 exhibiting the undamaged coating formed with 2.0 wt% load‐
ing of chitosan/polypyrrole/SiO2 composite in epoxy coating formulation. As expected, the
highest value of Cc for epoxy coated specimens (EC) shows its greater electrolyte uptake
tendency. The observed results are in accordance with the Tafel polarisation results.
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Figure 21. Bode plots of epoxy coated (▲) and epoxy with 1.0 wt% (▼), 2.0 wt% (◆), 3.0 wt% (■) and polypyrrole/
SiO2 composite (*) coated mild steel specimens in 3.5% NaCl solution at room temperature (25+3°C). (Communicated
to Progress in Organic Coatings, Ref. 110, Elsevier)

Sample Name
Loading level

of polymer

|Z|

(KΩ cm2)

Cc

(F/cm2)

EC 0 % 7.55 2.1 x 10-4

CsPC1 1.0 wt% 76669 2.0 x 10-8

CsPC2 2.0 wt% 104200 1.5 x 10-8

CsPC3 3.0 wt% 16220 9.9 x 10-8

PCs4 4.0 wt% 14750 1.0 x 10-7

CP 1.0 wt% 16281 2.7 x 10-7

Table 8. Different electrochemical parameters extracted by EIS measurements in 3.5% NaCl solution.

6.6. Salt spray tests

Salt spray tests results are displayed in Figure 22. Figure shows the photographs of epoxy
coated (a) and epoxy with different wt% loading of polymer composites, CsPC1 (b), CsPC2
(c), CsPC3 (d), CP (e) and PCs4 (f) coated steel panels after exposure to salt spray fog for 65
days. Figure 22a clearly shows rusting throughout the scribe mark for epoxy coated steel panel.
The presence of rust and blisters indicates the loss of adherence of the epoxy coating during
prolong exposure to salt fog. The incorporation of chitosan/polypyrrole/SiO2 composites
(CsPC) in epoxy improve the corrosion resistance properties of the steel that can be noticed
from the photographs (Figure 22b-d). The epoxy with 1.0 and 2.0 wt% loading of CsPC coated
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steel panels exhibit a less corrosion along the scribe mark (Figure 22b and c). However, the
corrosion near scribe mark is visible for steel panels coated with epoxy with 3.0 % loading of
CsPC (Figure 22d). The results clearly show that the epoxy powder coating formulations
incorporating chitosan/polypyrrole/SiO2 composites are very effective in preventing corrosion
and blistering near the scribe mark when exposed to environmental conditions of high
humidity and high salt content. Extended corrosion is noticed for steel panel coated with epoxy
with chitosan/polypyrrole composite exhibiting the less protective nature of surface film
(Figure 22e). The appreciable high Ecorr noticed for steel coated with epoxy with 4.0 % loading
of polypyrrole/SiO2 composite (PS) is supported by less extended corroded area along the
scribe mark (Figure 22f). Amongst all, the remarkably high corrosion protection of chitosan/
polypyrrole/SiO2 composite coatings is due to the protection offered by chitosan and poly‐
pyrrole present in the coating system. The film forming tendency of chitosan and passive layer
formation of polypyrrole acts as a physical barrier between metal and electrolyte. On the other
hand, SiO2 particles as filler in chitosan/polypyrrole matrix provide mechanical integrity and
reduce the degradation of polymer composite coating under corrosive conditions.

Figure 22. Photographs of (a) epoxy coated and epoxy with (b) 1.0 wt%, (c) 2.0 wt%, (d) 3.0 wt% loading of chitosan/
polypyrrole/SiO2, (e) chitosan/polypyrrole and (f) polypyrrole/SiO2 composite coated mild steel specimens exposed to
salt spray fog after 65 days. (Communicated to Progress in Organic Coatings, Ref. 110, Elsevier)
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7. Conclusions

In present study, corrosion resistance of mild steel specimens coated with conventional epoxy
coating and epoxy with different wt% loading of polypyrrole/SiO2 and chitosan/polypyrrole/
SiO2 composites were evaluated by means of Tafel extrapolation, electrochemical impedance
spectroscopy and salt spray tests in highly corrosive conditions. The electrochemical meas‐
urements and salt spray tests suggest that mild steel specimens coated with epoxy coatings
with polypyrrole/SiO2 composites (PCs) makes a remarkable improvement in the corrosion
resistance properties as compared to conventional epoxy coatings. The corrosion protection
efficiency (% P.E.) increases with the increase of percentage loading of PCs in epoxy resin. A
maximum P.E. of 99.95 % is achieved for coating with 3.0 wt% loading of PCs, thereafter, it
reduced slightly for coating with 4.0 wt% loading of PCs. The incorporation of chitosan (boi-
polymer) in the polypyrrole/SiO2 system further improves the corrosion resistance of the steel
specimens. Corrosion protection efficiency (%P.E.) of 99.97 is achieved for the 2 wt% loading
of chitosan/polypyrrole/SiO2 composites in the epoxy resin. The salt spray test results show a
highly extended corroded area along the scribe mark for the epoxy coated steel panel. Whereas,
presence of polymer composites (polypyrrole/SiO2 and chitosan/polypyrrole/SiO2) in the
epoxy system appears to inhibit the extended corrosion as almost no corrosion or blistering is
noticed for the mild steel specimen coated with epoxy with polymer composites. The above
results reveal that the synthesized polymer composites interacts with the epoxy resin to form
well adherent, high quality, superior anti corrosive coatings on mild steel surface using powder
coating technique.
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steel panels exhibit a less corrosion along the scribe mark (Figure 22b and c). However, the
corrosion near scribe mark is visible for steel panels coated with epoxy with 3.0 % loading of
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incorporating chitosan/polypyrrole/SiO2 composites are very effective in preventing corrosion
and blistering near the scribe mark when exposed to environmental conditions of high
humidity and high salt content. Extended corrosion is noticed for steel panel coated with epoxy
with chitosan/polypyrrole composite exhibiting the less protective nature of surface film
(Figure 22e). The appreciable high Ecorr noticed for steel coated with epoxy with 4.0 % loading
of polypyrrole/SiO2 composite (PS) is supported by less extended corroded area along the
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polypyrrole/SiO2 composite coatings is due to the protection offered by chitosan and poly‐
pyrrole present in the coating system. The film forming tendency of chitosan and passive layer
formation of polypyrrole acts as a physical barrier between metal and electrolyte. On the other
hand, SiO2 particles as filler in chitosan/polypyrrole matrix provide mechanical integrity and
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resistance properties as compared to conventional epoxy coatings. The corrosion protection
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maximum P.E. of 99.95 % is achieved for coating with 3.0 wt% loading of PCs, thereafter, it
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1. Introduction

1.1. SECM as a tool for multi-purpose characterisation of materials

The first papers related to the scanning electrochemical microscopy (SECM) were published
in the nineties of the 20th century [1, 2]. This technique is based on the scanning of the studied
surface by ultramicroelectrode (UME) and electrochemical analysis of surface [1]. Such
technique gives us an electrochemical picture of the surface. SECM employs an UME probe
(tip) to induce chemical changes and collect electrochemical information while approaching
or scanning the surface of interest (substrate). The substrate may also be biased and serves as
the second working electrode. Many different types of UMEs have been fabricated, e.g.,
microband electrodes, cylindrical electrodes, microrings, disk-shaped, and hemispherical
electrodes [3]. The disk geometry of the UME is the most preferred design from many reasons
discussed below. UME is the most important part of the electrochemical microscope, which
determines the results of scanning. Electrodes in micro or nano dimensions offer important
advantages for electroanalytical applications including greatly diminished ohmic potential
drop in solution and double-layer charging current, the ability to reach a steady state in seconds
or milliseconds, and a small size allowing make experiments in microscopic dimensions [4].

SECM requires minimal sample preparation than other spectroscopy techniques (e.g. fluores‐
cence or electron microscopy). Another advantage is that the evaluation of image outputs can
be numerically modelled, allowing to obtain information and analysis the reaction kinetics.

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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1. Introduction
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SECM requires minimal sample preparation than other spectroscopy techniques (e.g. fluores‐
cence or electron microscopy). Another advantage is that the evaluation of image outputs can
be numerically modelled, allowing to obtain information and analysis the reaction kinetics.
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Therefore, it is possible to study effectively both material characteristic and biological prop‐
erties [4]. Due to the non-destructive measurement method, experiments can be successfully
repeated several times. The SECM surface scanning is connected with one major risk of damage
to the scanning electrodes or the studied surface due to distance between the tip and surface
interference. This distance should be optimized and the probe or a tip should be held at a
constant height above the surface during measurement. Analysed surface can act as a second
working electrode and therefore four electrodes configuration is used in SECM [5].

Application of SECM is very wide and allows studying various structures and processes in
micro and submicrometer-sized systems [5-7]. The target of detection could be electron, ion,
and molecule transfers, and other reactions at solid-liquid, liquid–liquid, and liquid-air
interfaces. In recent years the study of nanoparticles and its application rapidly has been
increasing [8]. The SECM study of nanoparticles increases rapidly too because the surface
modification by this nanoparticles brings many positives and allows to open the whole new
research area [8]. The wide range of SECM applications allows to investigate a wide variety of
processes, corrosion of metals, characterization of materials, membrane and enzymatic
reactions, photosynthesis, DNA hybridization and metabolism in single living cells [4]. This
direction has had the great influence for the increase of published papers related to the SECM
technique since the year 1995 (approximately) [2]. The bio-applications of SECM are one of the
most developed areas in the recent years and the usage of nanoparticles in this area is very
widespread [4, 8, 9].

1.2. Measuring modes and principles of SECM

Although the theory of SECM measurements has been described in many books and reviews,
we still consider beneficial to present here the short overview of this. At first, Figure 1 shows
a schematic diagram of the basic SECM instrument. An UME tip is attached to a 3D piezo
positioner controlled by a computer, which is also used for data acquisition. A bi-potentiostat
controls the potentials of the tip and/or the substrate versus the reference electrode and
measured tip and substrate currents are in pA and sub-pA orders. 10 pA is the lowest detectable
current, the maximum is at 250 mA. Measured current resolution is 0.0015% of current range
(minimum 0.3 fA). These informations are related to the model ChInstrument 920D which is
shown on Figure 2. Usually detected currents are in pico or nano amper order. The most SECM
measurements take place in feedback (FB) or generation/collection (GC) modes [4, 10, 11].

The feedback mode usually uses the ultramicroelectrode (UME), which serves as a working
electrode in a three or four-electrode system. The four electrode system is completed with a
sample (substrate) that serves as a second working electrode. The electrodes are immersed in
a solution containing redox mediator. Specifically, one redox form of a quasi-reversible redox
couple. In the following discussion it is assumed that the reduced form R is added, although
the same explanations hold for the addition of the oxidized form O of the mediator if the
reaction directions are reversed.
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Figure 1. Scheme of SECM instrumentation. The basic parts are as follows: a piezo positioner and a controller of the
UME, a bi-potentiostat and PC (with measuring software). The UME scans the substrate surface due to moving the
UME by the piezo positioner. The system can work in a three- or four-electrode setup (with connected second working
electrode).

Figure 2. Real picture of measurement apparatus ChInstruments 920D. (A) The overview of the whole electrochemical
cell with support. (B) The detail image of the electrochemical cell with connected electrodes.

In the simplest case, the UME is inserted only in mediator solution, a potential is applied to
the tip, and diffusion-controlled conversion of the mediator occurs according to equation as it
follows:
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and thus a steady-state faradaic current iT∞ could be detected. This situation is necessary to
understand as the limiting case where the distance d of the tip from the substrate electrode is
infinite (Fig 3A). If the UME is in proximity with substrate electrode and this is an insulator,
the surface hinders the diffusion of R towards the UME (Fig 3B) and the faradaic current iT

decreases. Such situation is named as a negative feedback. The opposite situation is the positive
feedback, which differs by conducting substrate where heterogeneous reaction takes place.
This reaction regenerates the R by electrochemical conversion and thus the new reagent source
becomes available (Fig 3C). From this reason iT increases, especially with respect to the
dependence iT (d) [2, 5, 12].

Figure 3. Scheme of feedback mode of the SECM operation. (A) The UME tip is far from the substrate and the tip reac‐
tion is caused just form species R from the solution. (B) Negative feedback: the insulating substrate averts the regener‐
ation of species O and diffusion of R to the tip. (C) Positive feedback: species R is regenerated at the substrate and the
electrochemical loop is closed.

Generation/collection mode differs from feedback mode in one important thing, the presence
of the mediator is solution. This mode works in a solution that does not initially contain any
substance that can be converted at the UME at a potential ET. In the generation/collection
(G/C) mode, both tip and substrate can be used as working electrodes. One working electrode
generates some species, which are collected at the other electrode. The G/C mode is more
sensitive because the background signal is very weak [2, 12].

If an oxidizable or reducible substance is formed on the surface of substrate, this compound
can be detected at the UME if it is located close to the active region (Fig 4A). From such
description it is obvious the name of the mode, sample-generation/tip-collection (SG/TC)
mode. When the tip is moved through the thick diffusion layer produced by the substrate, the
changes in iT reflect local variations of concentrations of redox species. The collection efficiency
in SG/TC mode is much lower than that in the TG/SC mode, and the true steady state can be
achieved only by using a micrometer-sized substrate. Other disadvantages of this mode are
the high sensitivity to noise and the difficulty in controlling the tip/substrate separation
distance [2, 12].
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Figure 4. Scheme of SG/TC mode (A) and TG/SC mode (B). (A) O is electrogenerated on the substrate surface and
collected at the tip. The tip and substrate currents are recorded in both cases. (B) The tip generates species O by oxida‐
tion of R in solution; O diffuses toward the substrate and is reduced back to R.

The application of the contrary processes leads to the creation of the tip-generation/sample-
collection (TG/SC) (Fig 4B). In the TG/SC mode experiments, the tip generates an electro-active
species that diffuses across the tip/substrate gap to react on the surface of substrate. A TG/SC
experiment includes simultaneous measurements of both tip and substrate currents (iT and iS).
For a one-step heterogeneous electron transfer (ET) reaction at steady state, these quantities
are almost identical if d is not very large. Under these conditions, the tip-generated species R
predominantly diffuse to the large substrate, rather than escape from the tip-substrate gap.
For a process with a coupled homogeneous chemical reaction, there may be large differences
between iS and iT. If the reaction is slow, the process is diffusion-controlled, and is/iT → 1 at
short separation distances. For the other hand if homogeneous reaction is very fast, most
species R get converted to the electro-inactive product before reaching the substrate and hence,
the very low substrate current is detected, is/iT → 0. Between these two extremes, the homoge‐
neous kinetics can be determined by measuring the collection efficiency as a function of d.

As it is obvious in analytical chemistry, connection of various analytical methods to the one
sample detection is very popular. Combination of methods allows the new view on the
samples. SECM does not stand out of this direction. Studying of surface structures and
dynamics is possible due to combination of SECM with other analytical methods. A number
of analytical techniques have been combined with SECM [2, 7, 9, 11-17] including near-field
scanning optical microscopy (NSOM), surface plasmon resonance (SPR), electrochemical
quartz crystal microbalance (EQCM), fluorescence spectroscopy (FS), electrogenerated
chemiluminescence (ECL), electrochemical scanning tunnelling microscopy (ESTM) and
atomic force microscopy (AFM) [2]. Among above mentioned methods there are two last which
would be useful to describe more. Scanning tunnelling microscopy (STM) is based on the
concept of quantum tunnelling. When a conducting tip is brought very near to the surface to
be examined, a bias (voltage difference) applied between the two can allow electrons to tunnel
through the vacuum between them. The resulting tunnelling current is a function of tip
position, applied voltage, and the local density of states of the sample [18, 19]. The extension
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of STM with electrochemical detection leads to the electrochemical scanning tunnelling
microscopy (ESTM) as a powerful new technique for detailed structural and topographical
characterization of electrode/electrolyte interfaces. Knowledge of surface structures could be
crucial to the understanding of electrochemical processes that are taking place at the electrode
surface [18, 19].

Opposite this, the most widely used hybrid method is AFM-SECM. The atomic force micro‐
scope maps the topography of a substrate with nanometer vertical resolution by monitoring
the interaction force between the sample and a sharp tip, which is attached to the end of a
cantilever. AFM methodology is often used to provide a feedback mechanism for height
control in scanning near-field optical microscopy. For samples that show variations in both
reactivity and topography, it is difficult to resolve these two components with conventional
SECM fixed height measurements. The strength of the AFM-SECM combination is in its
positioning capabilities and simultaneous possibility of electrochemical detection [20]. Using
the AFM mode, one can position a submicrometer-sized tip near the substrate surface and keep
a constant tip-substrate distance during the surface raster. Maintaining a constant distance
between the tip and the substrate is essential for avoiding tip crashes and the damage to sample
during the imaging of a substrate with non-uniform surface reactivity and/or complex
topography.

2. Modification of gold electrode

2.1. Self-Assembled Monolayer (SAM)

Self-assembled monolayers (SAMs) are highly ordered molecular assemblies formed by the
adsorption of an active surfactant on a solid surface. Understanding and controlling long-range
electron transfer across such molecular assemblies are important for the development of
technological systems such as molecular electronics and sensors. The most common SAMs are
n-alkanethiols adsorbed on gold by Au–S linkage. The manipulation of individual alkane‐
thiolate by SECM [15] is mainly based on regeneration of a gold surface either by electro‐
chemically initiated removal of the chemisorbed thiolate from the gold surface (Eq. 2) or by
oxidative decomposition (Eq. 3).

- -AuSR + e Au0 + RS¾¾® (2)

- - +
2 2AuSR + 2H O Au0 + RSO + 3e + 4H  ¾¾® (3)

The way of preparing the SAMs on metal surface is an immersion of freshly prepared or clean
metal electrodes into a dilute solution of alkanethiols for several hours at room temperature.
Many authors deal with the optimization of this procedure related to the best reproducibility
of the produced SAMs [21]. The most frequently studied alkanethiol compounds with different
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features presented in literature are as it follows: n-alkanethiol; α,ω-alkanedithiol; ω-mercap‐
toalkanol; ω-mercaptoalkane carboxylic acid; ω-mercaptoalkane amino acid [22]. Application
of other types of thiols such as aromatic compounds is possible too [22]. Because the metal–
sulphur bond is stable between thiols and metal surface, the way for the modification of metal
surfaces with organic monolayers could be easily modified with any particular molecule that
is firstly thiol-derived and then attached to the metal surface [23].

The formation of a SAM is often depicted in schemes as uniformly aligned molecules on a flat
surface. However, it has been recognized that a wide variety of defects are possible such as
pinholes, collapsed sites, islands, and domains [24]. Typically, the first assumption is that the
metallic surface, upon which the SAM is formed, is uniformly flat. Scanning techniques show
a variety of features such as terraces, steps, and crystalline boundaries. The choice of electrode
metal is an important factor in determining the SAM integrity. A second assumption is that
the organic molecules of the SAM align uniformly. The tilt angle of alkane thiols can cause
significant variation in the monolayer packing [25].

SECM has almost been used for studying the structure of alkane thiols, because SECM signals
respond very sensitively to defects in the monolayer. A defect-free monolayer passivates the
gold electrode so strongly that it behaves like an insulator in SECM. No passivation occurs at
defects, and results as high currents. Application of nanometer-sized electrodes showed that
direct electron transfer through the layer, rather than electron transfer at the defects, was
dominant and the size of the defects was 1–100 nm [26].

Model for electron transfer at self-assembled monolayers measured by scanning electrochem‐
ical microscopy has been suggested by Liu and Bard, et al. [27]. The developed models were
used to measure independently the electron transfer rates mediated by monolayer-attached
redox moieties and a direct electron transfer through the film as well as the rate of a bimolecular
electron transfer reaction between the attached and dissolved redox species.

When the monolayer absorbed on the substrate contains an electroactive group, the regener‐
ation of the mediator occurs via a bimolecular reaction with these surface-bound redox centres
with a rate constant kBI. The rate of the tunnelling ET is governed by the relative contributions
from the forward and backward reactions, kf and kb, which are both dependent on the value of
substrate potential Es. If bimolecular ET reaction is irreversible and the electron tunnelling
through the monolayer is quasi-reversible, the effective rate constant obtained from fitting an
experimental approach curve to theory is keff. After some approximations and limited condi‐
tions presented in [17] the one important result is formed as follows: the concentration and
potential will not affect keff and the overall rate of ET is limited by the bimolecular ET rate
constant, kBI.

Forming of SAMs on the surface of substrate electrode is one of the most applied procedures
in SECM techniques. The great advance of this lies in the immobilisation of target molecules
and possibility of creating the surface electrochemical image. Application of SAMs systems in
SECM measurements have many utilizations as the study of electron transfer through the
creating monolayer [27-32], investigation of various functionalizations of the SAMs parts [33,
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34], monitoring the adsorption/desorption processes [35, 36] and interactions between
monolayer and target molecules [37].

2.2. Paramagnetic particles

Paramagnetic particles are usually used as an isolation tool in biological applications [38]. Its
specificity is related with the paramagnetic properties of the metal core, which reacts on
external magnetic field and the other specificity is caused by the surface modification.
Connection of SECM detection with nanoparticles, in general, leads to the generation of the
one basic problem. What is the measured signal? It is the signal of individual particles, or the
average signal of the layer? The most application leads to the second variant. However, some
authors focused on the detection of single particle [8]. Quinn et al. [39] reported one of the first
uses of SECM to investigate the properties of metal NPs. They followed the compression of a
monolayer of monodisperse thiol-capped AgNPs as the investigating of NP-film conductivity
changes with particle interdistance. Tel-Vered and Bard [40] used SECM for the first time to
synthesize and to characterize a single particle on a conductive carbon support. Using this
approach, they avoided the problems arising from multi-NP synthesis (e.g., narrow size
distribution, surface agglomeration, occurrence of lattice defects, and poisoning of the metal
by impurities).

Usage of paramagnetic particles in SECM techniques is focused on the improvement of the
binding of bio-compound(s) (enzymes, antibodies, etc.) onto the electrode surface [8]. Direct
connection of bio-compounds with electrode surface is very often disrupted by many phe‐
nomena as follows: loss of biochemical activity, nonspecific binding, blocking of the electrode
surface, and regeneration of the sensing surface [41]. Application of paramagnetic particles
onto the electrode surface with subsequent SECM detection has been presented by some
authors as it follows.

Wijayawardhana, C. A. and Wittstock, G. et al. [41, 42] present miniaturized sandwich enzyme
immunoassay for the model analyte mouse-IgG. After capturing mouse IgG by the primary
anti-IgG antibody (Ab) coupled with magnetic particles, a second anti-IgG Ab conjugated to
an enzyme-label (alkaline phosphatase – ALP) is bound to the analyte. ALP catalyses the
hydrolysis of 4-aminophenyl phosphate (PAAP). Platinum microelectrode scans surface over
the beads domains and detect product of hydrolysis, 4-aminophenol, by oxidation. The scheme
is presented in Fig. 5.

The other Wittstock’s cooperation, this time with Zhao C. [43, 44], was focused on the system
based on the activity of glucose dehydrogenase (GDH). This enzyme was chosen because of
its high activity and independence of dissolved oxygen in the sample catalysing the transfer
of electrons from glucose to an electron mediator. Biotinylated glucose dehydrogenase was
bound to streptavidin-coated paramagnetic beads, which were located on a hydrophobic
surface. The catalytic activity of immobilized GDH was mapped in SECM feedback mode and
generation-collection mode using ferrocenemethanol, ferrocenecarboxylic acid, p-aminophe‐
nol, and ferricyanide as electron mediators, respectively [44].
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Figure 5. The principle of detection with magnetic beads combined with enzyme reaction. The surface of the bead is
coated with primary antibody that has accessible Fab groups responsible for binding the analyte. The label alkaline
phosphatase (ALP) is attached to the captured analyte as a conjugate with the second Ab. The ALP catalyses the con‐
version of redox inactive 4-aminophenyl phosphate (PAPP) in solution to the redox active p-aminophenol (PAP) not
presented in the bulk of the solution. The faradaic current at the tip, iT, is caused by the oxidation of PAP to the qui‐
none imine (QI). A quasi-stationary and hemispherical diffusion of PAP can be expected over the beads.

2.3. Quantum dots

Other kinds of NPs widely used as labels for determination of proteins and DNA are semi‐
conductor nanocrystals, quantum dots (QDs). Efficient methods for the preparation of
quantum dots and their functionalization with biomaterials have been recently developed [45].
These nanoparticles are applied for labelling of biomaterials in biorecognition processes (e.g.,
DNA sensing) [46]. In generally, the QDs are employed as an electro sensitive label and
detected by various voltammetry techniques, almost by differential pulse voltammetry [8].
Connection of QDs with SECM method is very outstanding. However, several works are
presented in this area of research as follows. Morphological analysis of PbSe was shown by
Zimin, S., et al. [47]. They investigated the morphology of the surface of PbSe/CaF2/Si(111)
epitaxial structures after anodic electrochemical etching. Two possible morphological types of
PbSe nanostructured surficial porous layers were distinguished. Agglomerated nanoislands
with 80-400 nm lateral sizes and 70 nm average separating gaps were observed for the anodized
films with initial flat terraced surface. Liu, G. J. group [48] presents the investigation of
semiconductor photocatalyst - quaternary-alloyed ZnxCd1-xSySe1-y, by SECM. The photo‐
electrochemical properties were evaluated by scanning electrochemical microscopy in the
photoelectrochemical mode using an optical fibre tip attached to a Xe lamp as an excitation
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its high activity and independence of dissolved oxygen in the sample catalysing the transfer
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Zimin, S., et al. [47]. They investigated the morphology of the surface of PbSe/CaF2/Si(111)
epitaxial structures after anodic electrochemical etching. Two possible morphological types of
PbSe nanostructured surficial porous layers were distinguished. Agglomerated nanoislands
with 80-400 nm lateral sizes and 70 nm average separating gaps were observed for the anodized
films with initial flat terraced surface. Liu, G. J. group [48] presents the investigation of
semiconductor photocatalyst - quaternary-alloyed ZnxCd1-xSySe1-y, by SECM. The photo‐
electrochemical properties were evaluated by scanning electrochemical microscopy in the
photoelectrochemical mode using an optical fibre tip attached to a Xe lamp as an excitation
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source. The spot with a precursor composition Zn 0.3 Cd 0.7 S 0.8 Se 0.2 (elemental ratio,
1:2.12:1.75:0.81) showed the highest photocurrent under 150 W Xe lamp irradiation.

It is obvious from the above mentioned application that connection of QDs with SECM is very
unusual and disparity in application point of view. This research area forms the big unexplored
and perspective potential for the further investigation.

2.4. Gold nanoparticles

Creation of the small specific modified area on the gold surface is possible due to modification
of the gold nanoparticles instead of the modification of the whole surface of the substrate
electrode. This way can offer specific modification in the small dimensions. The other impor‐
tant reason for the application of nanoparticles lies in the fact that, whilst the bulk material is
incredibly inert, nanostructured gold can exhibit exceptional catalytic activity [49].

Application of gold nanoparticles is obviously affected by many conditions. The most
important are the size and the shape of the particles. The size effect has been clearly presented
by Wain, A. J. [50]. In this work the influence of particle size on the electrocatalytic behaviour
of commercially available spherical gold nanoparticles (AuNPs) is demonstrated. The experi‐
ment focused on the oxygen reduction reaction (ORR) and the electrooxidation of hydrogen
peroxide using redox competition and tip collection modes. For both reactions studied the
electrocatalytic activity, normalized to surface area, was observed the increase with decreasing
particle diameter in the range 5-50 nm. It is necessary to connect this result with the role of
mass transport on the observed particle size effects. A 50 nm AuNP has a surface area 100 times
greater than a 5 nm AuNP. Therefore, for a fixed surface area, a spot consisting of 50 nm AuNP
has a factor of 100 fewer particles than a spot consisting of 5 nm AuNPs. However, under
conditions of convergent diffusion, the mass transport limited flux to a 50 nm particle is ten
times greater than to a 5 nm particle. Taking these two factors into account, the total flux to a
spot of 5 nm particles is expected to be ten times greater than to a spot of 50 nm particles which,
under mass transport limited conditions, could lead to an enhancement in the apparent
electrocatalytic activity.

Influence of the shape of the gold particles was investigated by Sanchez-Sanchez, C. M. et al. [51].
The authors used three types of nanoparticles: semi-spherical particles with a particle size of
3.1±0.46 nm, cubic shaped (≈ 85%) particles in dimension 43.8±1.1 nm and short nanorods with
an average width of 10.9±1.2 nm and length of 42.9±5.3 nm. The influence of the nanoparticle
shape was investigated through the electrocatalytic activity for the ORR. The results demon‐
strate that cubic gold NPs are the most active towards ORR in 0.1M NaOH, followed by the
spherical gold NPs and, finally, by the short gold nanorods.

The same authors investigated the influence of platinum nanoparticles on the ORR [52]. They
employed TG/SC mode to study ORR on shape-controlled Pt nanoparticles. The catalytic
activities of four types of Pt nanoparticles, spherical, cubic, hexagonal, and tetrahedral/
octahedral, were compared. Hexagonal particles exhibited the highest activity towards ORR
in acid electrolytes.

As it is presented above, the influence of the size and shape was investigated through the
electrocatalytic measurements - the aqueous phase oxygen reduction reaction (ORR). The ORR
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on gold can take place via a 2-electron pathway yielding hydrogen peroxide or a 4-electron
route generating water. The reaction mechanism and kinetics are known to be structure
sensitive. On Au(1 0 0) single crystal surfaces the 4-electron mechanism dominates, on Au(1 1
1) and Au(1 1 0) the 2-electron mechanism is more significant. The activity of these facets is
known to decrease in the order Au(1 0 0) > Au(1 1 0) > Au(1 1 1) [53, 54]. Therefore by changing
the relative proportions of these low index planes present on the surface of AuNPs one can
essentially tune their ORR electrocatalytic activity [50, 55]. This is in agreement with above-
mentioned experiment comparing various types of nanoparticle shape. It has been concluded
that the highest activity is for the cubic structure where the faces of the cube is oriented along
the (1 0 0) direction, in all cases, which is in agreement with the theoretical symmetry expected
for a cube.

The very good example of the SECM study of gold nanoparticles (and theirs modification) was
presented by Huang et al. [56]. They show the combination of AFM and SECM methods for the
detection of individual ∼20 nm sized gold nanoparticles. The scheme is shown in Fig. 6. The
physical and electrochemical properties of functionalized particles by redox-label PEG chains
were studied. The redox PEGylated nanoparticles were assembled onto a gold electrode
surface, forming a random nanoarray, and interrogated in situ by a combined AFM-SECM
nanoelectrode probe. In so-called mediatortethered (Mt) mode, AFM-SECM affords the
nanometer resolution required for resolving the position of individual nanoparticles and
measuring their size, while simultaneously electrochemically directly contacting the redox-
PEG chains they bear.

Figure 6. Combination of atomic force and electrochemical scanning microscopy (AFM-SECM) is presented as an ana‐
lytical tool for simultaneous study of the physical and electrochemical properties of individual ≈ 20 nm sized gold
nanoparticles functionalized by redox-labelled PEG chains. The measurements were done in a 0.1 M pH 6 citrate buf‐
fer solution. The tip was biased at a potential of Etip = +0.3 V/SCE, while a potential of Esub = -0.1 V/SCE was applied to
the substrate.
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source. The spot with a precursor composition Zn 0.3 Cd 0.7 S 0.8 Se 0.2 (elemental ratio,
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of the gold nanoparticles instead of the modification of the whole surface of the substrate
electrode. This way can offer specific modification in the small dimensions. The other impor‐
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has a factor of 100 fewer particles than a spot consisting of 5 nm AuNPs. However, under
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times greater than to a 5 nm particle. Taking these two factors into account, the total flux to a
spot of 5 nm particles is expected to be ten times greater than to a spot of 50 nm particles which,
under mass transport limited conditions, could lead to an enhancement in the apparent
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strate that cubic gold NPs are the most active towards ORR in 0.1M NaOH, followed by the
spherical gold NPs and, finally, by the short gold nanorods.

The same authors investigated the influence of platinum nanoparticles on the ORR [52]. They
employed TG/SC mode to study ORR on shape-controlled Pt nanoparticles. The catalytic
activities of four types of Pt nanoparticles, spherical, cubic, hexagonal, and tetrahedral/
octahedral, were compared. Hexagonal particles exhibited the highest activity towards ORR
in acid electrolytes.
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sensitive. On Au(1 0 0) single crystal surfaces the 4-electron mechanism dominates, on Au(1 1
1) and Au(1 1 0) the 2-electron mechanism is more significant. The activity of these facets is
known to decrease in the order Au(1 0 0) > Au(1 1 0) > Au(1 1 1) [53, 54]. Therefore by changing
the relative proportions of these low index planes present on the surface of AuNPs one can
essentially tune their ORR electrocatalytic activity [50, 55]. This is in agreement with above-
mentioned experiment comparing various types of nanoparticle shape. It has been concluded
that the highest activity is for the cubic structure where the faces of the cube is oriented along
the (1 0 0) direction, in all cases, which is in agreement with the theoretical symmetry expected
for a cube.

The very good example of the SECM study of gold nanoparticles (and theirs modification) was
presented by Huang et al. [56]. They show the combination of AFM and SECM methods for the
detection of individual ∼20 nm sized gold nanoparticles. The scheme is shown in Fig. 6. The
physical and electrochemical properties of functionalized particles by redox-label PEG chains
were studied. The redox PEGylated nanoparticles were assembled onto a gold electrode
surface, forming a random nanoarray, and interrogated in situ by a combined AFM-SECM
nanoelectrode probe. In so-called mediatortethered (Mt) mode, AFM-SECM affords the
nanometer resolution required for resolving the position of individual nanoparticles and
measuring their size, while simultaneously electrochemically directly contacting the redox-
PEG chains they bear.

Figure 6. Combination of atomic force and electrochemical scanning microscopy (AFM-SECM) is presented as an ana‐
lytical tool for simultaneous study of the physical and electrochemical properties of individual ≈ 20 nm sized gold
nanoparticles functionalized by redox-labelled PEG chains. The measurements were done in a 0.1 M pH 6 citrate buf‐
fer solution. The tip was biased at a potential of Etip = +0.3 V/SCE, while a potential of Esub = -0.1 V/SCE was applied to
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The nanoparticle acts both as a scaffold and as a nano-electrode, mediating electron transfer
between the underlying gold substrate and the redox labels of the PEG. The AFM-SECM probe
is brought in “molecular” contact with the macromolecular PEG layer covering the nanopar‐
ticle. The tip and substrate are biased so that the redox label is alternatively oxidized at the tip
and re-reduced at the substrate. The tip was biased at a potential of Etip = +0.3 V/SCE, while a
potential of Esub = -0.1 V/SCE was applied to the substrate in 0.1 M citrate buffer. This redox
cycling generates a specific tip electrochemical current whose intensity depends on the (time-
averaged) tip-substrate distance, the Brownian dynamics of the PEG, and the local surface
concentration in PEG [56]. The use of tapping mode allows the tip-substrate distance to be
fixed so that the tip current specifically probes the presence of the labelled molecule and its
surface concentration (coverage) on the nanoparticle. The dual measurement of the size and
current response of single nanoparticles uniquely allows the statistical distribution in grafting
density of PEG on the nanoparticles that was determined and correlated to the nanoparticle
diameter.

3. Electrochemical imaging

3.1. Characterizing of molecules and their interactions

Scanning electrochemical microscopy is the useful tool for the investigation of the electro-
behaviour of micro and nano objects. The wide range of applications is possible; for the
simplicity, it is divided into several fields of research as follows: characterization of entities,
measurement of charge and mass transport, biochemical processes, reaction kinetics, energy
measurement, and degradation processes [2, 4, 12]. Each presented direction of the research
can be further divided into the subunits. The first mentioned area, characterization of entities,
could be divided in point of view of the material background, size of detected objects,
physicochemical properties, reactivity etc. Interaction phenomenon is closely connected with
characterization of entities, on which participates almost at least one biocompound (oligonu‐
cleotide, protein, enzyme, antibodies, lipids or the whole cell).

3.1.1. DNA

The first SECM images of DNA were reported by Guckerberger et al. in 1994. Since this point
much progress has been made and the advance to the development of the fabrication techni‐
ques of DNA microarrays has been achieved. The detection of various base pairs is critical for
the study, diagnosis and treatment of genetic diseases [6].

The simplest form of nucleic acid detection was described by Wang et al. who exploited the
intrinsic electrochemical properties of the guanine residue in the DNA duplex [57]. Surface-
immobilized DNA molecules were detected by the generation/collection mode of SECM
through the oxidation of guanine residues by tip generated Ru complex. The second approach
to imaging DNA and the hybridisation event is to use electrochemically active labels. Wang et
al. [58] reported application of the silver nanoparticles in combination with SECM to image a
DNA microarray. Silver nanoparticles were deposited at sites where hybridisation had
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occurred. The result was an area over which positive feedback could occur as a consequence
of mediator recycling (site of silver deposition).

The development of reagentless procedures, by which DNA hybridisation could be detected,
was presented by Turcu et al. [59, 60]. They detected the hybridisation process through coulomb
interactions between the negatively charged sugar phosphate back bone of the immobilised
oligonucleotide and the [Fe(CN)6]3− as a free diffusing redox mediator.

Hybridisation process of DNA was investigated by Roberts et al. too [6]. They studied adsorp‐
tion of genomic DNA and subsequent interactions between adsorbed and solvated DNA. They
prepared microarray of polyethylenimine (PEI) film deposited on a screen-printed carbon
substrate using the SECM. There was single stranded DNA electrostatically adsorbed on the
surface of the polyethylenimine. The further adsorption of complementary single stranded
DNA on the surface was observed [6].

3.1.2. Proteins

The SECM protein detection was widely investigated especially by Girault group [61-64]. They
used a detection system based on the tagging adsorbed proteins with silver nanoparticles (Fig.
7). A positive feedback was obtained when a platinum tip approached the silver-tagged
proteins in a 1mM [Os(bpy)3]2+ aqueous solution. The feedback loop was created by
[Os(bpy)3]3+ generated by the tip, diffused toward the silver-tagged proteins and next reduced
back to [Os(bpy)3]2+. Compound [Os(bpy)3]2+ was chosen as a mediator because the standard
redox potential for the couple [Os(bpy)3]3+/2+ (0.631 V vs SCE) is positive enough so that its
oxidized form is able to accept an electron from Ag atoms attached to the protein on the
substrate (Ag+/Ag standard potential is 0.558 V vs SCE). Furthermore, this potential is not too
close to the positive limit of the potential window in water.

Another Giraults work [64] presents the protein detection based on the tagging of free cysteines
and other nucleophiles in proteins and peptides by benzoquinone. The tagged proteins are
detected by the mediated reduction of benzoquinone with a redox species (K3[Fe(CN)6] or
K3[IrCl6]) produced electrochemically at the SECM tip. In addition, the SECM investigation of
adsorption and binding of protein to the polymer surface was done by Glidle et al. [65]. This
phenomenon was studied according to the application of proteins to the biosensor platform.

3.1.3. Enzymes

The recent SECM studies of immobilized enzymes focus on two areas: measuring the catalytic
enzyme activity and micropatterning the surface with enzymes [2]. Two SECM-based ap‐
proaches, generation/collection and feedback mode, are applied to the redox enzymes
detection. The GC mode is more sensitive and can be employed when enzyme kinetics are too
slow for feedback measurements. Opposite this, the feedback mode is more suitable for
enzymes with high activity [12].

Both directions of the enzyme research by SECM are covered by the work of Wittstocks group
[43, 66-70]. The first case is represented by the experiment in which the direct mode of SECM
was used for the local deposition of oligonucleotide patterns on thin gold films and the GC
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The nanoparticle acts both as a scaffold and as a nano-electrode, mediating electron transfer
between the underlying gold substrate and the redox labels of the PEG. The AFM-SECM probe
is brought in “molecular” contact with the macromolecular PEG layer covering the nanopar‐
ticle. The tip and substrate are biased so that the redox label is alternatively oxidized at the tip
and re-reduced at the substrate. The tip was biased at a potential of Etip = +0.3 V/SCE, while a
potential of Esub = -0.1 V/SCE was applied to the substrate in 0.1 M citrate buffer. This redox
cycling generates a specific tip electrochemical current whose intensity depends on the (time-
averaged) tip-substrate distance, the Brownian dynamics of the PEG, and the local surface
concentration in PEG [56]. The use of tapping mode allows the tip-substrate distance to be
fixed so that the tip current specifically probes the presence of the labelled molecule and its
surface concentration (coverage) on the nanoparticle. The dual measurement of the size and
current response of single nanoparticles uniquely allows the statistical distribution in grafting
density of PEG on the nanoparticles that was determined and correlated to the nanoparticle
diameter.

3. Electrochemical imaging

3.1. Characterizing of molecules and their interactions

Scanning electrochemical microscopy is the useful tool for the investigation of the electro-
behaviour of micro and nano objects. The wide range of applications is possible; for the
simplicity, it is divided into several fields of research as follows: characterization of entities,
measurement of charge and mass transport, biochemical processes, reaction kinetics, energy
measurement, and degradation processes [2, 4, 12]. Each presented direction of the research
can be further divided into the subunits. The first mentioned area, characterization of entities,
could be divided in point of view of the material background, size of detected objects,
physicochemical properties, reactivity etc. Interaction phenomenon is closely connected with
characterization of entities, on which participates almost at least one biocompound (oligonu‐
cleotide, protein, enzyme, antibodies, lipids or the whole cell).

3.1.1. DNA

The first SECM images of DNA were reported by Guckerberger et al. in 1994. Since this point
much progress has been made and the advance to the development of the fabrication techni‐
ques of DNA microarrays has been achieved. The detection of various base pairs is critical for
the study, diagnosis and treatment of genetic diseases [6].

The simplest form of nucleic acid detection was described by Wang et al. who exploited the
intrinsic electrochemical properties of the guanine residue in the DNA duplex [57]. Surface-
immobilized DNA molecules were detected by the generation/collection mode of SECM
through the oxidation of guanine residues by tip generated Ru complex. The second approach
to imaging DNA and the hybridisation event is to use electrochemically active labels. Wang et
al. [58] reported application of the silver nanoparticles in combination with SECM to image a
DNA microarray. Silver nanoparticles were deposited at sites where hybridisation had
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occurred. The result was an area over which positive feedback could occur as a consequence
of mediator recycling (site of silver deposition).

The development of reagentless procedures, by which DNA hybridisation could be detected,
was presented by Turcu et al. [59, 60]. They detected the hybridisation process through coulomb
interactions between the negatively charged sugar phosphate back bone of the immobilised
oligonucleotide and the [Fe(CN)6]3− as a free diffusing redox mediator.

Hybridisation process of DNA was investigated by Roberts et al. too [6]. They studied adsorp‐
tion of genomic DNA and subsequent interactions between adsorbed and solvated DNA. They
prepared microarray of polyethylenimine (PEI) film deposited on a screen-printed carbon
substrate using the SECM. There was single stranded DNA electrostatically adsorbed on the
surface of the polyethylenimine. The further adsorption of complementary single stranded
DNA on the surface was observed [6].

3.1.2. Proteins

The SECM protein detection was widely investigated especially by Girault group [61-64]. They
used a detection system based on the tagging adsorbed proteins with silver nanoparticles (Fig.
7). A positive feedback was obtained when a platinum tip approached the silver-tagged
proteins in a 1mM [Os(bpy)3]2+ aqueous solution. The feedback loop was created by
[Os(bpy)3]3+ generated by the tip, diffused toward the silver-tagged proteins and next reduced
back to [Os(bpy)3]2+. Compound [Os(bpy)3]2+ was chosen as a mediator because the standard
redox potential for the couple [Os(bpy)3]3+/2+ (0.631 V vs SCE) is positive enough so that its
oxidized form is able to accept an electron from Ag atoms attached to the protein on the
substrate (Ag+/Ag standard potential is 0.558 V vs SCE). Furthermore, this potential is not too
close to the positive limit of the potential window in water.

Another Giraults work [64] presents the protein detection based on the tagging of free cysteines
and other nucleophiles in proteins and peptides by benzoquinone. The tagged proteins are
detected by the mediated reduction of benzoquinone with a redox species (K3[Fe(CN)6] or
K3[IrCl6]) produced electrochemically at the SECM tip. In addition, the SECM investigation of
adsorption and binding of protein to the polymer surface was done by Glidle et al. [65]. This
phenomenon was studied according to the application of proteins to the biosensor platform.

3.1.3. Enzymes

The recent SECM studies of immobilized enzymes focus on two areas: measuring the catalytic
enzyme activity and micropatterning the surface with enzymes [2]. Two SECM-based ap‐
proaches, generation/collection and feedback mode, are applied to the redox enzymes
detection. The GC mode is more sensitive and can be employed when enzyme kinetics are too
slow for feedback measurements. Opposite this, the feedback mode is more suitable for
enzymes with high activity [12].

Both directions of the enzyme research by SECM are covered by the work of Wittstocks group
[43, 66-70]. The first case is represented by the experiment in which the direct mode of SECM
was used for the local deposition of oligonucleotide patterns on thin gold films and the GC
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mode was applied for the determination of the amount of surface-accessible oligonucleotides
[66]. This process was monitored through the specific system created by biotin-labelled
complementary strand connected with streptavidin and biotin-labelled β-galactosidase. The
activity of the linked β-galactosidase was mapped with SECM in the GC mode by monitoring
the oxidation of p-aminophenol (PAP) created in the enzyme-catalysed hydrolysis of p-
aminophenyl-β-d-galactopyranoside. Micropattering of the surface with enzymes is presented
in another Wittstocks work [67] where the monitoring of patterned enzyme layers containing
glucose oxidase and horseradish peroxidase was described. These layers were created by a
combination of microcontact printing (MCP) and local electrochemical desorption followed
by chemisorption of functionalized thiols or disulphides. The reactions of two enzymes,
horseradish peroxidase (HRP) and glucose oxidase (GOx), were studied.

In the last year one interesting work related to enzyme systems was published [71]. This work
is focused on the study of multi enzyme systems by SECM. There is presented study of the
kinetics of a two-enzyme coupled reaction, specifically acetylcholine esterase and choline
oxidase. This type of experiment push the boundaries further because of approach to the real
systems. The biological metabolism process is obviously given via a group of enzymes working
together in sequential pathways. The exploration of the metabolism mechanism requires the
understanding of the multi-enzyme coupled catalysis systems.

Figure 7. Schematic representation of the electrochemical principle used for protein detection through silver nano‐
particles. The working electrode is held at +0.7 V vs Ag/AgCl; at this value the oxidation of the redox mediator is ob‐
served. When the tip is close enough to the sample, the oxidized form of the mediator reacts with the silver
nanoparticles leading to the production of Ag+. 1 mM [Os(bpy)3]2+ aqueous solution as a mediator and 0.1 M KNO3 as
a supporting electrolyte were used.
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3.1.4. Antibodies

The most of SECM interaction experiments is limited through the fact that one of reaction
compound is bound with (onto) the surface (glass, gold electrode, carbon electrode) [72]. The
specificity of the antibodies binding allows performing label-free experiments. This trend is
obvious in the last three years, where some works related to this phenomenon have appeared.
Le et al. [73] presents label-free immunosensor based on a biotinylated single-chain variable
fragment antibody immobilized on co-polypyrrole film. Immunosensor device formed by
immobilization of a biotinylated single-chain antibody on an electropolymerized copolymer
film of polypyrrole using biotin/streptavidin system was demonstrated for the first time. The
response of the biosensor toward antigen detection was monitored by electrochemical analysis
of the polypyrrole response by DPV, not by SECM. The SECM system monitoring the inter‐
rogation of antibody–antigen interactions was presented by Holmes et al. [74, 75]. Screen-
printed carbon electrodes were used as a substrate for the deposition of a dotted array, where
the dots consisted of biotinylated polyethyleneimine. These were then further derived, first
with neutravidin and then with a biotinylated antibody to the protein neuron specific enolase
(NSE). In the next experiments biotinylated antibody towards a relevant antigen of interest
(PSA, NTx, ciprofloxacin) were used. These antigens were chosen for their clinical relevance
but also since, they display a broad range of molecular weights to determine the influence of
the size of the antigen. SECM using a ferrocene carboxylic acid mediator showed clear
differences between the array and the surrounding unmodified carbon. Binding of the antigen
was accompanied by a measured increase in current response, which may be explained in
terms of protein electrostatic interactions and hydrophobic interactions to the mediator.
Control experiments with other proteins showed only a non-specific binding across the whole
of the substrate, thereby confirming that specific binding occurs between the antibody and
antigen on the surface of the dots.

3.1.5. Lipids

The application of lipids by SECM is focused on the characterization of lipid mono and bilayers,
especially on the charge transfer through lipid membranes [9, 17, 76]. The research in this area
could be divided in three main streams.

The first case is about applying of SECM technique for investigation of membrane transport,
mainly through the pores [77, 78]. Wilburn et al. [79] presents the utilisation of SECM for the
creation of voltage-gated biological ion channels. These were simulated by insertion of the
peptaibol antibiotic alamethicin into reconstituted phosphatidylcholine bilayer lipid mem‐
branes (BLMs). SECM was utilized to probe initial BLM resistivity, the insertion of alamethicin
pores, and mass transport across the membrane.

Membrane transport of redox species through the membrane, this time without pores or
channels, is the second direction. Zhan and Bard [80] present experiment based on the immo‐
bilisation of liposome structure (15-50 µm in diameter) filled with the Ru(2,2′-bipyridine)3

2+ as
a redox mediator on the glass substrates (Fig. 8). Conical carbon fibre tips of submicrometer
size were used to approach, image, and puncture. This way the leakage of redox mediator
through the lipid membrane was probed. The last direction of research is focused to the charge/
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differences between the array and the surrounding unmodified carbon. Binding of the antigen
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Control experiments with other proteins showed only a non-specific binding across the whole
of the substrate, thereby confirming that specific binding occurs between the antibody and
antigen on the surface of the dots.

3.1.5. Lipids

The application of lipids by SECM is focused on the characterization of lipid mono and bilayers,
especially on the charge transfer through lipid membranes [9, 17, 76]. The research in this area
could be divided in three main streams.

The first case is about applying of SECM technique for investigation of membrane transport,
mainly through the pores [77, 78]. Wilburn et al. [79] presents the utilisation of SECM for the
creation of voltage-gated biological ion channels. These were simulated by insertion of the
peptaibol antibiotic alamethicin into reconstituted phosphatidylcholine bilayer lipid mem‐
branes (BLMs). SECM was utilized to probe initial BLM resistivity, the insertion of alamethicin
pores, and mass transport across the membrane.

Membrane transport of redox species through the membrane, this time without pores or
channels, is the second direction. Zhan and Bard [80] present experiment based on the immo‐
bilisation of liposome structure (15-50 µm in diameter) filled with the Ru(2,2′-bipyridine)3

2+ as
a redox mediator on the glass substrates (Fig. 8). Conical carbon fibre tips of submicrometer
size were used to approach, image, and puncture. This way the leakage of redox mediator
through the lipid membrane was probed. The last direction of research is focused to the charge/
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electron transfer through the lipid layers. Out of the study of the basic charge transfer processes
[81-83], there were studied the absorption procedures as metal ion absorption [84] so as drug
absorption [85].

Figure 8. Liposomes of 15-50 nm were immobilized on glass substrates via either poly(L-lysine) or biotin-avidin-biotin
sandwich structure; these liposomes were probed by a submicrometer-sized carbon fibre tip controlled by the SECM.
The immobilized liposomes were imaged by SECM in a solution of 1.0 mM ruthenium3+ hexamine in 100 mM phos‐
phate buffer, pH 7.0. The leakage of Ru(bpy)3

2+ from individual liposomes was detected by placing a tip near the lipo‐
some and monitoring the current for Ru(bpy)3

2+ oxidation.

3.1.6. Cells

The issue of cell studying by SECM is so wide and varied that the short overview is not possible.
There are various imaging ways of an individual cell based not only on its surface topography,
but also on cellular activities such as photosynthesis, respiration, electron transfer, single
vesicular exocytosis, and membrane transport. Therefore the two best reviews in this field are
cited [9, 86].
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3.2. Various current levels — Images of modification

Modification of surfaces is the introduction of well-defined, directly local changes in the
chemical or physical properties of such surfaces. This includes etching processes, deposition
of materials, and chemical modification of the surface material. As a scanning probe technique,
SECM is predestined to generate chemical changes locally. Instead of detection, the SECM can
serve as the preparation tool for microstructures creation. In general, two main ways of
application are reported, the direct mode and the feedback mode [2]. The usage of direct mode
is based on the fact that the tip is held in a close proximity to the substrate, and the voltage is
applied between them to cause the desired reaction at the substrate. In the feedback mode
surface patterning, a redox mediator is present in the solution. The tip-generated redox species
must be able to induce the desired reaction (i.e., deposition or etching) at the substrate and be
regenerated on its surface. The benefit of the feedback mode deposition is that the substrate
needs not be a conductor [2]. This phenomenon was described very well in a review of Sun et
al. [2], where the authors presented works up to year 2007, let us focus the next text on the
applications presented just since the year 2007 till now.

The surface modifications are still focused on the enzyme applications. Li et al. prepared
nanometer-sized carbon fibre disk electrode and applied them to micropattern active horse‐
radish peroxidase (HRP) coupled with a carbon fibre disk electrode as the SECM tip. Active
HRP substrates were fabricated on the substrates coated with streptavidin by binding
biotinylated HRP. In one work [87] for the deactivation of other regions on the HRP micro‐
patterns the authors used the reactive species generated on the electrode as the tip of SECM
held at 1.7 V through oxidation of Br- in 0.20 M phosphate buffer (PB) containing 2.5 x 10-2 M
KBr and 2.0 x 10-3 M BQ (pH 7.0). The micropatterns of active HRP were characterized using
the feedback mode of SECM in PB containing 2.0 x 10-3 M BQ and 2.0 x 10-3 M when the tip
potential was held at -0.2 V. Another work from Li et al. [87] presents deactivation of other
region of the HRP micropatterns by OH- generated at the tip held at -1.7 V in 1.0 M KCl
containing 2.0 x 10-3 M benzoquinone (BQ) (pH 8.0). The feedback mode of SECM with a tip
potential of - 0.2 V was used for characterizing the active HRP micropatterns in 1.0 M KCl
containing 2.0 x 10-3 M BQ and 2.0 x 10-3 M H2O2.

Another application of HRP in patterning experiments has been described by Roberts et al. [88].
In this case the immobilisation in a patterned fashion onto glass slides is presented. Microarray
of HRP islands was deposited on amino-modified glass slides using glutaraldehyde cross‐
linking combined with the SECM and this was used as a micro-deposition device [88].

Application of nitrogen compounds were shown as a good tool for the patterning technique
by SECM. Cougnon et al. [89] showed production of diazonium salts from nitro compounds.
The nitro precursor is reduced at the tip to the amine, which is diazotized in the interelectrode
space. The tip acts as a source of diazonium salts, allowing sample derivatization just under
the tip. Extension of this work has been published in another Cougnons work [90] where the
authors present the second mechanism of microstructuring. This time the process starts with
the reduction of a nitro-containing compound at the scanning electrochemical microscope tip.
After diffusion in the interelectrode gap, the amine is oxidized on a gold surface, thus resulting
in a local derivatization. Janin et al. [91] describes another way of pattering based on the
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electron transfer through the lipid layers. Out of the study of the basic charge transfer processes
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2+ oxidation.
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There are various imaging ways of an individual cell based not only on its surface topography,
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SECM is predestined to generate chemical changes locally. Instead of detection, the SECM can
serve as the preparation tool for microstructures creation. In general, two main ways of
application are reported, the direct mode and the feedback mode [2]. The usage of direct mode
is based on the fact that the tip is held in a close proximity to the substrate, and the voltage is
applied between them to cause the desired reaction at the substrate. In the feedback mode
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In this case the immobilisation in a patterned fashion onto glass slides is presented. Microarray
of HRP islands was deposited on amino-modified glass slides using glutaraldehyde cross‐
linking combined with the SECM and this was used as a micro-deposition device [88].

Application of nitrogen compounds were shown as a good tool for the patterning technique
by SECM. Cougnon et al. [89] showed production of diazonium salts from nitro compounds.
The nitro precursor is reduced at the tip to the amine, which is diazotized in the interelectrode
space. The tip acts as a source of diazonium salts, allowing sample derivatization just under
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electrochemical grafting of nitrophenyl groups onto platinum ultramicroelectrode (UME). The
grafting was made using the electrochemical reduction of nitrophenyldiazonium and the
possibility to reduction the diazonium onto Pt UME was observed. Extension of the above-
mentioned procedure by creating of a p-nitrothiophenol SAM was described by Schwamborn
et al. [92]. The reduction of the terminating nitro groups of a p-nitrothiophenol SAM under
formation of hydroxylamine or amino groups is invoked using the direct mode of SECM. The
local modification of the redox states was visualized by using the feedback mode of SECM.
The current at the Pt tip electrode is determined by the electron-transfer rate for re-oxidation
of the redox mediator on the sample surface. Selective post-functionalization with an avidin-
alkaline phosphatase conjugate allows visualization of the microstructure using the generator-
collector mode of SECM too. Simplification of the surface modification by grafting procedure
on the gold substrate by 4-azidobenzenediazonium with SECM was presented by Coates et
al. [93]. The electrografted spots of diazonium were in this case performed by positioning a
SECM platinum tip at a given distance above the gold substrate and the SECM was used in a
three-electrode configuration (the Pt tip serving as a microanode). As the mediator acetonitrile
containing 5 mM 4-azidobenzenediazonium and 0.1 M Bu4NBF4 was used.

Usage of various nanoparticles or nano structured materials expands through the wide range
of applications and techniques. SECM is no exception. Preparation of some nanoparticles was
described in literature in recent few years. Preparation of gold nanoparticles is described by
many authors [94], and possibility of SECM application for preparation of gold nanostructures
exists. Process of local electrodeposition of gold nanoobjects, namely gold nanorods, is
described in work of Fedorov and Mandler [95]. In this process a gold microelectrode was the
source of the gold ions whereby double pulse chronoamperometry was employed to generate
initially Au seeds, which were further grown under controlled conditions.

The silver nanoparticles were prepared either at liquid interface [96] or on the SAM monolayer
[97]. The creation at the liquid interface is based on the electron transfer reaction between
aqueous Ag+ ions generated by anodic dissolution of an Ag disk UME, and bis(pentamethyl‐
cyclopentadienyl) iron (decamethylferrocene, DMFc) in a 1,2-dichloroethane (DCE) phase [96].
The second way, usage of SAM monolayer, is based on the local deposition of Ag nanoparticles
(NPs) on ω-mercaptoalkanoic acid SAMs. SECM was used for generating a controlled flux of
silver ions by anodic dissolution of silver microelectrode close to the SAMs modified Au(1 1
1) surface [97].

3.3. Quantification of electrochemical images

SECM is a powerful tool for studying structures and processes in micro and submicro meter-
sized systems. It can probe electron, ion, and molecule transfers as well as other reactions at
solid-liquid, liquid–liquid, and liquid-air interfaces. With the same setup, several SECM modes
of operation can be realized, see section 1.2. The most widespread is the feedback mode, tip
generation/substrate collection (TG/SC) mode and the substrate generation/tip collection (SG/
TC) mode.

The quantitative SECM theory has been developed for various heterogeneous and homoge‐
neous processes and different tip and substrate geometries. In general, theoretical SECM
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dependencies can be generated by numerically solving partial differential equations. In some
cases, analytical approximations allow for easier generation of theoretical dependencies and
analysis of experimental data. The most quantitative studies were carried out under steady-
state conditions, because the non-steady-state SECM response depends on too many param‐
eters that allow any possible presentation set of working data. The steady-state theory is
simpler and often can be expressed in the form of dimensionless working curves or analytical
approximations.

For the understanding of mathematical description of the SECM experiments, it is necessary
to present some general characteristic and notations. The first assumption, which is generally
accounted, is the fact that experiments are made with a redox mediator in a solution where
only its diffusion is important (migration and convection are neglected). Its bulk concentration
is written as c and D is used for its diffusion coefficient (same value assumed for red or ox form
in most of the cases). The tip electrode is generally a disk shaped microelectrode where is
characterised the radius of the conductive core, a; and the total tip radius, rg. The dimensionless
parameter RG is defined as follows: RG = rg/a and is normally ≤ 10. The tip placed at a distance
d from the substrate, the dimensionless parameter L is defined as d/a). The potential of the tip
is almost always set to a value where the redox reaction of the mediator is rapid and reversible:
only mass transport defines the current value. The absolute value of the current going through
the tip electrode (respectively through the substrate) is usually written as iT (respectively iS).
Normalized current is commonly used in SECM experimental reports, defined by the com‐
parison with the tip current when the tip is very far from the studied substrate: iT/iT∞. Finally
the positive feedback situation is referred with the “con” subscript (tip above a conductive
substrate) and the negative one with “ins” subscript (tip above an insulating substrate).

The simplest situation in SEMC measurements is the steady state feedback mode, when the
tip is immersed in a solution containing a redox mediator (an oxidizable species R) [2]. By
applying the positive potential to the tip, the oxidation of R occurs

-R –ne O¾¾® (4)

at a rate governed by diffusion of R to the UME surface. If the tip is far (greater than several
tip diameters) from the substrate the steady-state current, iT∞ is given as follows

iT ∞ =4nFDca (5)

where F is the Faraday constant, n is the number of electrons transferred in reaction, D and c
are the diffusion coefficient and the bulk concentration of R and a is the tip radius.

When the tip is brought to within a few tip radii of a conductive substrate surface, the O species
formed in the reaction (Eq. 4) diffuses to the substrate where it can be reduced back to R

-O +ne R¾¾® (6)
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et al. [92]. The reduction of the terminating nitro groups of a p-nitrothiophenol SAM under
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on the gold substrate by 4-azidobenzenediazonium with SECM was presented by Coates et
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described in literature in recent few years. Preparation of gold nanoparticles is described by
many authors [94], and possibility of SECM application for preparation of gold nanostructures
exists. Process of local electrodeposition of gold nanoobjects, namely gold nanorods, is
described in work of Fedorov and Mandler [95]. In this process a gold microelectrode was the
source of the gold ions whereby double pulse chronoamperometry was employed to generate
initially Au seeds, which were further grown under controlled conditions.
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aqueous Ag+ ions generated by anodic dissolution of an Ag disk UME, and bis(pentamethyl‐
cyclopentadienyl) iron (decamethylferrocene, DMFc) in a 1,2-dichloroethane (DCE) phase [96].
The second way, usage of SAM monolayer, is based on the local deposition of Ag nanoparticles
(NPs) on ω-mercaptoalkanoic acid SAMs. SECM was used for generating a controlled flux of
silver ions by anodic dissolution of silver microelectrode close to the SAMs modified Au(1 1
1) surface [97].

3.3. Quantification of electrochemical images

SECM is a powerful tool for studying structures and processes in micro and submicro meter-
sized systems. It can probe electron, ion, and molecule transfers as well as other reactions at
solid-liquid, liquid–liquid, and liquid-air interfaces. With the same setup, several SECM modes
of operation can be realized, see section 1.2. The most widespread is the feedback mode, tip
generation/substrate collection (TG/SC) mode and the substrate generation/tip collection (SG/
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The quantitative SECM theory has been developed for various heterogeneous and homoge‐
neous processes and different tip and substrate geometries. In general, theoretical SECM
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eters that allow any possible presentation set of working data. The steady-state theory is
simpler and often can be expressed in the form of dimensionless working curves or analytical
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For the understanding of mathematical description of the SECM experiments, it is necessary
to present some general characteristic and notations. The first assumption, which is generally
accounted, is the fact that experiments are made with a redox mediator in a solution where
only its diffusion is important (migration and convection are neglected). Its bulk concentration
is written as c and D is used for its diffusion coefficient (same value assumed for red or ox form
in most of the cases). The tip electrode is generally a disk shaped microelectrode where is
characterised the radius of the conductive core, a; and the total tip radius, rg. The dimensionless
parameter RG is defined as follows: RG = rg/a and is normally ≤ 10. The tip placed at a distance
d from the substrate, the dimensionless parameter L is defined as d/a). The potential of the tip
is almost always set to a value where the redox reaction of the mediator is rapid and reversible:
only mass transport defines the current value. The absolute value of the current going through
the tip electrode (respectively through the substrate) is usually written as iT (respectively iS).
Normalized current is commonly used in SECM experimental reports, defined by the com‐
parison with the tip current when the tip is very far from the studied substrate: iT/iT∞. Finally
the positive feedback situation is referred with the “con” subscript (tip above a conductive
substrate) and the negative one with “ins” subscript (tip above an insulating substrate).

The simplest situation in SEMC measurements is the steady state feedback mode, when the
tip is immersed in a solution containing a redox mediator (an oxidizable species R) [2]. By
applying the positive potential to the tip, the oxidation of R occurs

-R –ne O¾¾® (4)

at a rate governed by diffusion of R to the UME surface. If the tip is far (greater than several
tip diameters) from the substrate the steady-state current, iT∞ is given as follows

iT ∞ =4nFDca (5)

where F is the Faraday constant, n is the number of electrons transferred in reaction, D and c
are the diffusion coefficient and the bulk concentration of R and a is the tip radius.

When the tip is brought to within a few tip radii of a conductive substrate surface, the O species
formed in the reaction (Eq. 4) diffuses to the substrate where it can be reduced back to R

-O +ne R¾¾® (6)
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This process produces an additional flux of R to the tip and hence ‘‘positive feedback’’, the
increase in tip current (iT > iT∞). With shorter the tip-substrate separation distance (d), the tip
current is larger. When reaction (Eq. 6) is rapid, than iT → ∞ as d → 0.

If the substrate is an inert electrical insulator, the tip generated species, O, cannot react at its
surface. At small d, iT < iT∞, because the insulator blocks the diffusion of species R to the tip
surface (‘‘negative feedback’’). The closer the tip to the insulator substrate, the smaller the iT,
with iT → 0 as d → 0.

The specification that has to be underlined in the context of SECM is that this exact analytical
expression is valid only for an infinite RG value: Application of microelectrode with finite RG
value led to the modification of equation 1 as follows:

iT ∞ =4nFDcaβ(RG) (7)

Various approximate expressions of β(RG) can be found in the literature and the better
expressions are as follows:

β =1 + 0.1380
(RG - 0.6723)0.8686 (8)

β =1 + 0.639(1 - 2
π ArcCos 1

RG ) - 0.186 1 - ( 2
π ArcCos 1

RG )2 (9)

3.3.1. Homogeneous reaction in solution

The first theoretical study of SECM feedback for homogeneous reactions in solution published
in 1994 [98] showed that there is a linear relationship between the current measured through
the tip, iT, and the current going through the substrate, iS. This relationship can be rewritten as
follows:

iT = iS (1 -
iT

ins

iT
con ) + iT

ins (10)

iT
ins  and iT

con being the negative and positive feedback currents that would been obtained in

the same geometric configuration (same L). It is necessary to kept in mind that this equation
describes the reaction in an electrolyte. As soon as no homogeneous reaction occurs on the
substrate or tip (with connection vice versa), the relationship between the tip and substrate
steady-state current is very easy [99]:

iT = iS = iT
con (11)
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3.3.2. Heterogeneous reaction

Study of heterogeneous reaction, exactly heterogeneous electron transfer, is widely used
application in SECM determinations. The kinetics of heterogeneous electron transfer can be
determined with high lateral resolution while scanning a tip parallel to the surface. Distance-
dependent measurements provide quantitative information on sample properties.

One step heterogeneous electron transfer reaction is the simplest case of these types of
reactions. An analytical approximation which is often used is valid for RG = 10 and normalized
distances 0.1 ≤ L ≤ 1.5. The current-distance curves for an irreversible heterogeneous reaction
occurring at the substrate while the tip process is diffusion-controlled can be calculated from

IT (L )=
iT

iT ∞
= I S

(L )(1 -
IT

ins(L )

IT
con(L ) ) + IT

ins(L ) (12)

IS = 0.78377
L (1 + 1 / Λ) + 0.68 + 0.3315exp(-1.0672 / L )

1 + F (L , Λ) (13)

where IT
ins  and IT

con are normalized current related to the insulating substrate, and diffusion-
controlled regeneration of redox mediator, respectively. The analytical approximations for
these two values are [3]:

IT
con(L )= 0.78377

L + 0.3315exp( -1.0672
L ) + 0.68 (14)

IT
ins(L )= 1

{0.15 +
1.5385

L + 0.58exp(-1.14 / L ) + 0.0908exp (L - 6.3) / 1.017L } (15)

In this place it is important to highlight that the value of IT
ins depends on the RG value too [100].

For the various RG value were calculated the parameters of this equation and these are able
to read in [2].

Back to the Eq. 12 where it is necessary to define the remaining variables. Is is the kinetically
controlled substrate current. Λ is defined as Λ =k f d / D, where k f  is the heterogeneous rate
constant, and D is the diffusion coefficient. The function F depends on the L and Λ, is defined

as follows: F (L , Λ)= ( 11
Λ + 7.3) / (110 - 40L ).

Notwithstanding above presented equations (Eq. 12 and 13) were derived for one step
heterogeneous electron transfer reactions, it has been proofed that are applicable to more
complicated substrate kinetics (e.g., liquid–liquid interfacial charge transfer, ET through self-
assembled monolayers and mediated ET in living cells [2]).

On the other hand, study of the heterogeneous electron transfer reactions at SECM is possible
to view from the opposite. For the finite heterogeneous kinetics at the tip and diffusion-
controlled mediator regeneration at the substrate, an approximate was recently obtained for
IT as a function of tip potential E, and L [101]:
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reactions. An analytical approximation which is often used is valid for RG = 10 and normalized
distances 0.1 ≤ L ≤ 1.5. The current-distance curves for an irreversible heterogeneous reaction
occurring at the substrate while the tip process is diffusion-controlled can be calculated from
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In this place it is important to highlight that the value of IT
ins depends on the RG value too [100].

For the various RG value were calculated the parameters of this equation and these are able
to read in [2].

Back to the Eq. 12 where it is necessary to define the remaining variables. Is is the kinetically
controlled substrate current. Λ is defined as Λ =k f d / D, where k f  is the heterogeneous rate
constant, and D is the diffusion coefficient. The function F depends on the L and Λ, is defined

as follows: F (L , Λ)= ( 11
Λ + 7.3) / (110 - 40L ).

Notwithstanding above presented equations (Eq. 12 and 13) were derived for one step
heterogeneous electron transfer reactions, it has been proofed that are applicable to more
complicated substrate kinetics (e.g., liquid–liquid interfacial charge transfer, ET through self-
assembled monolayers and mediated ET in living cells [2]).

On the other hand, study of the heterogeneous electron transfer reactions at SECM is possible
to view from the opposite. For the finite heterogeneous kinetics at the tip and diffusion-
controlled mediator regeneration at the substrate, an approximate was recently obtained for
IT as a function of tip potential E, and L [101]:
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IT (E , L )= 0.78377
L (θ + 1 / κ) + 0.68 + 0.3315exp(-1.0672 / L )

θ 1 +
π
κθ

2κθ + 3π

4κθ + 3π 2
(16)

where

κ =πλexp -αF (E - E o´) / RT / (4IT
con) (17)

θ =1 + exp F (E - E o´) / RT Do / DR

λ =k oa / D

E o´ is the formal potential, α is the transfer coefficient, IT
con(L ) is the normalized tip current

for the same L the diffusion-controlled positive feedback at a conductive substrate, as defined
by Eq. 14.

3.3.3. GC mode

The above-presented approximation models are related to the feedback mode of SECM
determinations. The application of GC mode is connected with some difficulties in the
quantitative interpretation of the measured results [17]:

• if the active region of the sample is to large, no steady-state situation is established. The local
concentration depends not only on the position of the UME but also on the time that has
passed since the onset of the reaction.

• the moving of probe disturbs the macroscopic diffusion layer of the sample through
convection. This effect hinders the diffusion of reagents to the sample region underneath
the UME.

• an enhancement of the current according to the principle of positive feedback can reach
significant values if d < 3a.

Minimization of the quantitative issues is possible due to working with as small as possible
UMEs (small RG). In these cases, the disturbance of the sample diffusion layer is minimized
and feedback effects can also be neglected at small values of d. The lateral resolution is always
poorer in GC mode than in the corresponding feedback experiments [17]. However, the GC
mode offers a much higher sensitivity than feedback mode because the flux of reagents coming
from the sample is measured essentially without a background signal [102]. This makes the
GC mode appropriate for the investigation of immobilized enzymes and cells.

3.3.4. Numerical models

The analytical approximations presented above are best fits to numerical simulations of the
diffusion problems for relatively simple and well defined electrochemical systems, e.g., an
inlaid disk electrode approaching a flat, infinite, and uniformly reactive substrate surface. In
most quantitative SECM experiments, the use of such approximations could be justified.
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However, no analytical approximations are available for more complicated processes and
system geometries, and so one has to resort to computer simulations.

The above mentioned models suggested the disk shaped tips. In real experiments, it is difficult
to assume the ideal disk shaped tip. Production of tips, which may be similar to ideal model,
is very difficult, especially when they have to be nanometer-sized. Characterization of the non-
disk shaped tips (sphere cups, spheres, rings, ring disks and etched electrodes), experimental
approach curves were obtained and then compared to simulated ones [3].

The solution of the diffusion phenomenon has been developed mostly as two-dimensional axi-
symmetric diffusions. Even for an idealized situation (i.e. a flat, planar substrate, strictly
perpendicular to the axis of the well-shaped disk tip) only numerical solutions can be obtained.
The most important step is the validation of calculated data relate to the real measurements.
Similar questions arise when the topography of substrate is complicated and/or its surface
reactivity is highly non-uniform.

The most popular method for mathematical calculations of diffusion effect by SECM has been
presented for the first time by Fulian et al. [13, 14]. They introduced the boundary element
method (BEM), which is more suitable for problems with regions of complex or rapidly
changing geometries. They used BEM to simulate the current responses for different SECM
situations, such as a non-disk tip approaching a flat substrate; a flat disk tip over a hemispher‐
ical or a spherical cap-shaped substrate or a tilted substrate; a lateral scan of a flat disk tip over
an insulating/conductive boundary. The next improvement and extension of this method,
mostly related to the specific experiment simulation, has been published by many authors
[103-105].

4. Conclusions

The SECM is the widely used technique in material and process investigation. Especially effects
connected with electron transfer are studied. Micro and nano sized tips used in these experi‐
ments allow to measure nano and sub-nano currents levels and this way allow to describe the
very small particles / surfaces. Significant progress has been made over the last five years in
both quantitative (e.g. kinetic experiments) and qualitative (e.g. topographic imaging)
applications of SECM to studies of structures and processes on the nanoscale. Combination of
nanoparticles and SECM shifts the possible usage of this technique to the new horizon. This
chapter summarizes the basic knowledge in the field of SECM in relation to study of nanoscale
systems, specifically nanoparticles.
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1. Introduction

Electrochemistry has much in common with surface science, but the application of the
principles of catalytic activity to the reactions taking place in an electrochemical environment
is not straightforward. Electrochemical reactions of practical interest imply at least one step
where an electron is transferred between species coming from the solution side or the electrode
surface. As a result, electrochemical reactions occurring at the interfaces are governed by the
interaction of the reactant both with the solvent and with the electrode [1].

It is undeniable that electrocatalysis is a very important subject. This is not only for the obvious
situations, for example, increasing the amount of energy obtained from a fuel cell, but also for
every kind of electrochemical reaction which is going to be developed industrially, because
the cost of producing a certain amount of a substance is simply proportional to the total amount
of electricity which is needed, and this depends upon the overpotentials at the electrode–
solution interfaces [2].

Electrocatalysis is one of the most actual fields of contemporary electrochemistry. Although
Bowden and Rideal are the true originators of studies of rates on a series of different materials,
Horiuti and Polanyi have wrote the first paper which began the theory of electrocatalysis [2].
In the 1920s, Bowden and Rideal made a series of measurements of hydrogen evolution
overpotential as a function of current density for a number of metals and then the electroca‐
talysis term was coined in 1936 by Kobozev, but in the next 30 years little attention was paid
to this phenomenon [3].

Electrocatalysis is the field of catalysis that deals with the catalysis of redox reactions. Redox
reactions not only play a key role in a multitude of devices, in particular electrochemical power
sources such as fuel cells, batteries, and electrolysis cell, but also in many naturally occurring
processes, especially those related to energy conversion in living systems. There is growing
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distribution, and reproduction in any medium, provided the original work is properly cited.
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awareness that the way that mankind will secure future availability of sustainable energy will
depend heavily on electrochemistry, as it allows the storage and consumption of electrons in
chemical bonds at ambient conditions. It is the task of electrocatalysis to make this process as
efficient, reversible, robust, and cost-effective as possible [4].

Electrocatalysis and heterogeneous catalysis are closely related in that they involve well-
controlled sequences of elementary bond-breaking and making processes and share many
common mechanistic principles in the transformation of molecules over supported metal and
metal oxide catalysts [5].

Electrocatalysis is not limited to heterogeneous catalysts: molecular catalysts, either in solution
or immobilized on a conductive but otherwise inert support, may also catalyze redox reactions.
Therefore, the field of electrocatalysis bridges many areas of catalysis [4].

In electrocatalysis, the high performance of electrodes is the result of some combinations of
surface reactivity, electronic and ionic conductivity and electron hole pair separation and facile
mass transport of molecules, which is furnished by the architectural design of both electrodes
in the cell, i.e., the arrangement of material in space. In electrochemical reactions, the electron
is a reactant that scales with the electrified surface area. This fact poses the issue of the optimum
pore size of electrode materials compatible with the highest electrocatalytic activity. In this
respect, it should be noted that micropores (less than 5 nm) are not useful because electro‐
chemical reactions require ionic conducting media for charge balance, and the mass transport
rate of ionic species into micropores becomes several orders of magnitude lower than in the
bulk of the solution. Therefore, in electrocatalysis surface accessibility is maximized by using
materials with meso or macropores structures. Accordingly, since some decades ago, this issue
has become of considerable interest from the standpoint of electrochemical research [6].

Traditionally, for laboratory and small-scale plants, platinum was the first choice as electrode
material for both cathodic and anodic processes. Platinum metal in a shape of bars, foils
(continuous and latter perforated) or gauze, was used over a long period. Nevertheless,
platinum was not accustomed in commercial use, due to its disadvantages (too expensive,
extensive corrosion when used for Cl2(g) production, etc.) [3].

Literature survey made from 2005 to 2013 shows that there are a lot of studies focused on
development of alternative materials and their usages at the different electrocatalytic appli‐
cations. These materials can be classified as noble metals, alloys or metallic composites;
polymer based metallic composites, carbon-supported metallic composites, carbon-based
materials etc.

In a few specific studies, the noble metals were used alone and in these researches, the
efficiency of nanostructured Pd film [7], single crystalline platinum [8], porous gold [9], and
Pt particles [10] were investigated in terms of electrocatalytic reactions and electroanalysis.

Figure 1 shows the scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) images of the Au porous textile-like sheet arrays (AuPTSAs) developed by one-step
electrodeposition with the assistance of N-methylimidazole, without any template, seed, or
surfactant. It was determined that the AuPTSAs which displayed remarkable improvement of
the electrocatalytic activity over polycrystalline Au nanoparticles for methanol oxidation.
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In addition, alloys or metallic composites such as Co3O4 and Ag/Co3O4 [11], Au and Au-Pd
core-shell nanoparticles [12], electrodeposited Pd coatings on gold [13], titanium supported Pt
[14], nanosized Pt/IrO2 [15], Ni, Pt, and Ni-Pt nanoparticles [16], Pt supported on nano-tungsten
carbide [17], nanostructured Pt/SnO2-SbOx-RuO2 [18], Au-Pt [19, 20], Pt and Pt–Pd core-shell
nanoparticles [21], Pt-Sn [22], SnO2-Au nanoparticles [23], Fe-containing Se/Ru composite [24],
titanium supported nanocrystallite Pt and Ptx-Sny [25], Pt25Cu75 and Pt20Cu20Co60 nanoparticles
and Pt-Carbon [26], platinum modified by ruthenium and tin [27], manganese oxide nanorods
modified Au, Pt and glassy carbon [28], nano TiO2 supported Pt [29], bimetallic PdNi nano‐
particles [30], transition metal modified ruthenium-selenium [31], Pt-Sn nanoparticles [32],
titanium oxides supported Pt [33], and RuxCrySez [34] were used as catalysts.

Figure 2 shows the SEM images of the titanium supported nanocrystallite platinum and
platinum-tin catalysts prepared by electrodeposition techniques. It was determined that the
modification of Ti with Pt and/or PtSn (i.e. Pt/Ti and Pt-Sn/Ti electrodes) had many advantages
compared to Pt/Pt and Pt-Sn/Pt electrodes and the combination effect of Pt, Sn and Ti improves
the catalytic activity and the stability of the prepared electrode through complete oxidation of
the intermediate product of methanol oxidation. It was dedicated that the introduction of a

Figure 1. Low (A, C) and high (B, D) magnification of SEM (A, B) and TEM (C, D) images of the typical AuPTSAs using
the applied potential of −0.4 V for 600 s in the electrolysis solution containing 10 mM HAuCl4, 1.25 M N-methylimida‐
zole, and 0.5 M H2SO4 [9]
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small amount of Sn deposited with Pt improved the catalytic activity and the stability of
prepared electrode and the optimum molar ratio of Pt:Sn was found as 8:1 for binary catalysts.

Figure 2. SEM patterns of the (a) Ti, (b) Pt/Ti (galvanostatic deposition), (c) Pt/Ti (potentiostatic deposition) and (d) Pt-
Sn/Ti [25].

Poly(3,4-ethylene-dioxythiophene) coated platinum [35], myoglobin immobilized LiMn2O4-
chitosan [36], MnO2-polypyrrole composites [37] were used as polymer based metallic
composite catalysts.

It was recently found in a work [36], the new electrochemical biosensor constructed by
immobilization of bovine myoglobin and LiMn2O4 in a thin film of chitosan on the surface of
carbon ionic liquid electrode has a good electrocatalytic activity toward trichloroacetic acid
with a lower detection limit. In addition, it was determined that the obtained LiMn2O4

microspheres as the cathode material for lithium ion batteries had high discharge capacity and
good cycling stability. The SEM images of α-MnO2 precursor and LiMn2O4 microspheres
calcined at 750 ºC were shown in Figure 3.

The carbon supported mainly nano-sized metallic composites given in Table 1 emerge a critical
importance both qualitatively and quantitatively. In order to achieve fine dispersion, high
utilization and stable nanoscale metallic particles, catalyst-supporting strategies have been
explored. Compared to bulk metal catalysts, supported catalysts show higher activity and
stability. Carbon particles are frequently used as catalyst supports because of their relative
stability in both acidic and basic media, good electric conductivity and high specific surface
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area [38]. The carbon black, nanostructured carbon materials and mesoporous carbon are the
most used carbon based catalysts supports.

Catalysts References

Carbon supported monometallic materials

Pt [39-54]

Pd [49,55]

Ru [51, 56, 57]

Au [58]

Ir [59]

Carbon supported binary materials

Pt-Ru [47, 50-54, 60-63]

Pt-Sn [53, 61, 64-67]

Pt-Pd [53, 68-70]

Pt-Co [71, 72]

Pt-CuO [73]

Pt-MoO [74]

Pt-Rh [53]

Figure 3. The SEM images of α-MnO2 precursor (a-c), and LiMn2O4 microspheres calcined at 750 ºC (d-g) [36].
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Poly(3,4-ethylene-dioxythiophene) coated platinum [35], myoglobin immobilized LiMn2O4-
chitosan [36], MnO2-polypyrrole composites [37] were used as polymer based metallic
composite catalysts.

It was recently found in a work [36], the new electrochemical biosensor constructed by
immobilization of bovine myoglobin and LiMn2O4 in a thin film of chitosan on the surface of
carbon ionic liquid electrode has a good electrocatalytic activity toward trichloroacetic acid
with a lower detection limit. In addition, it was determined that the obtained LiMn2O4

microspheres as the cathode material for lithium ion batteries had high discharge capacity and
good cycling stability. The SEM images of α-MnO2 precursor and LiMn2O4 microspheres
calcined at 750 ºC were shown in Figure 3.

The carbon supported mainly nano-sized metallic composites given in Table 1 emerge a critical
importance both qualitatively and quantitatively. In order to achieve fine dispersion, high
utilization and stable nanoscale metallic particles, catalyst-supporting strategies have been
explored. Compared to bulk metal catalysts, supported catalysts show higher activity and
stability. Carbon particles are frequently used as catalyst supports because of their relative
stability in both acidic and basic media, good electric conductivity and high specific surface
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area [38]. The carbon black, nanostructured carbon materials and mesoporous carbon are the
most used carbon based catalysts supports.

Catalysts References

Carbon supported monometallic materials

Pt [39-54]

Pd [49,55]

Ru [51, 56, 57]

Au [58]

Ir [59]

Carbon supported binary materials

Pt-Ru [47, 50-54, 60-63]

Pt-Sn [53, 61, 64-67]

Pt-Pd [53, 68-70]

Pt-Co [71, 72]

Pt-CuO [73]

Pt-MoO [74]

Pt-Rh [53]

Figure 3. The SEM images of α-MnO2 precursor (a-c), and LiMn2O4 microspheres calcined at 750 ºC (d-g) [36].
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Catalysts References

Carbon supported binary materials

Pt-Sb [75]

Pt-Cr [61]

Pd-Co [55, 76, 77]

Pd-Fe [55]

Pd-V [78]

Au-Zn [79]

Au-Pt [58]

Au-Pd [58]

Ag-WC [80]

Ru-Se [56, 81]

Ir-Sn [59]

Ni-TiO2 [82]

Carbon supported ternary materials

Pt-Co-Ru [83]

Ru-Fe-Se [56]

Pt-Cr-Ru [84]

Carbon supported quaternary materials

Pt-Mn-Cu-X (X: Fe, Co, Ni, and Sn) [85]

Pt-Mn-Mo-X (X: Fe, Co, Ni, Cu and Sn) [85]

Single-walled carbon nanotube supported

Pt [86, 87]

Pd [88]

Multi-walled carbon nanotube supported

Pt [86, 87, 89]

Pd [90]

Pt-Pd [91]

Pt-Ru [92]

Pt-Au [93]

Pd-Ni [94]

Ni-Fe [95]

Pt-M (M: Fe, Co, and Ni) [96]

Pt nanoparticles on carbonized polyaniline nanotubes [97]

Carbon nanotubes and active carbon supported Pt [98]

Pt supported by multi-walled carbon nanotubes coated with sulfated TiO2 [99]

PtRu alloy catalyst supported on graphene-carbon black [100]

Reduced graphene/Pd nanocomposite modified with glassy carbon [101]

Pt supported on reduced graphene oxide-ordered mesoporous carbon [102]
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Catalysts References

Cd-doped cobalt nanoparticles encapsulated in graphite shell [103]

Pt and nickel oxide nanoparticles at glassy carbon [104]

Carbon xerogels supported Pt [105, 106]

Carbon aerogel supported Pt [107]

Pt-Ru and Pt-Ru supported on H2O2 treated carbon black [108]

Pt deposited on unsupported and carbon supported Ru nanoparticles [109]

Oxidized glassy carbon supported Pt/Ru nanoparticles [110]

Pt monolayers deposited on carbon-supported Ru and Rh nanoparticles [111]

Pt nanoparticles supported on functionalized graphene [112]

Polyoxometalate-deposited Pt/C [113]

Pt–SnO2 nanoparticles supported on graphitized mesoporous carbon [114]

Fe associated with pyridinic nitrogen [115]

Active carbon supported Ir-V nanoparticle [116]

Silicotungstic acid stabilized Pt-Ru nanoparticles supported on carbon nanofibers [117]

Polypyrrole/carbon supported Pt [118]

Au and MnOx nanoparticles deposited on glassy carbon [119]

Pt/carbon hollow nanospheres [120]

Table 1. Catalysts from carbon supported metallic composites

One of the most important applications related to the electrocatalysis is fuel cells. The per‐
formance of methanol fuel cells is limited due to both the CO poisoning of the anode surface
and the low catalytic activity of Pt-based anodic catalyst. Adsorbed CO has been identified as
a key surface poison and the later pathways have been attracted great interest because their
optimization can improve energy conversion efficiency at low potentials. Thus, the Pt(111)
surface is expected to facilitate the methanol oxidation through the direct pathway and exhibits
a good CO tolerance [39].

The Pt octahedron nanoparticles on supported carbon black were produced by Liu et al [39].
The TEM and HRTEM images of the Pt octahedral and tetrahedral nanoparticles were given
in Figure 4. The authors have determined that the defect and step sites introduce on the surface
of the Pt octahedron nanoparticles by applying a number of potential cycles. Further cycling
lead to the formation of Pt(100) terraces. The enhanced catalytic activity observed after a
number of potential cycles was due to the formation of the defect and step sites, and the rapid
decay in the long-term performance was ascribed to the formation of Pt(100) terraces. They
stated that the surface structure significantly affects the methanol decomposition process.

Porous graphene [121], graphitic carbon nitride [122], nitrogen-containing multi-walled
carbon nanotube modified glassy carbon electrodes [123], and nitrogen-doped graphene [124]
can be grouped as carbon-based catalysts. The SEM images from two of these catalysts are
shown in Figure 5. Figure 5A shows the interconnected 3D porous network of graphene sheets
on the electrochemically reduced grapheme oxide modified electrode surface. After chitosan
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Catalysts References

Carbon supported binary materials

Pt-Sb [75]

Pt-Cr [61]

Pd-Co [55, 76, 77]

Pd-Fe [55]

Pd-V [78]

Au-Zn [79]

Au-Pt [58]

Au-Pd [58]

Ag-WC [80]

Ru-Se [56, 81]

Ir-Sn [59]

Ni-TiO2 [82]

Carbon supported ternary materials

Pt-Co-Ru [83]

Ru-Fe-Se [56]

Pt-Cr-Ru [84]

Carbon supported quaternary materials

Pt-Mn-Cu-X (X: Fe, Co, Ni, and Sn) [85]

Pt-Mn-Mo-X (X: Fe, Co, Ni, Cu and Sn) [85]

Single-walled carbon nanotube supported

Pt [86, 87]

Pd [88]

Multi-walled carbon nanotube supported

Pt [86, 87, 89]

Pd [90]

Pt-Pd [91]

Pt-Ru [92]

Pt-Au [93]

Pd-Ni [94]

Ni-Fe [95]

Pt-M (M: Fe, Co, and Ni) [96]

Pt nanoparticles on carbonized polyaniline nanotubes [97]

Carbon nanotubes and active carbon supported Pt [98]

Pt supported by multi-walled carbon nanotubes coated with sulfated TiO2 [99]

PtRu alloy catalyst supported on graphene-carbon black [100]

Reduced graphene/Pd nanocomposite modified with glassy carbon [101]

Pt supported on reduced graphene oxide-ordered mesoporous carbon [102]
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Catalysts References

Cd-doped cobalt nanoparticles encapsulated in graphite shell [103]

Pt and nickel oxide nanoparticles at glassy carbon [104]

Carbon xerogels supported Pt [105, 106]

Carbon aerogel supported Pt [107]

Pt-Ru and Pt-Ru supported on H2O2 treated carbon black [108]

Pt deposited on unsupported and carbon supported Ru nanoparticles [109]

Oxidized glassy carbon supported Pt/Ru nanoparticles [110]

Pt monolayers deposited on carbon-supported Ru and Rh nanoparticles [111]

Pt nanoparticles supported on functionalized graphene [112]

Polyoxometalate-deposited Pt/C [113]

Pt–SnO2 nanoparticles supported on graphitized mesoporous carbon [114]

Fe associated with pyridinic nitrogen [115]

Active carbon supported Ir-V nanoparticle [116]

Silicotungstic acid stabilized Pt-Ru nanoparticles supported on carbon nanofibers [117]

Polypyrrole/carbon supported Pt [118]

Au and MnOx nanoparticles deposited on glassy carbon [119]

Pt/carbon hollow nanospheres [120]

Table 1. Catalysts from carbon supported metallic composites

One of the most important applications related to the electrocatalysis is fuel cells. The per‐
formance of methanol fuel cells is limited due to both the CO poisoning of the anode surface
and the low catalytic activity of Pt-based anodic catalyst. Adsorbed CO has been identified as
a key surface poison and the later pathways have been attracted great interest because their
optimization can improve energy conversion efficiency at low potentials. Thus, the Pt(111)
surface is expected to facilitate the methanol oxidation through the direct pathway and exhibits
a good CO tolerance [39].

The Pt octahedron nanoparticles on supported carbon black were produced by Liu et al [39].
The TEM and HRTEM images of the Pt octahedral and tetrahedral nanoparticles were given
in Figure 4. The authors have determined that the defect and step sites introduce on the surface
of the Pt octahedron nanoparticles by applying a number of potential cycles. Further cycling
lead to the formation of Pt(100) terraces. The enhanced catalytic activity observed after a
number of potential cycles was due to the formation of the defect and step sites, and the rapid
decay in the long-term performance was ascribed to the formation of Pt(100) terraces. They
stated that the surface structure significantly affects the methanol decomposition process.

Porous graphene [121], graphitic carbon nitride [122], nitrogen-containing multi-walled
carbon nanotube modified glassy carbon electrodes [123], and nitrogen-doped graphene [124]
can be grouped as carbon-based catalysts. The SEM images from two of these catalysts are
shown in Figure 5. Figure 5A shows the interconnected 3D porous network of graphene sheets
on the electrochemically reduced grapheme oxide modified electrode surface. After chitosan
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addition to this electrode, it was argued that the electrode is a good material platform prom‐
ising for construction of the third-generation enzyme biosensor, biofuel cells and bio electro‐
chemical devices.

Figure 5. (A) SEM images the surface of the electrochemically reduced graphene oxide modified electrode [121] and
(B) nitrogen-doped multi-walled carbon nanotubes deposited on glassy carbon [123]

Figure 4. (a) TEM image of the Pt octahedron nanoparticles on supported carbon black. (b) HRTEM image of a single
Pt octahedron nanoparticle; inset: the geometrical model of the Pt octahedron nanoparticle. (c) HRTEM image of a
single Pt tetrahedral nanoparticle; inset: the geometrical model of the Pt tetrahedral nanoparticle. (d) The typical
HRTEM image of a single Pt octahedron nanoparticle after 50 cycles. (e) The typical HRTEM image of a single Pt octa‐
hedron nanoparticle after 100 cycles [39].
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Figure 5B shows the surface morphology of the nitrogen-doped multi-walled carbon nano‐
tubes deposited on glassy carbon. It was determined that the nitrogen doped carbon nanotube
materials demonstrate a high electrocatalytic activity for O2 reduction in alkaline solution.

The specific catalysts such as glucose oxidase/graphene/gold nanocomposites [125], The heat-
treated cobalt–porphyrin/carbon [126], SiO2 supported catalyst powders [127], palladium
doped glassy carbon, nitrogen implanted glassy carbon and argon implanted glassy carbon
[128], hybrid nanocomposites modified glassy carbon electrode [129], hemoglobin immobi‐
lized on poly (styrene-alternative-maleic acid)/multiwalled carbon nanotubes blends [130],
active carbon-supported cupper phthalocyanine [131], Pt nanoparticles supported by zeolite-
type mesoporous Cs2.5H0.5PW12O40 solid super-acid [132], carbon-ceramic supported bimetallic
Pt-Ni nanoparticles [133], Ni nano-pottery structure [134], Pt nanoparticles modified with
ethylidyne [135], poly(3,4-ethylenedioxythiophene)-modified screen-printed electrodes [136],
Pt nanoparticles on nitrogen-doped magnetic carbon nanoparticles [137], carbon supported
gold, carbon powder and carbon powder grafted with anthraquinone derivatives [138] were
not included to the above groups.

Figure 6 indicates the SEM images of Ni nano-pottery structures produced by electrodeposi‐
tion in a nanoporous alumina template. The researchers used these nanostructures as cathode
catalyst for hydrogen evolution reaction (HER) in alkaline water electrolysis. Their catalytic
activity was compared to that of the Ni nano-rod and film and the result shows that the HER
activity was greatly enhanced when using the Ni nano-pottery structure which mainly resulted
from both larger and higher numbers of surface reactive sites.

Figure 7 summarizes the electrocatalytic applications in which are used electrode materials
described and classified above. From this figure, it can be seen that the catalytic activity tests
of electrode materials are generally performed with oxygen reduction and methanol oxidation
reactions.

The mechanism of the electrochemical oxygen reduction reaction is quite complicated and
involves many intermediates, primarily depending on the natures of the electrode material,
catalyst, and electrolyte [139]. It can be presented as follows in acidic or alkali medium.
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The reduction pathways such as the 1, 2, and 4-electron reduction pathways have unique significance, 
depending on the applications. In fuel cell processes, the 4-electron direct pathway is highly preferred 
[139].  

With growing crisis in energy conservation and environmental pollution, a particular emphasis has 
been placed on sustainable conversion of environment-friendly feedstock to valuable matters and 
energy. Fuel cell technology provides a sustainable strategic manner for energy conversion with high-
efficiency and cleanliness, but it has to rely on simple small-molecular high energy-containing fuels 
such as hydrogen, methanol, methanoate, and ethanol [80]. 

Electrochemical reactions involved in the methanol fuel cell include an anode reaction for oxidizing 
of fuel and a cathode reaction for reducing of hydrogen ion and oxygen. These reactions are as 
follows: 

Anode reaction: CH3OH(aq)  + H2O(l) → 6H+ + 6ē + CO2(g)  
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Overall reaction: CH3OH(aq)  + 3/2 O2(g) →2H2O(l) + CO2(g)   

As shown in the above reactions, methanol and water react with each other to produce carbon dioxide, 
six hydrogen ions, and six electrons at the anode. At the cathode, the hydrogen ions, electrons, and 
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The reduction pathways such as the 1, 2, and 4-electron reduction pathways have unique
significance, depending on the applications. In fuel cell processes, the 4-electron direct
pathway is highly preferred [139].

With growing crisis in energy conservation and environmental pollution, a particular empha‐
sis has been placed on sustainable conversion of environment-friendly feedstock to valuable
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addition to this electrode, it was argued that the electrode is a good material platform prom‐
ising for construction of the third-generation enzyme biosensor, biofuel cells and bio electro‐
chemical devices.

Figure 5. (A) SEM images the surface of the electrochemically reduced graphene oxide modified electrode [121] and
(B) nitrogen-doped multi-walled carbon nanotubes deposited on glassy carbon [123]

Figure 4. (a) TEM image of the Pt octahedron nanoparticles on supported carbon black. (b) HRTEM image of a single
Pt octahedron nanoparticle; inset: the geometrical model of the Pt octahedron nanoparticle. (c) HRTEM image of a
single Pt tetrahedral nanoparticle; inset: the geometrical model of the Pt tetrahedral nanoparticle. (d) The typical
HRTEM image of a single Pt octahedron nanoparticle after 50 cycles. (e) The typical HRTEM image of a single Pt octa‐
hedron nanoparticle after 100 cycles [39].
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Figure 5B shows the surface morphology of the nitrogen-doped multi-walled carbon nano‐
tubes deposited on glassy carbon. It was determined that the nitrogen doped carbon nanotube
materials demonstrate a high electrocatalytic activity for O2 reduction in alkaline solution.

The specific catalysts such as glucose oxidase/graphene/gold nanocomposites [125], The heat-
treated cobalt–porphyrin/carbon [126], SiO2 supported catalyst powders [127], palladium
doped glassy carbon, nitrogen implanted glassy carbon and argon implanted glassy carbon
[128], hybrid nanocomposites modified glassy carbon electrode [129], hemoglobin immobi‐
lized on poly (styrene-alternative-maleic acid)/multiwalled carbon nanotubes blends [130],
active carbon-supported cupper phthalocyanine [131], Pt nanoparticles supported by zeolite-
type mesoporous Cs2.5H0.5PW12O40 solid super-acid [132], carbon-ceramic supported bimetallic
Pt-Ni nanoparticles [133], Ni nano-pottery structure [134], Pt nanoparticles modified with
ethylidyne [135], poly(3,4-ethylenedioxythiophene)-modified screen-printed electrodes [136],
Pt nanoparticles on nitrogen-doped magnetic carbon nanoparticles [137], carbon supported
gold, carbon powder and carbon powder grafted with anthraquinone derivatives [138] were
not included to the above groups.

Figure 6 indicates the SEM images of Ni nano-pottery structures produced by electrodeposi‐
tion in a nanoporous alumina template. The researchers used these nanostructures as cathode
catalyst for hydrogen evolution reaction (HER) in alkaline water electrolysis. Their catalytic
activity was compared to that of the Ni nano-rod and film and the result shows that the HER
activity was greatly enhanced when using the Ni nano-pottery structure which mainly resulted
from both larger and higher numbers of surface reactive sites.

Figure 7 summarizes the electrocatalytic applications in which are used electrode materials
described and classified above. From this figure, it can be seen that the catalytic activity tests
of electrode materials are generally performed with oxygen reduction and methanol oxidation
reactions.

The mechanism of the electrochemical oxygen reduction reaction is quite complicated and
involves many intermediates, primarily depending on the natures of the electrode material,
catalyst, and electrolyte [139]. It can be presented as follows in acidic or alkali medium.
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The reduction pathways such as the 1, 2, and 4-electron reduction pathways have unique
significance, depending on the applications. In fuel cell processes, the 4-electron direct
pathway is highly preferred [139].

With growing crisis in energy conservation and environmental pollution, a particular empha‐
sis has been placed on sustainable conversion of environment-friendly feedstock to valuable
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matters and energy. Fuel cell technology provides a sustainable strategic manner for energy
conversion with high-efficiency and cleanliness, but it has to rely on simple small-molecular
high energy-containing fuels such as hydrogen, methanol, methanoate, and ethanol [80].

Electrochemical reactions involved in the methanol fuel cell include an anode reaction for
oxidizing of fuel and a cathode reaction for reducing of hydrogen ion and oxygen. These
reactions are as follows:

Anode reaction: CH3OH(aq)+H2O(l) → 6H++6ē+CO2(g)

Cathode reaction: 3/2 O2(g)+6H+
(aq)+6ē → 3H2O(l)

Overall reaction: CH3OH(aq)+3/2 O2(g) →2H2O(l)+CO2(g)

As shown in the above reactions, methanol and water react with each other to produce carbon
dioxide, six hydrogen ions, and six electrons at the anode. At the cathode, the hydrogen ions,
electrons, and oxygen react to produce water. The overall reaction consists of the production
of water and carbon dioxide via the reaction between methanol and oxygen. Through these
reactions, a large portion of energy corresponding to the heat of combustion of methanol is
converted to an electrical energy. In order to facilitate these reactions, both the anode and the
cathode of the methanol fuel cell comprise catalysts [140].

Figure 6. SEM images of Ni nanostructure obtained at different deposition times (a) 150, (b) 300, (c) 350, and (d) 600
s [134].
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Most of electrocatalysis appears to be centered on fuel cells in which are carrying out the
oxidation of hydrogen, oxygenates, or hydrocarbon molecules to CO2 and the reduction of
oxygen to water and more specifically proton exchange membrane (PEM) [5].

The oxygen reduction reaction (ORR) is an important cathode reaction in fuel cells. However,
this reaction is kinetically slow and the cathodic polarization in fuel cells is usually over 0.3 V,
accounting for the major part of the voltage loss in a single cell. So far, the best catalyst for the
ORR has been Pt, which is expensive and limited in natural resource. Promoting the activity
of Pt and searching for alternatives are two basic approaches to solve this problem [14].
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Figure 7. The testing reactions for the catalysts and their percentages of application (2005-2013)

The electrochemical reduction of a proton source to produce hydrogen (H2) gase is a reaction
of both fundamental and economic significance. Electrocatalysis of this reaction can be
achieved homogeneously via protonation and electrochemical (or photo-chemical) reduction
of a suitable Brønsted base in solution. Advances in this area have afforded molecular
electrocatalysts that employ cobalt, molybdenum, nickel, or iron, instead of platinum that is
currently the preferred electrocatalyst for proton reduction in water. Given the interest of
developing H2-production electrocatalysts based on cheap and abundant materials, synthetic
models of the iron–iron hydrogenase enzymes have been the subject of numerous studies [141].

Methanol, ethanol, and 2-propanol are the main alcohols used directly as fuels in the direct
alcohols fuel cells (DAFCs). Methanol is nonrenewable, volatile and a flammable substance;
moreover, it has a high toxicity. The use of methanol may result in major issues if applied to
portable devices. On the other hand, ethanol is less toxic and has a higher energy density
compared to methanol [103].
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matters and energy. Fuel cell technology provides a sustainable strategic manner for energy
conversion with high-efficiency and cleanliness, but it has to rely on simple small-molecular
high energy-containing fuels such as hydrogen, methanol, methanoate, and ethanol [80].

Electrochemical reactions involved in the methanol fuel cell include an anode reaction for
oxidizing of fuel and a cathode reaction for reducing of hydrogen ion and oxygen. These
reactions are as follows:

Anode reaction: CH3OH(aq)+H2O(l) → 6H++6ē+CO2(g)

Cathode reaction: 3/2 O2(g)+6H+
(aq)+6ē → 3H2O(l)

Overall reaction: CH3OH(aq)+3/2 O2(g) →2H2O(l)+CO2(g)

As shown in the above reactions, methanol and water react with each other to produce carbon
dioxide, six hydrogen ions, and six electrons at the anode. At the cathode, the hydrogen ions,
electrons, and oxygen react to produce water. The overall reaction consists of the production
of water and carbon dioxide via the reaction between methanol and oxygen. Through these
reactions, a large portion of energy corresponding to the heat of combustion of methanol is
converted to an electrical energy. In order to facilitate these reactions, both the anode and the
cathode of the methanol fuel cell comprise catalysts [140].

Figure 6. SEM images of Ni nanostructure obtained at different deposition times (a) 150, (b) 300, (c) 350, and (d) 600
s [134].
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Most of electrocatalysis appears to be centered on fuel cells in which are carrying out the
oxidation of hydrogen, oxygenates, or hydrocarbon molecules to CO2 and the reduction of
oxygen to water and more specifically proton exchange membrane (PEM) [5].

The oxygen reduction reaction (ORR) is an important cathode reaction in fuel cells. However,
this reaction is kinetically slow and the cathodic polarization in fuel cells is usually over 0.3 V,
accounting for the major part of the voltage loss in a single cell. So far, the best catalyst for the
ORR has been Pt, which is expensive and limited in natural resource. Promoting the activity
of Pt and searching for alternatives are two basic approaches to solve this problem [14].
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The reduction pathways such as the 1, 2, and 4-electron reduction pathways have unique significance, 
depending on the applications. In fuel cell processes, the 4-electron direct pathway is highly preferred 
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As shown in the above reactions, methanol and water react with each other to produce carbon dioxide, 
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The electrochemical reduction of a proton source to produce hydrogen (H2) gase is a reaction
of both fundamental and economic significance. Electrocatalysis of this reaction can be
achieved homogeneously via protonation and electrochemical (or photo-chemical) reduction
of a suitable Brønsted base in solution. Advances in this area have afforded molecular
electrocatalysts that employ cobalt, molybdenum, nickel, or iron, instead of platinum that is
currently the preferred electrocatalyst for proton reduction in water. Given the interest of
developing H2-production electrocatalysts based on cheap and abundant materials, synthetic
models of the iron–iron hydrogenase enzymes have been the subject of numerous studies [141].

Methanol, ethanol, and 2-propanol are the main alcohols used directly as fuels in the direct
alcohols fuel cells (DAFCs). Methanol is nonrenewable, volatile and a flammable substance;
moreover, it has a high toxicity. The use of methanol may result in major issues if applied to
portable devices. On the other hand, ethanol is less toxic and has a higher energy density
compared to methanol [103].
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2. Improvements in electrocatalytic materials and nanoparticles

It should be noted that ready-to-use electrocatalytic materials are complex systems where the
resultant performance, i.e., activity, selectivity, and stability, depends on many factors. Even
a single-supported nanoparticle in contact with an electrolyte represents a multi parametric
system: different facets, surface defects, interactions with the support material, surface and
bulk composition, size effects, specific properties of the electrochemical interface, electrolyte
composition, and other parameters control its catalytic properties [4].

The rates of electrocatalytic reactions depend upon the surface structure and composition of
the electrode as well as on the applied potential. The former includes the chemical composition
of the electrode surface, its long-range geometry (with possible surface reconstructions or
relaxations) and the in situ surface atomic arrangement on a short range scale whereas the later
follows the changes that result in the atomic structure as well as the electronic structure of the
metal. Recent developments in electrocatalysis have been driven by progress in ab initio theory
of catalysis, development of new experiment methods to study materials and surfaces and the
synthesis of new catalytic materials. The discovery of new nanoscale materials with unique
surface structures and geometric architectures often provide unexpected surface properties as
well as enhanced electrocatalytic performance [142].

The common criteria for a high performance catalyst are: (i) a narrow nanoscale size distribu‐
tion; (ii) a uniform composition throughout the nanoparticles; (iii) a fully alloyed degree and
(iv) high dispersion on carbon support [38]. In principle the catalytic activity can be increased
either by a fine dispersion of the nanoparticles (NPs) or by modulating the electronic properties
of the catalyst NPs by interaction with support chemical or morphological defects; as an
example, a way to enhance the durability of the catalyst support assembly in the case of oxygen
reduction is to strengthen the catalyst NPs support interaction by introducing into the substrate
defects that can act as trapping sites for anchoring the catalyst NPs [128].

Most current studies on electrocatalysis based on the use of ensembles of nanostructured metal
materials to understand the structure-function relationship. An important aspect of nano‐
structured metal materials is their structure-dependent catalytic activity. It has been shown
that the electrocatalytic activity of nanostructured metallic materials is extremely sensitive to
their sizes. Due to differences in electrochemical activity at different crystal surfaces, the shape
of the nanoparticles also greatly alters their functionality. There had been numerous research
efforts reported to control the shape of metal nanoparticles to obtain optimized activity in
electrocatalysis [143].

Nanoparticles are widely investigated for their catalytic activity due to their high surface area
to bulk atomic ratious and the achievable high surface area at low bulk concentration and
associated lower cost. Studies of the reactivity of nanoparticles as catalysts for electrochemical
reactions involve the adsorption or growth of nanomaterials onto solid substrates, e.g. carbon
materials, oxide materials, metal substrates or molecular templates, which allow formation of
an electronic contact required to control electrochemical reactions. The potential is then applied
through the substrate material. Although the substrate is chosen with a low activity for the
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specific catalyzed reaction, the potential distribution at the interface and the electrochemical
results might be influenced through the substrate double layer. To decouple substrate–
nanoparticle and substrate–electrolyte interaction from the electrochemical results is therefore
not straightforward [12].

Nanoparticles have been used extensively in the fields of physical, chemical and material
sciences in the past few years. These materials have a high specific surface area, large pore size
and unique features, such as surface plasmon absorption, improved magnetic property, high
reactivity, and enhanced catalytic activity. They are also expected to show advantages for use
as electrocatalysts due to their large active surface areas, small catalyst loading and abilities
to prevent aggregation between particles. Among the nanoparticles, metal nanoparticles are
objects of great interest in modern chemistry and material researches, where they find
application in such diverse fields as photochemistry, nanoelectronics, optics, catalysis, and
electrocatalysis. In fact, often enough these particles do possess physical as well as chemical
properties, which are distinct both from the bulk phase and from isolated atoms and molecules.
Use of noble metal nanoparticles seems to be inevitable in fuel cells. So far only platinum micro/
nanoparticles are chosen as the main anode and cathode material in fuel cells. However,
transition metals (Ni, Cr, and...) alloyed with platinum are also found to be efficient catalysts
to decrease the CO poisoning effect in the electro oxidation of fuels. Further these catalysts are
effective to reduce the cost compared to pure platinum based catalysts [144].

Generally, Pt has long been regarded as the best electrocatalyst for both anode and cathode in
fuel cells. However, large-scale commercial application of fuel cells has been hindered largely
by the high price of the Pt catalysts due to the limited reserve of Pt in nature, poor kinetics at
the anode caused by reaction intermediate adsorption on Pt catalyst and the degradation of
cathode performance because of poisoning of Pt catalyst resulting from diffusion of fuel
molecules from the anode across membrane and CO poisoning. As a result, various catalysts
such as Pt-based alloys, transition-metal macro cycles and Pt-based catalysts have been
researched to solve the problems above and the latter presents much more activity and better
long-term stability under fuel-cell operation conditions in comparison with others [102].

There is no doubt that many researchers would agree that the oxygen reduction reaction is
more important than any other in respect to electrocatalysis. This is because it gives rise to the
principal over potential in fuel cells and fuel cells are in a stage of rapid development so that
anything related to increasing the efficiency of them is economically important [2]. Overpo‐
tential value related to the charge transfer processes at the anode or cathode is the ones that
could be lowered by the proper selection of electrode material. This is the issue of the electro‐
catalysis.

Just to show the tremendous savings which could be obtained by improved electrocatalysis of
the oxygen reduction reaction (and any corresponding one with the same types of i0) it can be
started with a familiar equation (Eq 1), derived from Tafel’s Law, and said that the change in
overpotential at a given current density in the irreversible region with two different i0's are
given (roughly of course) by:
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∆η =2 RT
F ln

(i0)1
(i0)2

(1)

where; Δη is the overpotential (V), 2RT/F is the so-called “Tafel slope” (V), i0 is the current
density (A/m2). There is only one assumption in this equation and that is that this value for
transfer coefficient (α) in the relevant Tafel equation for the reaction is about one-half, which
is a widely observed value (though for certain rate determining steps, it may indeed be
substantially increased, thus reducing the overpotential) [2].

Of course, everybody knows that “platinum is a good catalyst” and this phrase has often given
rise to the impression that one has to look for a substance which will be, in a universal way,
“a good catalyst”. There are several reasons why platinum has been brought out and focused
upon and two of them are that it is an easily available substance which can catalyze substances
at highly anodic potentials without being decomposed. In this sense, it has wide applicability.
Indeed, one of the difficulties in finding other catalysts, better than platinum, is that, although
one might make theoretical calculations which would indicate a given substance to be a better
catalyst than platinum it may not withstand the anodic potentials which are often met in,
e.g., the reduction of oxygen and undergo decomposition itself, thus making it impractical to
use [2].

Platinum was found to be the electrode material on top of which hydrogen evolves with
minimum overpotential. From purely academic, the problem how to lower the overpotential
(thus lowering the product price) gets on importance with the growth of technical processes
of electrolysis. Performed on a large scale, their economy depends greatly on the electricity
consumption per unit product, i.e. on the value of cell voltage [3].

3. Applications of electrocatalytic materials

The goal of the applied electrocatalysis is to improve the electrode activity for the wanted
reaction, but at the same time to prevent (or slow down) side reactions. Technical reasons
request the selected electrode material to be stable (without corrosion and wear), economical
reasons favor cheaper materials, while environmental concern is in favor of nonpolluting
electrode materials [3].

The transition from one-metal-only electrocatalyst to a two or more metal (or their compounds)
catalysts was not at all easy. It took almost 30 years from the first rhodium electrodeposited
on titanium electrocatalyst till the first titanium-based anodes in the cathodic protection of
rebar in concrete. In this process, rhodium and platinum electrodeposited on titanium (1958),
paint/thermal decomposition coatings (1960), first mixed metal oxide coatings (1965), Pt/Ir
coated first titanium based electrodes (1968), and first non-precious metal alloys (1974) were
produced and titanium-based anodes in electrogalvanizing (1984) and in the cathodic protec‐
tion applications (1986) were used. Development of electrocatalysts without precious metals
started in the middle 1970’s and then extended over a long period [3].
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The strategy lying behind this important switch from one type of electrocatalysts, made out
of rather expensive and limited in quantities precious metals, to the new type of compound
catalysts engineered trivial components, but promising unrestricted possibilities was fully
correct [3].

Pt and other group VIII metals are known to be very active in the electrocatalytic oxidation of
alcohols and the reduction of oxygen in fuel cells, automotive exhaust catalysis, and hydro‐
genolysis, and hydrogenation catalysis in the conversion of petroleum and renewable resour‐
ces. This is predominantly the result of the well-established Sabatier’s Principle which suggests
that the metals in middle of the periodic table demonstrate optimal metal-adsorbate bond
strengths necessary to balance surface reaction steps and product desorption steps [5].

Gold first became recognizable as a catalyst when clusters deposited on several metal oxides
exhibited oxidation towards carbon oxides at low temperature. Nowadays this effect is
thoroughly investigated due to techniques and tools allowing studying the size and shape of
the particles and their correlation with catalytic activities. Gold nanoparticles (AuNPs) catalyze
a number of reactions either suspended in solution or deposited on the electrode surface [145].

The knowledge obtained from model experiments can be successfully used to design “real-
world electrocatalysts”. For example, one of the main modern paradigms of the proton
exchange membrane fuel cells (PEMFCs) electrocatalyst preparation is to produce high surface
area nanoparticulate materials where the catalyst nanoparticles are supported on an electron‐
ically conducting carbon support. As stability issues strongly dominate in selection of elec‐
trocatalyst material, Pt-based materials are used at the cathode side of present state-of-the-art
PEMFCs [4].

In general, a fuel cell is an electrochemical device which requires electrocatalysts at the anode
oxidize the fuel to produce electrons and protons and at the cathode reduce oxygen and
consume the protons and electrons produced (as shown in Fig. 8).

The vast majority of polymer electrolyte membrane fuel cell work has been performed using
Nafion® as the electrolyte [146]. The proton conducting membrane allows the proton to rapidly
transfer from the anode to the cathode whereas the wire which connects the two electrodes
allows for electron transfer. The fuel oxidation at the anode and the reduction of oxygen which
occurs at the cathode are shown [142].

The differences in the rates of reaction at the anode and cathode dictate the potential at which
the cell can operate and the maximum current density. On the anode side, the challenge is to
efficiently catalyze the oxidation of hydrogen or oxygenate fuels such as methanol, formic acid
or ethanol. Unfortunately, the fuel sources are often contaminated by CO or other species that
can poison the electrode surface. On the cathode side, the requirement is to effectively reduce
oxygen, usually from air and to prevent the dissolution and loss of catalyst. The most active
electrocatalytic materials are typically comprised of expensive transition metals nanoparticles
such as Pt that are too costly to provide viable commercial solutions. Core–shell nanoparticles
have of a very thin shell of the active Pt catalyst supported onto a second metal. To synthesize
these systems, bimetallic nanoparticles are often leached in acid to remove the excess of the
electro-dissolving non-noble element leaving the protective layer composed of the Pt or the Pt
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enriched surface phase. In other words, the electro-dissolution creates de-alloyed Pt bimetallic
catalysts that are composed of an inexpensive core element with platinum present only in the
nanoparticle shell. This leaves the composition of the material in active usage and close to the
nominal (started) alloyed/bimetallic specification [142].

4. Conclusion

Electrocatalysts are of ubiquitous importance and can be found in a large array of research
fields and applications, including corrosion science, development of electroanalytical sensors,
waste water treatment, electro-organic synthesis and energy conversion devices (e.g. batteries,
fuel cells and solar cells). In the context of the increasing global energy demand and continuous
depletion of fossil fuel-reserves, the exploitation of renewable carbon-neutral energy sources,
such as sunlight, is one of the greatest scientific challenges of this century. The production of
hydrogen through water splitting, either electrochemically or photochemically, seems to be a
promising and sustainable solution to the storage of energy in a chemical and stable form,
before converting it back into electricity, for example in a hydrogen-driven fuel cell. Electro‐
catalysis is the key enabling technology for these processes.

In recent years, research in electrocatalysis has experienced a significant progress mainly
through the application of very modern research techniques and the use of improved electrode

Figure 8. Schematic illustration of a fuel cell
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materials. The widespread interest in nanostructured materials mainly originates from the fact
that their properties (optical, electrical, mechanical and chemical performance) are usually
different from those of the bulk materials. In addition, the development of high resolution
instrumentation and new developments in analytical chemistry and electrochemical techni‐
ques permits the detailed characterization of atomic distribution, before, during, and after a
reaction takes place, giving unprecedented information about the status of the catalyst during
the reaction, and most importantly the time evolution of the exposed catalytic surfaces at the
atomistic level.

In order to reduce the usage of precious metals and, thus, cost, the best possible performance
has to be extracted from a given amount of catalyst. This involves mainly catalyst preparation,
pretreatment, electrode preparation and, in the case of supported catalysts, also the choice of
a suitable support. Tremendous progress has been made in developing preparation methods,
carbon supports and down-selection approaches for catalysts in recent years. Several simple
and tunable methods have shown a superior ability to synthesize state-of-the-art catalysts.
Some new carbon materials have been demonstrated to be feasible as catalyst supports,
although their applications still face some challenges in terms of synthesis, metal loading and
electrode preparation. Combination of these advanced metal loading methods and excellent
carbon supports could bring about a breakthrough in the exploration for a new generation of
catalysts in the near future.

In addition, we predict that the efforts for the development of new catalysts with different
characteristics will increasingly continue in the future too. Further improvements considering
the exploration of these materials will help to commercialization of the fuel cells. We feel that
there is a need for further works in the investigation of the effectiveness of these materials in
the alternative areas as chemical catalyst, chemical sensor, and biological biosensor.
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depletion of fossil fuel-reserves, the exploitation of renewable carbon-neutral energy sources,
such as sunlight, is one of the greatest scientific challenges of this century. The production of
hydrogen through water splitting, either electrochemically or photochemically, seems to be a
promising and sustainable solution to the storage of energy in a chemical and stable form,
before converting it back into electricity, for example in a hydrogen-driven fuel cell. Electro‐
catalysis is the key enabling technology for these processes.

In recent years, research in electrocatalysis has experienced a significant progress mainly
through the application of very modern research techniques and the use of improved electrode

Figure 8. Schematic illustration of a fuel cell
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materials. The widespread interest in nanostructured materials mainly originates from the fact
that their properties (optical, electrical, mechanical and chemical performance) are usually
different from those of the bulk materials. In addition, the development of high resolution
instrumentation and new developments in analytical chemistry and electrochemical techni‐
ques permits the detailed characterization of atomic distribution, before, during, and after a
reaction takes place, giving unprecedented information about the status of the catalyst during
the reaction, and most importantly the time evolution of the exposed catalytic surfaces at the
atomistic level.

In order to reduce the usage of precious metals and, thus, cost, the best possible performance
has to be extracted from a given amount of catalyst. This involves mainly catalyst preparation,
pretreatment, electrode preparation and, in the case of supported catalysts, also the choice of
a suitable support. Tremendous progress has been made in developing preparation methods,
carbon supports and down-selection approaches for catalysts in recent years. Several simple
and tunable methods have shown a superior ability to synthesize state-of-the-art catalysts.
Some new carbon materials have been demonstrated to be feasible as catalyst supports,
although their applications still face some challenges in terms of synthesis, metal loading and
electrode preparation. Combination of these advanced metal loading methods and excellent
carbon supports could bring about a breakthrough in the exploration for a new generation of
catalysts in the near future.

In addition, we predict that the efforts for the development of new catalysts with different
characteristics will increasingly continue in the future too. Further improvements considering
the exploration of these materials will help to commercialization of the fuel cells. We feel that
there is a need for further works in the investigation of the effectiveness of these materials in
the alternative areas as chemical catalyst, chemical sensor, and biological biosensor.
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1. Introduction

Electrochemical methods and processes have been applied for many years in environmental
applications such as water/wastewater treatment, recovery of metals, electroplating and
qualitative/quantitative analysis in various aqueous media. Among these processes, electro‐
coagulation (EC) has gained many interest due to providing simple, reliable and cost effective
operation for the treatment of wastewaters without and need for additional chemicals, and
thus the secondary pollution. EC is declared an environment-friendly technique since the
‘electron’ is the main reagent and does not require addition of the reagents/chemicals. This
will minimize the sludge generation to a great extent and eventually eliminate some of the
harmful chemicals used as coagulants in the conventional effluent treatment methods. EC
process can effectively destabilize small colloidal particles and generates lower quantity of
sludge compared to other processes [1]. This technique uses a direct current (DC) source
between metal electrodes immersed in polluted water [2]. In this method, soluble metal
electrodes (such as iron and aluminium mostly) form metal hydroxides when subjected to a
suitable current. The metal hydroxides act as coagulants and lead to the removal of various
contaminants [3]. The pros and cons of the EC are tabulated in Table 1

EC is an efficient technique since adsorption of hydroxide on mineral surfaces are a 100 times
greater on ‘in situ’ rather than on preprecipitated hydroxides when metal hydroxides are used
as coagulant [3]. Besides, the ‘electron’ is the main reagent and does not require addition of
the reagents/chemicals, which will minimize the sludge generation to a great extent and
eventually eliminate some of the harmful chemicals used as coagulants in the conventional
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effluent treatment methods. EC process can effectively destabilize small colloidal particles and
generates lower quantity of sludge compared to other processes [1]. EC has been successfully
applied to the treatment of a lot of wastewaters including either organic or inorganic pollutants
as well as drinking waters due to its benefits: environmental compatibility, versatility, energy
efficiency, safety, selectivity, amenability to automation, and cost effectiveness. Additionally,
electrochemical based systems allow controlled and rapid reactions, smaller systems become
viable and, instead of using chemicals and micro-organisms, the systems employ only electrons
to facilitate water treatment [3, 5]. However, the main drawback of conventional EC (DC-EC)
is inevitable formation of an impermeable oxide film on the cathode, which results in lower
removal performance of pollutants and higher operating costs (due to higher energy con‐
sumption) [3, 6].

In the EC process, an electric field is applied to the medium for a short time, and the treated
dispersion transferred to an integrated clarifier system where the water–contaminant mixture
separates into a floating layer, a mineral-rich sediment, and clear water. The aggregated mass
settles down due to gravitational force. The clear water can be extracted by conventional
methods [4]. Generally, DC power supply is traditionally employed to generate an electric
field and ion transportation between the immersed sacrificial electrodes in the EC reactor.
However, the major threat of the EC process using DC is that an impermeable oxide film may
be formed on the cathode during the electrolysis. This leads a “cathode passivation”, which
decreases the ionic transfer between the anode and cathode directly, hindering the metal
dissolution and indirectly preventing metal hydroxide formation. Electrolytic dissolution of
anode and electrolytic deposition of cathode in the EC cell employing DC power supply are
schematically shown in Fig. 1. The DC-EC technology is inherent with the formation of an
impermeable oxide layer on the cathode as well as deterioration of the anode due to oxidation.
These limitations of the DC-EC process have been minimized to some extent by the addition
of parallel plate sacrificial electrodes in the cell configuration. However, many have preferred
the use of alternating current (AC) power supply in EC process [4, 7]. According to the
reference [4], the AC cyclic energization is believed to retard the normal mechanisms of
electrode attack that are experienced in DC-EC system, and thus, ensure reasonable electrode
life. In addition to that, since the AC electric fields in an AC-EC separator do not cause
electrophoretic transport of the charged particles due to the frequent change of polarity, it can
induce dipole–dipole interactions in a system containing nonspherical charged species. As a
result, the AC electric fields may also disrupt the stability of balanced dipolar structures
existing in such a system. This is, however, not possible in a DC-EC separator using DC electric
fields.

To prevent the main disadvantage of the EC, cathode passivation, AC can be preferred as
power supply or anode and cathode can be replaced periodically with each other in DC mode.
However, the latter option is not feasible for continuous operations in practical. The alternating
pulse current (APC) method was proposed with experimental results in detail for the first time
by Mao et al. [8] by using AC power. However, the rectangular wave produced by “a time
relay from already existing DC power supply” was declared by Eyvaz et al. [9] for the first
time in EC applications.
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Figure 1. Schematic representation of electrode surface change during the EC treatment using DC supply (t0–t3 are
treatment times of continuous process in order).

Mao et al. [8] proposed a novel current feed style in electrocoagulation aiming at preventing
the cathode passivation by using AC in synthetic oily wastewater. They investigated the effects
of APC on the aluminium electrodes’ surfaces by scanning electron microscope (SEM) and X-
ray photoelectron spectroscopy (XPS), not observing passivation of Al, also achieving uniform
dissolution of anode and cathode. Similar to APC, periodic reversal current feed was obtained
by a simple time relay device integrated with a DC power supply by Eyvaz et al. [9]. They used
this system to prevent electrode passivation of aluminium electrodes in EC of textile dye
solutions. Their results indicated that APC was found superior to DC and higher removal
efficiencies in shorter operation times and longer fill-and-draw periods could be gained by
APC. Removal efficiencies increased in APC system after optimum operation time belongs to
DC system as well. In another research containing the comparison of AC and DC, Vasudevan
et al. [10] reported that under the identical experimental conditions, similar cadmium removal
efficiencies (97.5% and 96.2%) were achieved. However, the benefits of reducing energy
consumption were two fold with AC (0.665 and 1.236 kWh/m3 for AC and DC, respectively).

According to the research of Keshmirizadeh et al. [11], equal removal efficiencies were
obtained in direct current and alternating pulse current. In the APC mode, the water recovery
was very significant, measuring as high as 0.92 m3/m3 wastewater. For DC mode, the water
recovery was less than 0.5 m3/m3 of wastewater.The APC mode was found to be more efficient
than the DC mode with a lower anode over-voltage, slower anode polarization and passivity,
and lower tank voltage. The operating time was 3–25% less when APC mode was used, based
on initial Cr(VI) concentration of 50–1000 mg/L, respectively. Because of the reduction in
operating time, less energy was consumed, which made the APC mode more cost effective.
Application of APC eliminated uneven wear (dissolution) of electrodes; typically, the anode
material dissolved and electroreduction products stuck to the cathodes when DC mode was
used. When the APC mode was employed, electrocoagulation produced a highly dense or
compact sludge at the reactor bottom, resembling dense clay soil layers. It also produced more
clear supernatant. The APC mode minimized waste and increased sludge stability.

More recently, periodic electrode reversal methode (PREC) in EC was optimized by response
surface methodology (RSM) for color removal of synthetic Methyl Orange wastewater by Pi
et al. [12]. Color removals of 97 % with PREC and 82 % with conventional EC were gained in
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the optimal RSM conditions. It is concluded that EC with PREC can effectively retard cathodic
passivation by resulted in lower energy and electrode material consumptions.

Although many researches on treatment of synthetic or real industrial wastewaters with EC
are available, very few researches have been carried out on the economical applicability of AC
electrocoagulation. Therefore, in this chapter, the effects of power supply type (DC or AC) on
EC performance were investigated both technically and economically. An adjustable time relay
plugged into the DC power supply was employed to obtain APC to avoid additional AC power
supply cost. Winery wastewater was selected as the model electrolyte solution due to its high
strength pollutant capacity and APC, an (almost) new method, was applied to the winery
wastewaters for the first time with this study.

2. Brief description of electrocoagulation

EC is a complicated process involving many chemicals and physical phenomena that use
consumable electrodes to supply ions into the wastewater stream. In an EC process the
coagulating ions are produced ‘in situ’ and it involves three successive stages: (i) formation of
coagulants by electrolytic oxidation of the ‘sacrificial electrode’,(ii) destabilization of the
contaminants, particulate suspension, and breaking of emulsions and (iii) aggregation of the
destabilized phases to form flocs. The destabilization mechanism of the contaminants,
particulate suspension, and breaking of emulsions have been described in broad steps and
may be summarized as: (1) Compression of the diffuse double layer around the charged species
by the interactions of ions generated by oxidation of the sacrificial anode, (2) Charge neutral‐
ization of the ionic species present in wastewater by counter ions produced by the electroche‐
mi-cal dissolution of the sacrificial anode. These counter ions reduce the electrostatic
interparticle repulsion to the extent that the van der Waals attraction predominates, thus
causing coagulation. A zero net charge results in the process. (3) Floc formation; the floc formed
as a result of coagulation creates a sludge blanket that entraps and bridges colloidal particles
still remaining in the aqueous medium. The solid oxides, hydroxides and oxyhydroxides
provide active surfaces for the adsorption of the polluting species. EC has been successfully
employed in removing metals, suspended particles, clay minerals, organic dyes, and oil &
grease from a variety of industrial effluents [3]. A brief literature review of EC efficiency on
the treatment of different waters/wastewaters is presented in Table 2.

In this process, a potential is applied to the metal anodes, typically fabricated from either iron
or aluminium, which causes two separate reactions: (1) Fe/Al is dissolved from the anode
generating corresponding metal ions, which almost immediately hydrolyze to polymeric iron
or aluminium hydroxide. These polymeric hydroxides are excellent coagulating agents. The
consumable (sacrificial) metal anodes are used to continuously produce polymeric hydroxides
in the vicinity of the anode. Coagulation occurs when these metal cations combine with the
negative particles carried toward the anode by electrophoretic motion. Contaminants present
in the wastewater stream are treated either by chemical reactions and precipitation or physical
and chemical attachment to colloidal materials being generated by the electrode erosion. They
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are then removed by electro-flotation, or sedimentation and filtration. Thus, rather than adding
coagulating chemicals as in conventional coagulation process, these coagulating agents are
generated in situ. (2) Water is also electrolyzed in a parallel reaction, producing small bubbles
of oxygen at the anode and hydrogen at the cathode. These bubbles attract the flocculated
particles and, through natural buoyancy, float the flocculated pollutants to the surface [3]. The
most important reactions are summarised in Fig. 2.

Figure 2. Schematic representation of typical reactions during the EC treatment using DC supply [13].

The (EC) process involves generation of coagulants in situ by dissolving sacrificial anodes such
as aluminium or iron upon application of a DC. When iron electrode is used as anodes upon
oxidation in an electrolytic system, it produces iron hydroxide, Fe(OH)n where n=2 or 3 [14,
15]. The major disadvantage of EC compared to chemical coagulation (usually ferric or
aluminium chloride/sulfate) is that high conductivity water is required. This fact is especially
relevant for drinking water treatment, as conductivity can not be enhanced by salts due to total
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of oxygen at the anode and hydrogen at the cathode. These bubbles attract the flocculated
particles and, through natural buoyancy, float the flocculated pollutants to the surface [3]. The
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as aluminium or iron upon application of a DC. When iron electrode is used as anodes upon
oxidation in an electrolytic system, it produces iron hydroxide, Fe(OH)n where n=2 or 3 [14,
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dissolved solids (TDSs) limitations in drinking water [16]. Two mechanisms for the production
of metal hydroxide have been proposed when iron electrodes are used [17, 18]:

Mechanism I:

2+ -Anode: 2Fe 2Fe + 4e® (1)

( ) ( )
2+ +

2 2 3 s
2Fe + 5H O + 1/2O 2Fe OH + 4H® (2)

( )
- -

2 2 gCathode: 4H O + 2e 4OH + 2H® (3)

( ) ( ) ( )2 2 2 g3 s
Overall reaction: 2Fe + 5H O + 1/2O 2Fe OH + 4H® (4)
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When aluminium electrodes in the EC process are used as an anode and a cathode, the main
reactions are at the anode as follows [19-22]:

3+ -Anode:Al Al + 3e® (9)

-
(2 g)22H O O + 4H+ + 4e® (10)
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Overall reaction:Al + 3H O Al OH + 3H® (13)

The performance of the EC process depends on many operational parameters such as pH of
the solution, applied current to the reactor, conductivity of the (water/wastewater) solution,
electrolysis time as well as electrode spesifications such as arrangement of electrode, electrode
shape, distance between the electrodes, etc. Main operational parameters influencing the EC
efficiency is schematically given in Fig. 3. The effects of each parameters in details can be found
elsewhere in the literature. However, in this study, effects of six of the parameters such as pH
of the winery wastewater (by adjusting the pH with acid or base), arrangement of the sacrificial
electrodes (parallel or serial connection to power supply), electrolysis time (duration of
applying voltage to the wastewater), current density (applied current to the unit area of active
electrode surface) and especially power supply type (by changing the polarity of the anodes
and cathodes) were investigated.

Figure 3. Schematic display of the various operating parameters influencing the EC process performance.

2.1. Brief description of alternating pulse current electrocoagulation

Usually, DC is used in EC systems. In this case, an impermeable oxide layer may form on the
cathode material as well as corrosion formation on the anode material due to oxidation. This
prevents the effective current transfer between the anode and cathode, so the performance of
EC reactor declines. These disadvantages of DC have been diminished by the addition of
parallel plate sacrificial electrodes in the EC unit configuration. However, many have preferred
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the use of AC in EC unit [7]. It is believed that the cyclic energization between the anode–
cathode in AC system delays the cathode passivation and anode deterioration that are
experienced in DC system, and thus, ensure reasonable electrode life [4]. A hypothesis for the
lower electrode consumption with AC is that since DC only flows in one direction, there may
be irregular wear on the plates due to the onslaught of the current and subsequent oxidation
occurring in the same preferential points of the electrode. In the case of AC, the cyclical
energization retards the normal mechanisms of attack on an electrode and makes this attack
more uniform, thus ensures longer electrode life [23].

There are a few studies in which (AC) has been tested although typically DC has been used in
EC systems. Vasudevan et al. [24] studied the removal of fluoride from water with DC and AC
EC systems. They observed similar removal efficiencies with both technologies. However,
energy consumption was slightly lower with AC technology. Eyvaz et al. [9] used APC in their
study. APC enhanced removal efficiency compared to DC current. Pollutant removal decreases
over the course of time with DC systems, possibly due to passivation of electrodes, whereas
in an APC system this was not observed. Polarity reversal has also been suggested by other
authors to reduce passivation of electrodes [25].

Schematic display of current waves of AC and APC systems are given in Fig. 4. An adjustable
time relay plugged into the DC power supply was employed to obtain APC (It also represents
AC in our study). According to EC unit with time relay system, turn on and turn off modes
switch to positive pole to negative pole or reversion to it. For example, when the time relay is
turned on in an EC reactor including two electrodes namely 1 (anode) and 2 (cathode),
electrode 1 is then converted to cathode while electrode 2 is becoming anode. When the time
relay is turned off, only DC system is in circuit, electrode 1 becomes anode this time. Current
wave in real AC is shown as sine wave in Fig. 4.

Figure 4. Schematic display of current waves of AC and APC systems.
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3. Winery industry, winery wastewaters and treatment methods

Wine production  processes  generate  organic  and inorganic  pollutions  mostly  associated
with  solid  wastes  and  liquid  effluents.  The  liquid  effluents  usually  referred  as  “winery
wastewater” are mainly originated inwashing operations during grape harvesting, press‐
ing and first fermentation phases of wine processing [26-29]. Winery wastewater is produced
in significant volumes around the world [30-32]. Each winery is also unique in wastewa‐
ter generation, highly variable, 0.8 to 14 L per litre of wine [33-35] and is characterized by
high contents of  organic material  and nutrients,  high acidity and large variations in the
seasonal flow production [36, 37] and is generated mainly as the result of cleaning practices
in  winery,  such as  washing operations  during crushing and pressing grapes,  rinsing of
fermentations tanks, barrels washing, bottling and purges from the cooling process. As a
consequence  of  the  working  period  and  the  winemaking  technologies,  volumes  and
pollution loads  greatly  vary  over  the  year  [35].  The  organic  matter  might  reach during
vintage periods up to >30,000 mg/L chemical oxygen demand (COD), and the high sodium
adsorption ratio (SAR>15) make such water inadequate to be disposed to common sewage
systems [37,38].

Although different varieties of grapes and strains of yeasts result in different types of wine
and consequently winery wastewaters with different characteristics, in general, the typical raw
winery wastewater presents a pH between 3 and 4, COD ranges from 320 to 296,119 mg O2/L
and BOD5 values around 125–130,000 mg O2/L [32, 39]. The main organic compounds present
in this kind of wastewaters are soluble sugars (fructose and glucose), organic acids (tartaric,
lactic and acetic), alcohols (glycerol and ethanol) and high-molecular-weight compounds, such
as polyphenols, tannins and lignin [39, 40].

Wine distillery wastewater, the product of the distillation of ethanol, wine and waste biological
material, produces large volumes of liquid that involves unacceptable environmental risks
[41-47]. The disposal of the untreated waste from the wine sector causing salination and
eutrophication of water resources; waterlogging and anaerobiosis and loss of soil structure
with increased vulnerability to erosion [33, 35].

Several winery wastewater treatments are available, and among them biological treatment
methods have been recognized as a reasonable alternative way for a significant degradation
of wastewater with high organic content, however, the presence of recalcitrant compounds for
the microorganisms frequently makes impossible the complete treatment of a winery waste‐
water [27, 29]. The winery wastewater treatment technologies can be sorted as natural
evaporation in ponds, evaporation–condensation with or without combustion, direct disper‐
sion on soil as a fertilizer and intensification of the natural evaporation capacity of the ponds
by means of sprinklers and panels as physicochemical methods; aerobic or anaerobic treat‐
ment, trickling filters, lagoons as biological methods [30, 47-49]. These methods classified as
schematically in Fig. 5.
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with  solid  wastes  and  liquid  effluents.  The  liquid  effluents  usually  referred  as  “winery
wastewater” are mainly originated inwashing operations during grape harvesting, press‐
ing and first fermentation phases of wine processing [26-29]. Winery wastewater is produced
in significant volumes around the world [30-32]. Each winery is also unique in wastewa‐
ter generation, highly variable, 0.8 to 14 L per litre of wine [33-35] and is characterized by
high contents of  organic material  and nutrients,  high acidity and large variations in the
seasonal flow production [36, 37] and is generated mainly as the result of cleaning practices
in  winery,  such as  washing operations  during crushing and pressing grapes,  rinsing of
fermentations tanks, barrels washing, bottling and purges from the cooling process. As a
consequence  of  the  working  period  and  the  winemaking  technologies,  volumes  and
pollution loads  greatly  vary  over  the  year  [35].  The  organic  matter  might  reach during
vintage periods up to >30,000 mg/L chemical oxygen demand (COD), and the high sodium
adsorption ratio (SAR>15) make such water inadequate to be disposed to common sewage
systems [37,38].

Although different varieties of grapes and strains of yeasts result in different types of wine
and consequently winery wastewaters with different characteristics, in general, the typical raw
winery wastewater presents a pH between 3 and 4, COD ranges from 320 to 296,119 mg O2/L
and BOD5 values around 125–130,000 mg O2/L [32, 39]. The main organic compounds present
in this kind of wastewaters are soluble sugars (fructose and glucose), organic acids (tartaric,
lactic and acetic), alcohols (glycerol and ethanol) and high-molecular-weight compounds, such
as polyphenols, tannins and lignin [39, 40].

Wine distillery wastewater, the product of the distillation of ethanol, wine and waste biological
material, produces large volumes of liquid that involves unacceptable environmental risks
[41-47]. The disposal of the untreated waste from the wine sector causing salination and
eutrophication of water resources; waterlogging and anaerobiosis and loss of soil structure
with increased vulnerability to erosion [33, 35].

Several winery wastewater treatments are available, and among them biological treatment
methods have been recognized as a reasonable alternative way for a significant degradation
of wastewater with high organic content, however, the presence of recalcitrant compounds for
the microorganisms frequently makes impossible the complete treatment of a winery waste‐
water [27, 29]. The winery wastewater treatment technologies can be sorted as natural
evaporation in ponds, evaporation–condensation with or without combustion, direct disper‐
sion on soil as a fertilizer and intensification of the natural evaporation capacity of the ponds
by means of sprinklers and panels as physicochemical methods; aerobic or anaerobic treat‐
ment, trickling filters, lagoons as biological methods [30, 47-49]. These methods classified as
schematically in Fig. 5.
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Table 1. Advantages and drawbacks of the EC process.

COD and BOD of the winery wastewater can be removed significantly by biological treatment.
However, the color of the wastewater remains dark brown as that before the treatment because
of the non-biodegradable colored compounds such as melanoidins that can be degraded only
6–7% by biological treatment [47, 49-51]. EC process produces coagulants such as iron or
aluminium (Al) hydroxides having a considerable sorption capacity by anodic dissolution and
also pollutants are removed simultaneously by deposition on cathode electrode or by flotation
due to the hydrogen gas produced at the cathode [47, 52-55]. Because the wastewater is not
enriched with anions, the sludge produced in EC process is more compact than the sludge
generated by chemical coagulation [47, 55]. Besides this, EC process has many advantages like
simple equipment, easy operation, a shortened reactive retention time and less sludge amount
when compared chemical coagulation [2, 47].

In recent years EC technique has been applied to the wastewaters generated from food industry
such as distillery and fermentation [1, 49, 51, 56-58], dairy [59-61], potato chips manufacturing
[21], pasta and cookie process [62], poultry slaughterhouse [63-65], and yeast [20, 66]. Although
in literature, there are a lot of studies including various treatment methods shown in Fig. 5,
there have been very few research [46, 47, 67] conducted about technical and economic analysis
of EC process on winery industry wastewaters. Therefore, the purpose of this work is to
examine the treatment performance of EC process employing Fe and Al electrodes on winery
wastewater when investigating the APC on the overall EC efficiency.
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Figure 5. Schematic representation of various methods used in the treatment of winery wastewaters, *: ASB: Anaero‐
bic sludge beds, FB: Fluidized beds, CR: Contact reactor, SBR: Sequencing batch reactor, UASBR: Upflow anaerobic
sludge blanket reactor, HD: Hybrid digesters.

Pollutants
Electrode

material

Operational

parameters

investigated

Summary of the work Ref.

Winery

Aluminium,

iron, stainless

steel

Initial pH, current

density and

electrolysis time

• When Fe electrodes were used under optimal conditions,

the removal efficiencies of COD, color, and turbidity were

calculated as 46.6, 80.3, and 92.3%, respectively. They were

found as 48.5% for COD, 97.2% for color and 98.6% for

turbidity, when Al electrodes were used.

• A new approach combining electrochemical methods with

ultrasound in the strong electromagnetic field resulted in

significantly better removal efficiencies for majority of the

measured parameters compared to the biological methods,

advanced oxidation processes or electrocoagulation.

[47],

[67]

Paper-pulp mill Aluminium, iron

Initial pH,

temperature, current

density, treatment

time.

• Temperature has negative effect on the removal efficiency.

• Al–Al has a high efficiency in the color removal and Fe–Fe

is effective in the COD and Phenol removal.

• Pimaric-type acids were removed with higher efficiency

than abietic-type resin acids.

• EC had no significant effect on bacterial toxicity despite a

high removal efficiency of resin acids and copper.

• The sludge aptitude to settling is better with Fe electrodes

than with Al electrodes.

[68-70]

Textile effluents,

dyes

Aluminium,

iron, stainless

steel

Initial pH, current

density, anode-

cathode polarization

• Anode–cathode polarization reduces the reaction for

removing TOC and dye from aqueous solutions.

[9], [71],

[72]
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Pollutants
Electrode

material

Operational

parameters

investigated

Summary of the work Ref.

period, power supply

type, electrode

material, electrode

connection mode.

• EC employing SS electrodes was more economical;

consumed less material and produced less sludge, and pH of

the medium was more stabilized than EC with Fe electrodes.

Boron removal Aluminium, iron

Initial pH, current

density, initial boron

concentration,

treatment time,

temperature

• 98 % removal of boron from produced water was

achieved.

• Adsorption is chemisorption and endothermic.

• The effect of water purification for higher boron

concentrationsin the solution is better than for low ones.

• For the iron and aluminium electrodes, pH = 6 is the most

suitable value, and the aluminium anode is the best one for

the boron removal.

• The highest current density gave the quickest treatment

for boron removal from synthetically prepared waters

containing boron equivalent industrial wastewaters.

[73-75]

Landfill leachate
Aluminium,

iron

Electrode material,

current density,

initial pH, operating

time, Cl-

concentration

• Aluminum supplies more COD removal (56%) than iron

electrode (35%) at the end of the 30 min operating time.

• Coagulation and EC treatment mainly affected

hydrophobic molecules and after treatment 30% of the

initial BDOC quantity was removed.

• Electrolysis (and as a consequence EC) increased the

amount of hydrophilic organic compounds of lower

apparent molecular weight.

• Under conditions of iron electrode, 4.96 mA/cm2 current

density, 2319 mg/L Cl- concentration, 90 min electrolysis

time and unchanged the raw pH (6.4-7.3), the removal

efficiencies of COD, NH3-N, TP, BOD5 and turbidity are 49.8,

38.6, 82.2, 84.4 and 69.7%, respectively.

[76-78]

Drinking water

Aluminium,

iron, stainless

steel

Anode metal type,

NOM source, initial

NOM concentration,

co-occurring solutes,

initial fluoride

concentration,

electrode

connection type.

• Between the three metals tested, iron was the least costly

and most available material, it presented greater DOC

removal, it showed no passivation layer and linear voltage

ramp, and residual metal met guideline values.

• Removal of fluoride was better for bipolar connection than

for monopolar connection.

• The operating costs for monopolar and bipolar

connections were 0.38 and 0.62 US$/m3, respectively, for

the initial fluoride concentration of 10 mg/L.

[16],

[79],

[80]
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Pollutants
Electrode

material

Operational

parameters

investigated

Summary of the work Ref.

• The residual arsenic concentration was maintained below

the limiting value recommended during a period of 16 h of

continuous mode operation for EC-MF system.

Olive mill
Aluminium,

iron

Electrolysis time,

current

density, chloride

concentration, initial

pH,

settling time,

electrode material

and polarization,

amount of hydrogen

peroxide,

addition of

coagulant-aid

• EC can remove more than 70% of COD, polyphe-nols and

dark color.

• EC treatment makes good solid matter and turbidity

removal efficiency, 71% and 75%, respectively.

• EC in the absence of coagulant aid and oxidant is not too

efficient for the treatment of this type of wastewater.

[81-83]

Oily

wastewaters

Aluminium,

iron, steel

electrode

connection mode,

current

density, initial oil

concentration, pH,

NaCl dosage

• The best performance was obtained using mild steel MP

electrode system.

• EC process operated under the optimal conditions involves

a total cost of 0.46 US$ per cubic meter of treated oily bilge

water.

• The oil removal efficiency showed its best values at high

current density values, high initial oil concentration with an

emulsion of pH around 7.

• Sacrifice anode like Fe found to be more effective than Al

for the removal of sulfide species and organic matters.

[55],

[84],

[85]

Poultry

slaughterhouse,

manure

Aluminium, iron
Stirring speed,

current density,

• It has been possible to decrease COD of poultry

slaughterhouse wastewater about 2170 mg/L to a less than

300 mg/L in a matter of 30 min. under stirring speed of 150

rpm, initial pH 3 and a current density of 1.0 mA/cm2

conditions.

• Aluminum electrode performed better in reducing the

COD, with a removal efficiency as 93% in 25 at low initial

pH, such as 3, and current density of 150 A/m2 .On the other

hand, iron electrode was more successful in removing oil-

grease with 98% efficiency, irrespective of the initial pH.

From economic point of view, iron electrode is clearly

preferable; the total operating cost is between 0.3 and 0.4

$/m3 , which is nearly half that of aluminum electrode.

[63],

[64],

[76]
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for monopolar connection.
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Summary of the work Ref.

• Under the optimal conditions, about 90% of COD and

92% of residual color could be effectively removed from the

UASB effluent with the further contribution of the EC

technology used as a post-treatment unit.

Electroplating/

metal

Aluminium,

iron

Electrode material,

current density,

wastewater pH,

conductivity,

initial metal

concentration

• The Fe–Fe and Fe–Al electrode combinations were more

effective for the removal of Cu, Cr and Ni from metal plating

wastewater.

• At the current density of 25 mA/cm2 with a total energy

consumption of 49 kWh/m3 , more than 96% removal value

was achieved for all studied metals except Mn which was

72.6%.

[86-88]

Table 2. cont. A brief literature review of EC efficiency on the treatment of different waters/wastewaters containing
various organic/inorganic pollutants.

4. Materials and methods

4.1. Materials

4.1.1. Winery wastewater used in this study

The wastewater used in this work was taken from an equalization tank of a wine factory located
in the city of Tekirdağ (in TURKEY), producing approximately 350 m3 of wastewater daily.
The characteristics of the wastewater are presented in Table 3.

Parameter Value

pH 5.2

COD, mg/L 20,400 ± 1,100

BOD5, mg/L 11,120 ± 1,055

TOC, mg/L 4,230 ± 940

TSS, mg/L 1,045 ± 85

Turbidity, NTU 1,600 ± 510

Color, Pt-Co 5,300 ± 100

Conductivity, µS/cm 2,800 ± 93

Table 3. Characteristics of the winery wastewater used in this study

Modern Electrochemical Methods in Nano, Surface and Corrosion Science214

4.1.2. EC setup and electrode connection modes

EC reactor was made from plexiglas reactor with dimensions of 130 × 130 × 120 mm and
operated in batch mode. Al and Fe electrodes with effective area of 143 cm2 were used and the
distance between the electrodes was 20 mm. Electrodes were connected to a digital DC power
supply (Maksimel, Ankara, Turkey) in various electrode connection modes of which details
are given below. A time relay (Siemens Sirius, Germany) was used with DC power supply to
change polarity of the electrodes when performing APC experiments.

4.1.3. Monopolar electrodes in parallel connections (MP-P)

To improve the performances of an EC it may be necessary to interchange the polarity of the
electrode intermittently. However, a two-electrode EC cell is not suitable for wastewater
treatment, because for a workable rate of metal dissolution the use of electrodes with large
surface area is required. Performance improvement has been achieved by using EC cells with
monopolar electrodes either in parallel or series connections [3]. In the MP-P system, anodes
and cathodes are in parallel connection, the current is divided between all the electrodes in
relation to the resistance of the individual cells. Hence, a lower potential difference is required
in parallel connection, when compared with serial connections. MP-P connection mode is
given in Fig. 6.

4.1.4. Monopolar electrodes in serial connections (MP-S)

In the MP-S system, each pair of sacrificial electrodes is internally connected with each other,
because the cell voltages sum up, a higher potential difference is required for a given current.
MP-S connection mode is given in Fig. 7.

4.1.5. Bipolar electrodes in serial connections (BP-S)

In the BP-S system, there is no electrical connection between inner electrodes, only the outer
electrodes are connected to the power supply. Outer electrodes are monopolar and inner ones
are bipolar. This connection mode has simple setup with and has less maintenance cost during
operation. BP-S connection mode is given in Fig. 8.

4.1.6. Time relay device

An adjustable time relay (3RP1525-1BW30 Siemens Sirius Time Relay 20>240VAc/Dc) plugged
into the DC power supply was employed to obtain APC. It represents AC in our study.
According to EC unit with time relay system, turn on and turn off modes switch to positive
pole to negative pole or reversion to it. For example, when the time relay is turned on in an
EC reactor including two electrodes namely 1 (anode) and 2 (cathode), electrode 1 is then
converted to cathode while electrode 2 is becoming anode. When the time relay is turned off,
only DC system is in circuit, electrode 1 becomes anode this time.
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Figure 3. Schematic display of the various operating parameters influencing the EC process 

performance. 
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4.2. Methods

All experiments were performed at constant temperature of 25˚C. In each run, 1,500 mL of
winery wastewater was placed into the reactor. Magnetic stirring (250 rpm, Velp Are) was
applied to provide a homogenous solution in the reactor. Conductivity was 2.800 µS/cm that
was the conductivity of the wastewater itself where no supported electrolyte was added. The
current and pH were adjusted to the desired value before the process. After each run, electrode
surfaces were removed by dipping for 1 min in a solution prepared by mixing 100 cm3 of HCl
solution (36.5%) and 200 cm3 of hexamethylenetetramine aqueous solution (2.80%) [71] and
washed thoroughly with demineralized water to remove any solid residues on the surfaces,
dried and re-weighted. The solution was filtered through a filter paper (Whatman 40 ashless-
NJ, USA) after each run and then analyzed. The solid residue was dried until constant weight
was obtained for the calculation of sludge amounts. The experiments were performed in three
replications used to compute the mean value and standard deviations. Therefore large
amounts of data were collected; analyzed and figured for pH, current density and time
experiments; only on effects of COD removal efficiencies; so, all of the graphics could not be
presented here due to the limited space in the chapter. Electrode and energy consumptions,
sludge formations and operating costs are given in Tables. Economic data used for the
evaluation of the total operating costs dye given for the first quarter of 2013, Turkey market,
in Table 4.
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4.2. Methods

All experiments were performed at constant temperature of 25˚C. In each run, 1,500 mL of
winery wastewater was placed into the reactor. Magnetic stirring (250 rpm, Velp Are) was
applied to provide a homogenous solution in the reactor. Conductivity was 2.800 µS/cm that
was the conductivity of the wastewater itself where no supported electrolyte was added. The
current and pH were adjusted to the desired value before the process. After each run, electrode
surfaces were removed by dipping for 1 min in a solution prepared by mixing 100 cm3 of HCl
solution (36.5%) and 200 cm3 of hexamethylenetetramine aqueous solution (2.80%) [71] and
washed thoroughly with demineralized water to remove any solid residues on the surfaces,
dried and re-weighted. The solution was filtered through a filter paper (Whatman 40 ashless-
NJ, USA) after each run and then analyzed. The solid residue was dried until constant weight
was obtained for the calculation of sludge amounts. The experiments were performed in three
replications used to compute the mean value and standard deviations. Therefore large
amounts of data were collected; analyzed and figured for pH, current density and time
experiments; only on effects of COD removal efficiencies; so, all of the graphics could not be
presented here due to the limited space in the chapter. Electrode and energy consumptions,
sludge formations and operating costs are given in Tables. Economic data used for the
evaluation of the total operating costs dye given for the first quarter of 2013, Turkey market,
in Table 4.
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Item with warranty period Cost

Power supply and installing, $, 5 years 10,000

EC tank and installing, $, 10 years 500

Maintenance and depreciation, $/m3 0.005

Electricity, $ /kWh 0.17

Labor costs, $/m3 0.1

Aluminium electrode, $/kg 0.5

Iron electrode, $/kg 0.5

Chemicals (acid, salt, etc.), $/m3 0.04

Slıudge disposal cost, $/kg 0.012

Table 4. Economic factors used in the total operating cost calculations.

Measurements of COD and total suspended solids (TSS) were performed according to the
procedure of Standard Methods (2005). The pH and conductivity of solutions were measured
using a multi meter (Hach Lange HQ40d-Düsseldorf, Germany). An UV spectrophotometer
(HACH Co., model DR5000-Düsseldorf, Germany) was employed to measure color and
turbidity of the wastewater. The initial pH was adjusted to a desired value using NaOH
(Merck-Darmstadt, Germany) or H2SO4 (Merck-Darmstadt, Germany).

Pollutant removal efficiencies are calculated as follows:

% Removal  efficiency =
C0 - C

C0
×100 (14)

where C is COD, color or turbidity value of treated aqueous solution (mg/L, Pt-Co or NTU)
and C0 is the initial relating concentrations (mg/L, Pt-Co or NTU).

5.Results and discussions

5.1. Determining the optimum experimental parameters to comparison DC & APC systems

5.1.1. Effects of initial pH

The EC process is highly dependent on the initial pH of the solution [3]. In aluminium case,
precipitation mechanism of monomeric and polymeric Al(OH)3 species at pH 4.0–6.5 and
adsorption mechanism of Al(OH)3 and polymeric Al(OH)3 species at pH > 6.5 are effective on
the removal of pollutants. However, in the iron case, good removal efficiency can be achieved
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on floc formation at pH 6–8 [89-91]. Five pH values (4, 5, 6, 7, 8, and 9) were selected to
investigate the optimal pH at which maximum removal efficiencies, minimum electrode and
energy consumptions were observed for three electrode connection systems as well as both of
the electrode material, Fe and Al. The effects of pH have been investigated at constant current
density of 40 mA/cm2 and 60 min of operating time. Because there were a lot of parameters
(such as pH, current density, operating time, electrode material, electrode arrangement, and
current type) of which effects were investigated on the great number of process outputs (such
as COD, turbidity and color removals; energy and electrode consumptions; sludge amount,
and total operating cost), large amounts of data were collected, therefore, only some of them
are given as figures; as for the others, they are presented in tables. However, effects of APC
are analyzed and discussed in much more details in the following sections. The effects of initial
pH on COD removal are featured in Fig. 9. In both cases of different electrode materials, no
great differences are observed between connection modes. As seen from the figure, the highest
COD removal efficiencies were observed at pH 5 for Al electrode and at pH 7 for Fe electrode,
where also maximum turbidity and color removals as well as minimum energy and electrode
consumptions with minimum sludge formations (Table 5) were achieved. According to the
Fig. 9, COD removal efficiency increased when pH increased from 4 to 5 and then it decreased
at higher pH values, until pH 9. In similar trend, Fe electrode shows maximum performance
for COD removal at pH 7, (maxium turbidity and color removals were also obtained at these
pHs: 5 and 7, as seen in Table 5). It was concluded that colloid particles were destabilized by
the metal ions produced by anodic dissolution and these ions reacted with organic pollutions
by adsorption or co-precipitation while they were precipitating in the form of hydroxides at
these pH values [54, 71]. According to Table 5 where the optimum pHs are presented for both
electrodes, Fe and Al electrodes show similar performances with all connection modes on the
removal of color and turbidity. Additionally, almost equal amounts of sludge revealed.
However, MP-S and BP-S systems exhibit high consumptions as the consequence of the serial
connection requiring higher potential. When electrode consumptions are compared, more
electrode material is consumed in iron case than that of aluminium. The lowest total operating
cost was gained with MP-P mode as expected.

5.1.2. Effects of current density

Current density is the most important parameter for controlling the reaction rate within the
reactor in all electrochemical processes. It is well known that the magnitude of current density
determines the amount of Al or Fe ions released from the electrodes and the formation rate of
Me(OH)n (coagulant production rate) [92, 93] and adjusts the rate and size of the bubble
production, and hence affects the growth of flocs [3, 94, 95]. In this research, all the experiments
were applied under pHs 5 and 7 for Al and Fe electrodes, respectively with 60 min of elec‐
trolysis time to examine current density effects. Fig. 10 depicts the current density effects on
COD removal. The removal percentages reach maximum at 40-50 mA/cm2 and stay constant
or decrease at higher current densities. Increment in current density raised the formation of
hydroxide flocs and promote the removal efficiency by coagulation but meanwhile it causes
an increase in energy consumption. However, after a certain value of current density, cathode
passivation occurred and dissolution of anode material stopped or reduced and also floc
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investigate the optimal pH at which maximum removal efficiencies, minimum electrode and
energy consumptions were observed for three electrode connection systems as well as both of
the electrode material, Fe and Al. The effects of pH have been investigated at constant current
density of 40 mA/cm2 and 60 min of operating time. Because there were a lot of parameters
(such as pH, current density, operating time, electrode material, electrode arrangement, and
current type) of which effects were investigated on the great number of process outputs (such
as COD, turbidity and color removals; energy and electrode consumptions; sludge amount,
and total operating cost), large amounts of data were collected, therefore, only some of them
are given as figures; as for the others, they are presented in tables. However, effects of APC
are analyzed and discussed in much more details in the following sections. The effects of initial
pH on COD removal are featured in Fig. 9. In both cases of different electrode materials, no
great differences are observed between connection modes. As seen from the figure, the highest
COD removal efficiencies were observed at pH 5 for Al electrode and at pH 7 for Fe electrode,
where also maximum turbidity and color removals as well as minimum energy and electrode
consumptions with minimum sludge formations (Table 5) were achieved. According to the
Fig. 9, COD removal efficiency increased when pH increased from 4 to 5 and then it decreased
at higher pH values, until pH 9. In similar trend, Fe electrode shows maximum performance
for COD removal at pH 7, (maxium turbidity and color removals were also obtained at these
pHs: 5 and 7, as seen in Table 5). It was concluded that colloid particles were destabilized by
the metal ions produced by anodic dissolution and these ions reacted with organic pollutions
by adsorption or co-precipitation while they were precipitating in the form of hydroxides at
these pH values [54, 71]. According to Table 5 where the optimum pHs are presented for both
electrodes, Fe and Al electrodes show similar performances with all connection modes on the
removal of color and turbidity. Additionally, almost equal amounts of sludge revealed.
However, MP-S and BP-S systems exhibit high consumptions as the consequence of the serial
connection requiring higher potential. When electrode consumptions are compared, more
electrode material is consumed in iron case than that of aluminium. The lowest total operating
cost was gained with MP-P mode as expected.
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determines the amount of Al or Fe ions released from the electrodes and the formation rate of
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formation and removal efficiencies decreased. The turbidity and color removal efficiencies
were also came in sight the same trend with current density as COD removal efficiency.
Because the lower current density with higher removal efficiencies is preferable, depending
on the results, 40 mA/cm2 was chosen as the approppriate current density value for the
following time experiments. The other results belong to this value are shown in Table 6.
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Figure 9. Effects of initial pH on removal efficiencies for Fe and Al electrodes with different electrode arrangements
(current density of 40 mA/cm2; operating time of 60 min).

Al Fe

Parameter MP-P MP-S BP-S MP-P MP-S BP-S

Initial pH 5 5 5 7 7 7

Current density, mA/cm2 40 40 40 40 40 40

Operating time, min 60 60 60 60 60 60

Initial voltage, V 28 84 85 28 84 85

Final voltage, V 29 85 87 29 85 87

Initial COD, mg/L 20,400 20,400 20,400 20,400 20,400 20,400

Initial color, Pt-Co 5,300 5,300 5,300 5,300 5,300 5,300

Initial turbidity, NTU 1,600 1,600 1,600 1,600 1,600 1,600

COD removal, % 39 39.1 40.3 41 37.6 43.1

Color removal, % 70 69.1 71 73.2 69.1 73.2

Turbidity removal, % 86.3 85.2 82.1 81 80.6 81

Energy consumption, kWh/kg COD 6.83 20.19 19.93 6.49 20.99 18.64

Energy consumption, KWh/m3 36.20 107.34 109.25 36.20 107.34 109.25
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Al Fe

Energy cost, $/kg COD 1.16 2.35 3.39 1.16 3.57 3.17

Energy cost, $/m3 6.15 18.25 18.57 6.15 18.25 18.57

Faraday (charge loading), coulomb/m3 47.40 47.40 47.40 47.40 47.40 47.40

Electrode consumption, kg Al or Fe/m3 0.40 0.45 0.45 0.88 0.89 0.87

Electrode cost, $/m3 0.20 0.23 0.23 0.44 0.45 0.43

Sludge formation, kg/m3 9.86 9.93 10.17 10.73 10.06 11.16

Sludge formation, kg/kg COD removed 1.86 1.87 1.87 1.92 1.97 1.90

Sludge disposal cost, $/kg 0.12 0.12 0.13 0.13 0.12 0.13

Operating cost, $/kg COD removed 0.83 2.35 2.32 0.82 2.47 2.19

Total operating cost, $/m3 6.62 18.74 19.07 6.86 18.96 19.28

Table 5. Optimum results obtained from pH experiments.

5.1.3. Effects of operating time

Operating time is another important factor in EC process, which is necessary to provide
sufficient current applied to the electrodes where the metal ions generated by the dissolution
to form metal hydroxide species. Therefore reasonable electrolysis times should be applied in
the EC reactor. To investigate the effects of operating time on the EC, optimum parameters
obtained from the former pH and current density experiments were used: pHs 5 and 7 for Al
and Fe, respectively; 40 mA/cm2 of current density. Influence of the operating time on COD
removal and the other results at the appropriate electrolysis time are presented in Fig. 11 and
Table 7 respectively.
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Figure 10. Effects of current density on removal efficiencies for Fe and Al electrodes with different electrode arrange‐
ments (initial pH of 5 for Al and 7 for Fe; operating time of 60 min).
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Operating time is another important factor in EC process, which is necessary to provide
sufficient current applied to the electrodes where the metal ions generated by the dissolution
to form metal hydroxide species. Therefore reasonable electrolysis times should be applied in
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obtained from the former pH and current density experiments were used: pHs 5 and 7 for Al
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removal and the other results at the appropriate electrolysis time are presented in Fig. 11 and
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Al Fe

Parameter MP-P MP-S BP-S MP-P MP-S BP-S

Initial pH 5 5 5 7 7 7

Current density, mA/cm2 40 40 40 40 40 40

Operating time, min 60 60 60 60 60 60

Initial voltage, V 28 84 85 28 84 85

Final voltage, V 29 85 87 29 85 87

Initial COD, mg/L 20,400 20,400 20,400 20,400 20,400 20,400

Initial color, Pt-Co 5,300 5,300 5,300 5,300 5,300 5,300

Initial turbidity, NTU 1,600 1,600 1,600 1,600 1,600 1,600

COD removal, % 39 39.1 40.3 41 37.6 43.1

Color removal, % 70 69.1 71 73.2 69.1 73.2

Turbidity removal, % 86.3 85.2 82.1 81 80.6 81

Energy consumption, kWh/kg COD 6.83 20.19 19.93 6.49 20.99 18.64

Energy consumption, KWh/m3 36.20 107.34 109.25 36.20 107.34 109.25

Energy cost, $/kg COD 1.16 2.35 3.39 1.16 3.57 3.17

Energy cost, $/m3 6.15 18.25 18.57 6.15 18.25 18.57

Faraday (charge loading), coulomb/m3 47.40 47.40 47.40 47.40 47.40 47.40

Electrode consumption, kg Al or Fe/m3 0.40 0.45 0.45 0.88 0.89 0.87
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Sludge formation, kg/m3 9.86 9.93 10.17 10.73 10.06 11.16

Sludge formation, kg/kg COD removed 1.86 1.87 1.87 1.92 1.97 1.90
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Operating cost, $/kg COD removed 0.83 2.35 2.32 0.82 2.47 2.19

Total operating cost, $/m3 6.62 18.74 19.07 6.86 18.96 19.28

Table 6. Optimum results obtained from current density experiments.

As seen from Fig.11, COD removal efficiencies of both electrodes in three connection modes

increases until a certain operating time value, then, remain steady or decrease. Here, two

explanation may be done: Firstly, for an electrolysis time beyond the optimum electrolysis
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time, the pollutant removal efficiency does not increase as sufficient numbers of flocs are
available for the removal of the pollutant [1], secondly, removal efficiency does not increase,
on the contrary, it decreases due to the anodic passivation and cathodic polarization which
can impede the performance of EC [9, 96]. This situation is also valid in the case of the current
density experiments. The optimum operating times (chosen as 90 and 105 min for Fe and Al,
respectively), at which the maximum pollutant removals and minimum energy/electrode
consumptions were gained, is presented with experimental results in Table 7. Because the
removal efficiencies in the Table are close to each other, MP-P connection mode with minimum
total operating cost is preferred for the follow-up experiments of the comparison of DC and
APC.
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Figure 11. Effects of operating time on removal efficiencies for Fe and Al electrodes with different electrode arrange‐
ments (initial pH of 5 for Al and 7 for Fe; current density of 40 mA/cm2).

Al Fe

Parameter MP-P MP-S BP-S MP-P MP-S BP-S

Initial pH 5 5 5 7 7 7

Current density, mA/cm2 40 40 40 40 40 40

Operating time, min 105 105 105 90 90 90

Initial voltage, V 28 84 85 28 84 86

Final voltage, V 29 85 88 29 85 90
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Al Fe

Parameter MP-P MP-S BP-S MP-P MP-S BP-S

Initial pH 5 5 5 7 7 7

Current density, mA/cm2 40 40 40 40 40 40

Operating time, min 60 60 60 60 60 60

Initial voltage, V 28 84 85 28 84 85

Final voltage, V 29 85 87 29 85 87

Initial COD, mg/L 20,400 20,400 20,400 20,400 20,400 20,400

Initial color, Pt-Co 5,300 5,300 5,300 5,300 5,300 5,300

Initial turbidity, NTU 1,600 1,600 1,600 1,600 1,600 1,600

COD removal, % 39 39.1 40.3 41 37.6 43.1

Color removal, % 70 69.1 71 73.2 69.1 73.2

Turbidity removal, % 86.3 85.2 82.1 81 80.6 81

Energy consumption, kWh/kg COD 6.83 20.19 19.93 6.49 20.99 18.64

Energy consumption, KWh/m3 36.20 107.34 109.25 36.20 107.34 109.25

Energy cost, $/kg COD 1.16 2.35 3.39 1.16 3.57 3.17

Energy cost, $/m3 6.15 18.25 18.57 6.15 18.25 18.57

Faraday (charge loading), coulomb/m3 47.40 47.40 47.40 47.40 47.40 47.40

Electrode consumption, kg Al or Fe/m3 0.40 0.45 0.45 0.88 0.89 0.87

Electrode cost, $/m3 0.20 0.23 0.23 0.44 0.45 0.43

Sludge formation, kg/m3 9.86 9.93 10.17 10.73 10.06 11.16

Sludge formation, kg/kg COD removed 1.86 1.87 1.87 1.92 1.97 1.90

Sludge disposal cost, $/kg 0.12 0.12 0.13 0.13 0.12 0.13

Operating cost, $/kg COD removed 0.83 2.35 2.32 0.82 2.47 2.19

Total operating cost, $/m3 6.62 18.74 19.07 6.86 18.96 19.28

Table 6. Optimum results obtained from current density experiments.

As seen from Fig.11, COD removal efficiencies of both electrodes in three connection modes

increases until a certain operating time value, then, remain steady or decrease. Here, two

explanation may be done: Firstly, for an electrolysis time beyond the optimum electrolysis
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time, the pollutant removal efficiency does not increase as sufficient numbers of flocs are
available for the removal of the pollutant [1], secondly, removal efficiency does not increase,
on the contrary, it decreases due to the anodic passivation and cathodic polarization which
can impede the performance of EC [9, 96]. This situation is also valid in the case of the current
density experiments. The optimum operating times (chosen as 90 and 105 min for Fe and Al,
respectively), at which the maximum pollutant removals and minimum energy/electrode
consumptions were gained, is presented with experimental results in Table 7. Because the
removal efficiencies in the Table are close to each other, MP-P connection mode with minimum
total operating cost is preferred for the follow-up experiments of the comparison of DC and
APC.
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Figure 11. Effects of operating time on removal efficiencies for Fe and Al electrodes with different electrode arrange‐
ments (initial pH of 5 for Al and 7 for Fe; current density of 40 mA/cm2).

Al Fe

Parameter MP-P MP-S BP-S MP-P MP-S BP-S

Initial pH 5 5 5 7 7 7

Current density, mA/cm2 40 40 40 40 40 40

Operating time, min 105 105 105 90 90 90

Initial voltage, V 28 84 85 28 84 86

Final voltage, V 29 85 88 29 85 90
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Al Fe

Initial COD, mg/L 20,400 20,400 20,400 20,400 20,400 20,400

Initial color, Pt-Co 5,300 5,300 5,300 5,300 5,300 5,300

Initial turbidity, NTU 1,600 1,600 1,600 1,600 1,600 1,600

COD removal, % 55.1 57 59 52.4 46.7 49.9

Color removal, % 96.3 92.1 94.7 81.4 76.7 81.1

Turbidity removal, % 97.7 97 95.4 90.8 88.2 91.5

Energy consumption, kWh/kg COD 8.45 24.23 23.97 7.62 25.35 24.71

Energy consumption, KWh/m3 63.36 187.85 192.29 54.30 161.01 167.68

Energy cost, $/kg COD 1.44 4.12 4.07 1.30 4.31 4.20

Energy cost, $/m3 10.77 31.93 32.69 9.23 27.37 28.51

Faraday (charge loading), coulomb/m3 82.94 82.94 82.94 71.10 71.10 71.10

Electrode consumption, kg Al or Fe/m3 0.75 0.75 0.77 1.33 1.30 1.30

Electrode cost, $/m3 0.37 0.37 0.39 0.66 0.65 0.65

Sludge formation, kg/m3 13.49 13.87 14.31 13.52 12.33 12.98

Sludge formation, kg/kg COD removed 1.80 1.79 1.78 1.90 1.94 1.91

Sludge disposal cost, $/kg 0.16 0.17 0.17 0.16 0.15 0.16

Operating cost, $/kg COD removed 1.02 2.81 2.77 0.95 2.97 2.89

Total operating cost, $/m3 11.45 32.62 33.39 10.20 28.31 29.46

Table 7. Optimum results obtained from operating time experiments.

5.2. Comparison of DC & APC systems

As encountered as a problem, cathode passivation, in the current density and operating time
experiments, it may be described schematically as given in Fig. 12 similar to the results given
in Table 8. To compare DC and APC system, MP-P connection mode selected for both electrode
material. Current density and operating time experiments were repeated with time relay
integrated with DC power supply to generate polarization between anodes and cathodes at
certain intervals. Time relay was set to 300 Hz-1 [9] meaning anode–cathode polarization period
of 10 min. The results are depicted in Figs. 13 and 14 for current density and operating time,
respectively. As seen in the figures, removal efficiencies are not stopped or decreased at or
after a certain current density or time value, moreover, at the same values APC sounds superior
to DC. To make a local comparison between APC and DC, the results of APC are presented at
optimum experimental conditions that formerly determined for DC system employed Fe or
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Al electrodes in MP-P connection mode in Table 8. Moreover, few reports in literature about

power supply effects on EC process are presented with overall results in Table 9.

Al Fe

Parameter DC APC DC APC

Initial pH 5 5 7 7

Current density, mA/cm2 40 40 40 40

Operating time, min 105 105 90 90

Initial voltage, V 28 28 28 28

Final voltage, V 29 29 29 29

Initial COD, mg/L 20,400 20,400 20,400 20,400

Initial color, Pt-Co 5,300 5,300 5,300 5,300

Initial turbidity, NTU 1,600 1,600 1,600 1,600

COD removal, % 55.1 77 52.4 75

Color removal, % 96.3 99 81.4 99

Turbidity removal, % 97.7 99 90.8 99

Energy consumption, kWh/kg COD 8.45 6.05 7.62 5.32

Energy consumption, KWh/m3 63.36 63.36 54.30 54.30

Energy cost, $/kg COD 1.44 1.03 1.30 0.91

Energy cost, $/m3 10.77 10.77 9.23 9.23

Faraday (charge loading), coulomb/m3 82.94 82.94 71.10 71.10

Electrode consumption, kg Al or Fe/m3 0.75 0.85 1.33 1.36

Electrode cost, $/m3 0.37 0.43 0.66 0.68

Sludge formation, kg/m3 13.49 18.10 13.52 18.16

Sludge formation, kg/kg COD removed 1.80 1.72 1.90 1.78

Sludge disposal cost, $/kg 0.16 0.22 0.16 0.22

Operating cost, $/kg COD removed 1.02 0.74 0.95 0.67

Total operating cost, $/m3 11.45 11.55 10.20 10.27

Table 8. Comparison of DC and APC at the same experimental conditions.
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Al Fe

Initial COD, mg/L 20,400 20,400 20,400 20,400 20,400 20,400

Initial color, Pt-Co 5,300 5,300 5,300 5,300 5,300 5,300

Initial turbidity, NTU 1,600 1,600 1,600 1,600 1,600 1,600

COD removal, % 55.1 57 59 52.4 46.7 49.9

Color removal, % 96.3 92.1 94.7 81.4 76.7 81.1

Turbidity removal, % 97.7 97 95.4 90.8 88.2 91.5

Energy consumption, kWh/kg COD 8.45 24.23 23.97 7.62 25.35 24.71

Energy consumption, KWh/m3 63.36 187.85 192.29 54.30 161.01 167.68

Energy cost, $/kg COD 1.44 4.12 4.07 1.30 4.31 4.20

Energy cost, $/m3 10.77 31.93 32.69 9.23 27.37 28.51

Faraday (charge loading), coulomb/m3 82.94 82.94 82.94 71.10 71.10 71.10

Electrode consumption, kg Al or Fe/m3 0.75 0.75 0.77 1.33 1.30 1.30

Electrode cost, $/m3 0.37 0.37 0.39 0.66 0.65 0.65

Sludge formation, kg/m3 13.49 13.87 14.31 13.52 12.33 12.98

Sludge formation, kg/kg COD removed 1.80 1.79 1.78 1.90 1.94 1.91

Sludge disposal cost, $/kg 0.16 0.17 0.17 0.16 0.15 0.16

Operating cost, $/kg COD removed 1.02 2.81 2.77 0.95 2.97 2.89

Total operating cost, $/m3 11.45 32.62 33.39 10.20 28.31 29.46

Table 7. Optimum results obtained from operating time experiments.

5.2. Comparison of DC & APC systems

As encountered as a problem, cathode passivation, in the current density and operating time
experiments, it may be described schematically as given in Fig. 12 similar to the results given
in Table 8. To compare DC and APC system, MP-P connection mode selected for both electrode
material. Current density and operating time experiments were repeated with time relay
integrated with DC power supply to generate polarization between anodes and cathodes at
certain intervals. Time relay was set to 300 Hz-1 [9] meaning anode–cathode polarization period
of 10 min. The results are depicted in Figs. 13 and 14 for current density and operating time,
respectively. As seen in the figures, removal efficiencies are not stopped or decreased at or
after a certain current density or time value, moreover, at the same values APC sounds superior
to DC. To make a local comparison between APC and DC, the results of APC are presented at
optimum experimental conditions that formerly determined for DC system employed Fe or
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Al electrodes in MP-P connection mode in Table 8. Moreover, few reports in literature about

power supply effects on EC process are presented with overall results in Table 9.

Al Fe

Parameter DC APC DC APC

Initial pH 5 5 7 7

Current density, mA/cm2 40 40 40 40

Operating time, min 105 105 90 90

Initial voltage, V 28 28 28 28

Final voltage, V 29 29 29 29

Initial COD, mg/L 20,400 20,400 20,400 20,400

Initial color, Pt-Co 5,300 5,300 5,300 5,300

Initial turbidity, NTU 1,600 1,600 1,600 1,600

COD removal, % 55.1 77 52.4 75

Color removal, % 96.3 99 81.4 99

Turbidity removal, % 97.7 99 90.8 99

Energy consumption, kWh/kg COD 8.45 6.05 7.62 5.32

Energy consumption, KWh/m3 63.36 63.36 54.30 54.30

Energy cost, $/kg COD 1.44 1.03 1.30 0.91

Energy cost, $/m3 10.77 10.77 9.23 9.23

Faraday (charge loading), coulomb/m3 82.94 82.94 71.10 71.10

Electrode consumption, kg Al or Fe/m3 0.75 0.85 1.33 1.36

Electrode cost, $/m3 0.37 0.43 0.66 0.68

Sludge formation, kg/m3 13.49 18.10 13.52 18.16

Sludge formation, kg/kg COD removed 1.80 1.72 1.90 1.78

Sludge disposal cost, $/kg 0.16 0.22 0.16 0.22

Operating cost, $/kg COD removed 1.02 0.74 0.95 0.67

Total operating cost, $/m3 11.45 11.55 10.20 10.27

Table 8. Comparison of DC and APC at the same experimental conditions.
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electrode polarization  

by using AC or APC 

Figure 12. (a) General trend of pollutant removal efficiency changing with respect to current density and operating
time in EC using DC power supply (one-way current), (b) Improved removal efficiency behaviour with respect to cur‐
rent density and operating time in EC using AC power supply or APC (two-way current).
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Figure 13. Comparison of DC and APC for two electrode materials in view of COD removal performances at different
current densities.
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Figure 14. Comparison of DC and APC for two electrode materials in view of COD removal performances at different
operating times.
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Pollutants
Electrode

material

Operational parameters

investigated
Summary of the work Ref.

Cr (VI)
Aluminium,

iron

Initial pH, current density,

reaction time, initial Cr (IV)

concentrations, solution

conductivity, electrical

energy consumption, type

of circuit

The APC mode was found to be more efficient than the

DC mode with a lower anode over-voltage, slower

anode polarization and passivity, and lower tank

voltage.

The operating time is 3–25% less when APC mode is

used.

The APC mode minimizes waste and increases sludge

stability.

In the APC mode, the “water recovery” was very

significant, measuring as high as 0.92 m3/m3

wastewater. For DC mode, the water recovery was less

than 0.5 m3/m3 of wastewater.

[11]

Cadmium Aluminium

Initial pH, current density,

initial Cd concentrations,

effect of coexisting ions

The optimized removal efficiency of 97.5% and 96.2%

was achieved for AC and DC source at a current density

of 0.2 A/dm2 and pH of 7.0 using aluminum alloy as

anode and cathode.

For both AC and DC electrolysis the adsorption of

cadmium preferably fitting Langmuir adsorption

isotherm better than Freundlich isotherm.

[10]

Cadmium Zinc

Initial cadmium ion

concentration, initial pH,

current density and

temperature.

The optimum removal efficiency of cadmium is 97.8%

and 96.9% with the energy consumption of 0.665 and

1.236 kWh/m3 was achieved for AC and DC source at a

current density of 0.2 A/dm2 and pH of 7.0

For both AC and DC electrolysis the adsorption of

cadmium preferably fitting Langmuir adsorption

isotherm.

[97]

Synthetic

Methyl Orange

wastewater

Aluminium

Initial pH, initial MO

concentration, solution

conductivity

Electrocoagulation with periodic electrode reversal

(PREC) can effectively retard cathodic polarization and

anodic passivation.

Decolorization of MO wastewater is described well by a

first-order reaction equation. The rate constant was

fitted to be 0.183 min−1 for PREC, an increase of 20%

compared to the EC.

[12]

Dianix Yellow

CC, Procion

Yellow dyes

Aluminium

Initial pH, current density,

operating time, frequency

of anode-cathode

polarization.

Higher removal efficiencies of TOC and dye can be

acquired in shorter operation times by using APC system.

Removal efficiencies increase in APC system after

optimum operation time belongs to DC system as well.

[9]

Table 9. A brief literature review of some studies on power supply effects on EC performance
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4. Conclusions

The EC technique has gained a remarkable attention in the wastewater treatment applications
due to its benefits including environmental compatibility, versatility, energy efficiency, safety,
selectivity, amenability to automation, and cost effectiveness. The EC process contains an in-
situ generation of metal hydroxide ions by electrolytic oxidation of the sacrificial anode. These
metal hydroxide ions act as coagulant and remove the pollutants from the solution by
sedimentation. Majority of the studies reported in the literature have traditionally used DC in
the EC process. However, the traditional process also has the serious disadvantages of cathodic
passivation which can impede the electrolytic process in a continuous operation. The use of
DC leads to the corrosion formation on the anode due to oxidation. An oxidation layer also
form on the cathode reducing the flow of current between the cathode and the anode and
thereby lowering the pollutant removal efficiency and highering the operational cost. There‐
fore, in this research an almost new method, APC electrocoagulation was used to overcome
the cathode passivation. A real high strength industrial wastewater, winery wastewater, was
selected as the model electrolytic solution. In the EC reactor, aluminium and iron were used
as sacrificial electrodes separately in three different connection modes namely, monopolar –
parallel,,monopolar-serial, and bipolar serial connections. DC was obtained from a DC power
supply operated at galvanostatic mode while APC was obtained by a time relay device
integrated with the DC power supply. COD, color, and turbidity removal efficiencies were
considered when DC and APC were compared technically. Furthermore, various cost items
were used to calculate the total operation cost of both DC and APC systems by means of
pollutant removals. A comprehensive literature survey from numerous references is also
stated on EC and power supply effects. According to the experimental results, the following
conclusions may be exposed:

• Higher removal efficiencies can be acquired in both same and shorter operation times by
using APC system. In the same operating time, conditions, APC provide 40% more COD
removal than DC. Similarly, APC reach 30 % more faster to DC’ s COD removal perform‐
ance. Thus, it can be said that anode–cathode polarization reduces the reaction time which
is necessary for metal hydroxides removing the pollutants.

• COD, turbidity and color removal efficiencies increase until a certain current density and
operation time and then they decrease so long as DC system goes on working. It may be
due to the cathode passivization arisen from accumulation of contaminants on the cathode
material. Therefore, electrode surfaces are needed to be cleaned and then put into use again.
However, removal efficiencies increase in APC system after optimum operation time
belongs to DC system as well. Thus, APC system can prolong the electrode life in each batch
round of EC process.

• ACP can be easily obtained by a simple time relay device from the existing DC power supply
and can be used in EC applications.

• ACP provides regular polarization to each electrode in the EC reactor, so, the sacrificial
electrodes could be consumed in reasonable similar times.
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The APC mode was found to be more efficient than the

DC mode with a lower anode over-voltage, slower

anode polarization and passivity, and lower tank

voltage.

The operating time is 3–25% less when APC mode is

used.

The APC mode minimizes waste and increases sludge

stability.

In the APC mode, the “water recovery” was very

significant, measuring as high as 0.92 m3/m3

wastewater. For DC mode, the water recovery was less

than 0.5 m3/m3 of wastewater.

[11]
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Initial pH, current density,
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was achieved for AC and DC source at a current density

of 0.2 A/dm2 and pH of 7.0 using aluminum alloy as
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For both AC and DC electrolysis the adsorption of

cadmium preferably fitting Langmuir adsorption

isotherm better than Freundlich isotherm.
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concentration, initial pH,

current density and

temperature.
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and 96.9% with the energy consumption of 0.665 and

1.236 kWh/m3 was achieved for AC and DC source at a

current density of 0.2 A/dm2 and pH of 7.0

For both AC and DC electrolysis the adsorption of

cadmium preferably fitting Langmuir adsorption

isotherm.

[97]
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Initial pH, initial MO

concentration, solution

conductivity

Electrocoagulation with periodic electrode reversal

(PREC) can effectively retard cathodic polarization and

anodic passivation.

Decolorization of MO wastewater is described well by a

first-order reaction equation. The rate constant was

fitted to be 0.183 min−1 for PREC, an increase of 20%

compared to the EC.
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Dianix Yellow
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Aluminium
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of anode-cathode

polarization.

Higher removal efficiencies of TOC and dye can be

acquired in shorter operation times by using APC system.

Removal efficiencies increase in APC system after

optimum operation time belongs to DC system as well.

[9]

Table 9. A brief literature review of some studies on power supply effects on EC performance
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4. Conclusions

The EC technique has gained a remarkable attention in the wastewater treatment applications
due to its benefits including environmental compatibility, versatility, energy efficiency, safety,
selectivity, amenability to automation, and cost effectiveness. The EC process contains an in-
situ generation of metal hydroxide ions by electrolytic oxidation of the sacrificial anode. These
metal hydroxide ions act as coagulant and remove the pollutants from the solution by
sedimentation. Majority of the studies reported in the literature have traditionally used DC in
the EC process. However, the traditional process also has the serious disadvantages of cathodic
passivation which can impede the electrolytic process in a continuous operation. The use of
DC leads to the corrosion formation on the anode due to oxidation. An oxidation layer also
form on the cathode reducing the flow of current between the cathode and the anode and
thereby lowering the pollutant removal efficiency and highering the operational cost. There‐
fore, in this research an almost new method, APC electrocoagulation was used to overcome
the cathode passivation. A real high strength industrial wastewater, winery wastewater, was
selected as the model electrolytic solution. In the EC reactor, aluminium and iron were used
as sacrificial electrodes separately in three different connection modes namely, monopolar –
parallel,,monopolar-serial, and bipolar serial connections. DC was obtained from a DC power
supply operated at galvanostatic mode while APC was obtained by a time relay device
integrated with the DC power supply. COD, color, and turbidity removal efficiencies were
considered when DC and APC were compared technically. Furthermore, various cost items
were used to calculate the total operation cost of both DC and APC systems by means of
pollutant removals. A comprehensive literature survey from numerous references is also
stated on EC and power supply effects. According to the experimental results, the following
conclusions may be exposed:

• Higher removal efficiencies can be acquired in both same and shorter operation times by
using APC system. In the same operating time, conditions, APC provide 40% more COD
removal than DC. Similarly, APC reach 30 % more faster to DC’ s COD removal perform‐
ance. Thus, it can be said that anode–cathode polarization reduces the reaction time which
is necessary for metal hydroxides removing the pollutants.

• COD, turbidity and color removal efficiencies increase until a certain current density and
operation time and then they decrease so long as DC system goes on working. It may be
due to the cathode passivization arisen from accumulation of contaminants on the cathode
material. Therefore, electrode surfaces are needed to be cleaned and then put into use again.
However, removal efficiencies increase in APC system after optimum operation time
belongs to DC system as well. Thus, APC system can prolong the electrode life in each batch
round of EC process.

• ACP can be easily obtained by a simple time relay device from the existing DC power supply
and can be used in EC applications.

• ACP provides regular polarization to each electrode in the EC reactor, so, the sacrificial
electrodes could be consumed in reasonable similar times.
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• Fill-and-draw periods of reactor could be easily increased for batch EC processes by using
time relay to eliminate cathode passivization. An increasing in fill-and-draw periods is
important to decrease operating costs for batch processes.

• According to the results of the study, color and turbidity can be removed successfully from
winery wastewaters but remained COD concentration is still too high for discharge. So, EC
process should be applied with other treatment technologies such as anaerobic treatment
that can remove the high COD concentrations.

Based on the promising results achieved in this research, different electrode materials can be
used together by changing the anode-cathode polarization; ACP system can be also evaluated
for different wastewater types or electrolytic solutions in further researches.
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• Fill-and-draw periods of reactor could be easily increased for batch EC processes by using
time relay to eliminate cathode passivization. An increasing in fill-and-draw periods is
important to decrease operating costs for batch processes.

• According to the results of the study, color and turbidity can be removed successfully from
winery wastewaters but remained COD concentration is still too high for discharge. So, EC
process should be applied with other treatment technologies such as anaerobic treatment
that can remove the high COD concentrations.

Based on the promising results achieved in this research, different electrode materials can be
used together by changing the anode-cathode polarization; ACP system can be also evaluated
for different wastewater types or electrolytic solutions in further researches.
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1. Introduction

Corrosion is a great problem in a lot of chemical industries and in the systems of energy
production. When metals are exposed to an aggressive environment or to atmosphere effects
tend to reverse to the lesser energy state of ore. All these processes are enhanced by the
aggressive conditions that sometimes can be found in the industry, high temperature and
pressure or corrosive environments. Therefore, corrosion may imply a lot of economic costs
in the productive system. According to NACE [1] in 2002 the cost of corrosion in USA could
be established in 276 million of dollars per year. Therefore, it is quite important to develop and
use techniques that can allow determining and monitoring the corrosion of the metals.

Since 1903, when the electrochemical character of corrosion was widely accepted after the
publication of the paper of Whitney [2], several electrochemical techniques has been developed
and used in the study of the corrosion processes. Some of the main milestones developed in
the electrochemistry science during the 20th century can be summarised as follows:

1. Alexander Naumovich Frumkin (1895-1976). made vital contributions to our knowledge
of the fundamentals of electrode reactions — particularly the influence of the electrode-
electrolyte interface on the rate of electron transfer across it [3].

2. Veniamin Grigorevich Levich (1917-1987), an associate of theoretical physicist Lev
Davidovich Landau (1908-1968), helped Frumkin in relating his experimental results to
theory. The collaboration led to the development of the rotating disc electrode [4].

3. The quantitative measurement of electrochemical corrosion got established with a 1932
publication of Thomas Percy Hoare (1907-1978) and Ulick Richardson Evans (1889-1980).

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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His 1937 book “Metallic Corrosion, Passivity, and Protection” is probably one of the
clearest books written on corrosion science.

4. 1938, the Belgian electrochemist Marcel Pourbaix (1904-1998) constructed his famous
potential–pH diagrams “Pourbaix diagrams”.

5. Much of the theory behind cyclic voltammetry and electrochemical impedance spectro‐
scopy came from the work of the English electrochemist John Edward Brough Randles
(1912-1998).

6. One important development in electrochemical instrumentation is the invention of the
potentiostat by the German engineer-physicist Hans Wenking (1923).

Nowadays, electrochemistry and corrosion science looks interconnect with parallel advance‐
ments in materials science and characterization techniques. For example, there is increasing
thrust toward exploiting nanoscopic materials and architectures. Expectations in this direction
are high because surface plays a key role in electrochemical processes. Continual developments
in the synthesis and characterization of materials have also led to welcome changes in
electrochemical research.

Therefore, the use of the electrochemical techniques has demonstrated being quite helpful in
the study and control of corrosion in several environments. In this chapter a review of the
conventional and localised electrochemical techniques applied to the analysis of corrosion
processes has been made. Additionally, some experimental results of the authors, which are a
good example of the use of localised electrochemical techniques in the study of heterogeneous
materials, are presented.

2. Stainless steels

Stainless steel is a generic name commonly used for that entire group of iron-based metal which
are the most commonly used metallic materials. The main characteristics are their resistance
to corrosion in many environments, their good mechanical properties over an extremely wide
range of temperatures and their resistance to oxidation and scaling at very high temperatures
[5, 6]. These compounds contain at least a 12% of chromium, low carbon content and they
might also have percentages of other elements such as nickel, molybdenum, vanadium,
titanium, aluminium and so on. The corrosion resistance of stainless steels is provided by a
very thin and protective surface oxide film, known as passive film. It is generally accepted that
passive films formed on stainless steels have a duplex structure which consists of an inner
region rich in chromium and an outer region rich in iron [7-10]. Nickel and molybdenum are
commonly added in the stainless steel composition in order to increase its corrosion resistance.

There are five main classes of stainless steel: austenitic stainless steels, martensitic stainless
steels, ferritic stainless steels, duplex stainless steels and precipitation hardening stainless
steels.
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2.1. Austenitic stainless steels

Austenitic stainless steels are the most common and familiar types of stainless steel. They are
not magnetic. They have a face-centred-cubic lattice structure of austenite over the whole
temperature range from room temperature (and below) to the melting point. The austenitic
stainless steels, because of their high chromium and nickel content, are the most corrosion
resistant of the stainless group. Moreover, they are weldable and can be divided into three
groups: common chromium-nickel (300 series), manganese-chromium-nickel-nitrogen (200
series) and specialty alloys. The commonly used austenitic alloys contain chromium (17-27 wt.
%), nickel (6-32 wt. %) and low carbon amounts (0.02-0.1 wt. %) in an iron matrix. Austenitic
stainless steels are used for numerous industrial and consumer applications, such as in
chemical plants, power plants, food processing equipment [11].

The most common austenitic grades are the 304 and the 316 ones [12]. Austenitic 304 grade
contains approximately 18 wt. % of chromium and 8 wt. % of nickel contents. This kind of
stainless steel is widely used for chemical processing equipment, for food, dairy, and beverage
industries, for heat exchangers and for the milder chemicals. Type 316 is an austenitic chro‐
mium nickel stainless steel containing molybdenum. This addition increases general corrosion
resistance, improves resistance to pitting from chloride ion solutions and provides increased
strength at elevated temperatures [13]. Properties are similar to those of Type 304 except that
this alloy is somewhat stronger at elevated temperatures. Corrosion resistance is improved,
particularly against sulphuric, hydrochloric, acetic, formic and tartaric acids, acid sulphates
and alkaline chlorides. Table 1 shows the typical composition of an austenitic 304 and 316
grade, respectively [14].

Type 304 Type 316

Carbon 0.08 max. 0.08 max.

Manganese 2.00 max. 2.00 max.

Phosphorus 0.045 max. 0.045 max.

Sulfur 0.03 max. 0.03 max.

Silicon 0.75 max. 0.75 max.

Chromium 18.00-20.00 16.00-18.00

Nickel 8.00-12.00 10.00-14.00

Molybdenum - 2.00-3.00

Nitrogen 0.10 max. 0.10 max.

Iron Balance Balance

Table 1. Composition of type 304 and 316 stainless steels, values are given in wt. %

2.2. Martensitic stainless steels

Martensitic stainless steels are a chromium-iron alloy containing 10.5 to 17 wt %. chromi‐
um and controlled amounts of carbon. They are ferromagnetic, hardenable by heat treating,
and generally resistant to corrosion only in relatively mild environments. This kind of alloy
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stainless steel is widely used for chemical processing equipment, for food, dairy, and beverage
industries, for heat exchangers and for the milder chemicals. Type 316 is an austenitic chro‐
mium nickel stainless steel containing molybdenum. This addition increases general corrosion
resistance, improves resistance to pitting from chloride ion solutions and provides increased
strength at elevated temperatures [13]. Properties are similar to those of Type 304 except that
this alloy is somewhat stronger at elevated temperatures. Corrosion resistance is improved,
particularly against sulphuric, hydrochloric, acetic, formic and tartaric acids, acid sulphates
and alkaline chlorides. Table 1 shows the typical composition of an austenitic 304 and 316
grade, respectively [14].

Type 304 Type 316

Carbon 0.08 max. 0.08 max.

Manganese 2.00 max. 2.00 max.

Phosphorus 0.045 max. 0.045 max.

Sulfur 0.03 max. 0.03 max.

Silicon 0.75 max. 0.75 max.

Chromium 18.00-20.00 16.00-18.00

Nickel 8.00-12.00 10.00-14.00

Molybdenum - 2.00-3.00

Nitrogen 0.10 max. 0.10 max.

Iron Balance Balance

Table 1. Composition of type 304 and 316 stainless steels, values are given in wt. %

2.2. Martensitic stainless steels

Martensitic stainless steels are a chromium-iron alloy containing 10.5 to 17 wt %. chromi‐
um and controlled amounts of carbon. They are ferromagnetic, hardenable by heat treating,
and generally resistant to corrosion only in relatively mild environments. This kind of alloy
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is extremely strong and tough, as well as highly machinable. The martensitic grades are
mainly  used  where  hardness,  strength,  and  wear  resistance  are  required,  i.e.  they  are
specified when the application requires good tensile strength, creep and fatigue strength
properties,  in combination with moderate corrosion resistance and heat  resistance up to
approximately 650 °C [15].

The most commonly used alloy within the martensitic stainless steel family is type 410, which
contains approximately 12 wt% Cr and 0.1 wt% C to provide strength. It is widely used where
corrosion is not severe (air, water, some chemicals, and food acids). Typical applications
include highly stressed parts needing the combination of strength and corrosion resistance
such as fasteners.

2.3. Ferritic stainless steels

Ferritic stainless steel grades contain between 10.5 wt % and 27 wt % chromium and very little
nickel, if any, but some types can contain lead. Most compositions include molybdenum; some,
aluminium or titanium. They were developed to provide a group of stainless steel to resist
corrosion and oxidation, while being highly resistant to stress corrosion cracking [16, 17]. These
kind of alloys are magnetic but cannot be hardened or strengthened by heat treatment, as
martensitic grades. They can be cold worked and softened by annealing. As a group, they are
more corrosive resistant than the martensitic grades, but generally inferior to the austenitic
grades. The basic ferritic grade is type 430, with a little less corrosion resistance than type 304.
Type 430 combines high resistance to such corrosives as nitric acid, sulfur gases and many
organic and food acids.

2.4. Duplex stainless steels

Duplex stainless steels have a mixed microstructure of austenite and ferrite and roughly twice
the strength compared to austenitic stainless steels. They also have improved resistance to
localized corrosion, particularly pitting, crevice corrosion and stress corrosion cracking. They
are characterized by high chromium (19–32 wt %) and molybdenum (up to 5 wt %) and lower
nickel contents than austenitic stainless steels. That is why they have lower cost [18, 19]. Duplex
stainless steels are considered a very attractive structural material in the field of energy/
environmental systems due to their good mechanical and corrosion resistance properties.
However, the higher Cr and Mo content in duplex stainless steels can promote the precipitation
of secondary phases, such as sigma phase [20, 21]. These phases, which are rich in alloying
elements, appear when the steel is heated in a specific range of temperatures. During these
heat treatments, the microstructure of duplex stainless steels undergoes morphological
changes. The ratio of the ferrite and the austenite phase, that in the beginning is 1/1, changes
with the heat treatment temperature. Duplex stainless steels are typically used in the main
following areas: chemical processing, transport and storage; oil and gas exploration and
offshore rigs; oil and gas refining; marine environments; pollution control equipment; pulp
and paper manufacturing and chemical process plants.
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2.5. Precipitation hardening stainless steels

Precipitation hardening grades are iron-nickel-chromium alloys containing one or more
precipitation hardening elements such as aluminum, titanium, copper, niobium, and molyb‐
denum. The two main characteristics of all precipitation-hardening stainless steels are high
strength (at the expense of toughness) and high corrosion resistance (comparable to that of the
standard 304 and 316 austenitic alloys) [22]. The aging treatments are designed to optimize
strength, corrosion resistance, and toughness. On the other hand, to improve toughness, the
amount of carbon is kept low.

3. Generation of heterogeneous surfaces in stainless steels

Welding is widely used in the fabrication, maintenance, and repair of many industrial parts and
structures, especially for the joint of stainless steels. However, welding introduces residual
stresses into the material and can cause cracking as the weld cools and contracts. Minor
differences in composition and microstructure between a weld and a base zone can create an
electrochemical potential between the zones and may cause galvanic corrosion [23]. In fact,
corrosion in welds has always been a problem due to local variations in material composition
and structure. When austenitic stainless steels are incorrectly heat treated, in the temperature
range between 500 and 900 °C, chromium and carbon combine at the grain boundaries to form
chromium carbides (typically Cr23C6), whilst simultaneously as these carbides form, chromi‐
um depletion occurs at the adjacent zones. This process is called sensitisation and leads to a
decrease in the corrosion resistance of stainless steels, notably resistance to intergranular
corrosion, being due to the depleted regions becoming anodic in the presence of an electro‐
lyte [24-30]. These heat treatments generate heterogeneous surfaces on the stainless steels. The
“L” grades are used to provide extra corrosion resistance after welding. The letter “L” after a
stainless steel type indicates low carbon (as in 304L). The carbon is kept to 0.03 wt. % or under
to avoid carbide precipitation [31]. The most common grade L stainless steel types are 304L and
316L. In this way, the welding procedure itself or the generation of sensitization zones in stainless
steels due to welding or heat treatments create heterogeneities in the alloy, which might lead
to corrosion problems or contribute to aggravate them. For this reason, the electrochemical
study of these materials is a very important issue. All these corrosion mechanisms have mainly
been studied using ‘macro’ experiments (working electrode in the mm2 – cm2 range) [32, 33].
However, such processes are due to mechanisms on a smaller scale. Therefore, it is beneficial
to develop appropriate ‘micro’ experimental devices that require a reduced working elec‐
trode surface area [34]. In this context, microelectrochemical methods are powerful techni‐
ques to study localised corrosion processes on small areas of passive metals, microgalvanic cells,
etc [35-37].

4. Conventional techniques in the study of stainless steels

Corrosion science and engineering have benefit tremendously from the use of electrochemical
methods that can probe the thermodynamic and kinetic aspects of corrosion, including the rate
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is extremely strong and tough, as well as highly machinable. The martensitic grades are
mainly  used  where  hardness,  strength,  and  wear  resistance  are  required,  i.e.  they  are
specified when the application requires good tensile strength, creep and fatigue strength
properties,  in combination with moderate corrosion resistance and heat  resistance up to
approximately 650 °C [15].

The most commonly used alloy within the martensitic stainless steel family is type 410, which
contains approximately 12 wt% Cr and 0.1 wt% C to provide strength. It is widely used where
corrosion is not severe (air, water, some chemicals, and food acids). Typical applications
include highly stressed parts needing the combination of strength and corrosion resistance
such as fasteners.

2.3. Ferritic stainless steels

Ferritic stainless steel grades contain between 10.5 wt % and 27 wt % chromium and very little
nickel, if any, but some types can contain lead. Most compositions include molybdenum; some,
aluminium or titanium. They were developed to provide a group of stainless steel to resist
corrosion and oxidation, while being highly resistant to stress corrosion cracking [16, 17]. These
kind of alloys are magnetic but cannot be hardened or strengthened by heat treatment, as
martensitic grades. They can be cold worked and softened by annealing. As a group, they are
more corrosive resistant than the martensitic grades, but generally inferior to the austenitic
grades. The basic ferritic grade is type 430, with a little less corrosion resistance than type 304.
Type 430 combines high resistance to such corrosives as nitric acid, sulfur gases and many
organic and food acids.

2.4. Duplex stainless steels

Duplex stainless steels have a mixed microstructure of austenite and ferrite and roughly twice
the strength compared to austenitic stainless steels. They also have improved resistance to
localized corrosion, particularly pitting, crevice corrosion and stress corrosion cracking. They
are characterized by high chromium (19–32 wt %) and molybdenum (up to 5 wt %) and lower
nickel contents than austenitic stainless steels. That is why they have lower cost [18, 19]. Duplex
stainless steels are considered a very attractive structural material in the field of energy/
environmental systems due to their good mechanical and corrosion resistance properties.
However, the higher Cr and Mo content in duplex stainless steels can promote the precipitation
of secondary phases, such as sigma phase [20, 21]. These phases, which are rich in alloying
elements, appear when the steel is heated in a specific range of temperatures. During these
heat treatments, the microstructure of duplex stainless steels undergoes morphological
changes. The ratio of the ferrite and the austenite phase, that in the beginning is 1/1, changes
with the heat treatment temperature. Duplex stainless steels are typically used in the main
following areas: chemical processing, transport and storage; oil and gas exploration and
offshore rigs; oil and gas refining; marine environments; pollution control equipment; pulp
and paper manufacturing and chemical process plants.
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strength (at the expense of toughness) and high corrosion resistance (comparable to that of the
standard 304 and 316 austenitic alloys) [22]. The aging treatments are designed to optimize
strength, corrosion resistance, and toughness. On the other hand, to improve toughness, the
amount of carbon is kept low.

3. Generation of heterogeneous surfaces in stainless steels

Welding is widely used in the fabrication, maintenance, and repair of many industrial parts and
structures, especially for the joint of stainless steels. However, welding introduces residual
stresses into the material and can cause cracking as the weld cools and contracts. Minor
differences in composition and microstructure between a weld and a base zone can create an
electrochemical potential between the zones and may cause galvanic corrosion [23]. In fact,
corrosion in welds has always been a problem due to local variations in material composition
and structure. When austenitic stainless steels are incorrectly heat treated, in the temperature
range between 500 and 900 °C, chromium and carbon combine at the grain boundaries to form
chromium carbides (typically Cr23C6), whilst simultaneously as these carbides form, chromi‐
um depletion occurs at the adjacent zones. This process is called sensitisation and leads to a
decrease in the corrosion resistance of stainless steels, notably resistance to intergranular
corrosion, being due to the depleted regions becoming anodic in the presence of an electro‐
lyte [24-30]. These heat treatments generate heterogeneous surfaces on the stainless steels. The
“L” grades are used to provide extra corrosion resistance after welding. The letter “L” after a
stainless steel type indicates low carbon (as in 304L). The carbon is kept to 0.03 wt. % or under
to avoid carbide precipitation [31]. The most common grade L stainless steel types are 304L and
316L. In this way, the welding procedure itself or the generation of sensitization zones in stainless
steels due to welding or heat treatments create heterogeneities in the alloy, which might lead
to corrosion problems or contribute to aggravate them. For this reason, the electrochemical
study of these materials is a very important issue. All these corrosion mechanisms have mainly
been studied using ‘macro’ experiments (working electrode in the mm2 – cm2 range) [32, 33].
However, such processes are due to mechanisms on a smaller scale. Therefore, it is beneficial
to develop appropriate ‘micro’ experimental devices that require a reduced working elec‐
trode surface area [34]. In this context, microelectrochemical methods are powerful techni‐
ques to study localised corrosion processes on small areas of passive metals, microgalvanic cells,
etc [35-37].

4. Conventional techniques in the study of stainless steels

Corrosion science and engineering have benefit tremendously from the use of electrochemical
methods that can probe the thermodynamic and kinetic aspects of corrosion, including the rate
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of corrosion. These methods have proved of great utility to corrosion engineers and scientists
in predicting the performance of materials and devising corrosion mitigation strategies,
understanding the effects of changes in process and environment conditions, and assessing
the accuracy of corrosion monitoring techniques [38]. Some of the most common techniques
used in research studies are described in the following sections.

DC electrochemistry, and in particular, the potentiodynamic polarisation scan, is a rapid
method of obtaining an insight into the corrosivity of a particular environment for a steel.
Through the DC polarisation technique, information on the corrosion rate, pitting suscepti‐
bility, passivity, as well as the cathodic behaviour of an electrochemical system may be
obtained.

In a potentiodynamic experiment, the current represents the rate with which the anodic and
cathodic reactions are taking place on the working electrode. Typically, the current is expressed
in terms of the current per unit area of the working electrode, or the current density. Numerous
variables will influence the rate of a given electrochemical reaction, including the temperature,
the surface condition of the surface being interrogated, as well as the chemical environment
in which the experiment is performed. In this experiment, the driving force (i.e., the potential)
for anodic and cathodic reactions is controlled, and the net change in the reaction rate (i.e.,
current) is observed.

The reaction rate may be controlled by two different kinetic phenomena. The first is charge
transfer or activation control. In this case, the reaction is controlled by the size of the driving
force available (e.g., hydrogen evolution reaction or water reduction reaction). As the driving
force increases, so does the reaction rate. The other mechanism which may control the reaction
rate is mass transfer. In this case, the reaction rate is controlled by mass transfer through the
electrolyte to the electrode surface (e.g., oxygen reduction reaction). Since the reaction rate is
controlled by diffusion, it cannot increase indefinitely as the driving force increases. Instead,
the current reaches a maximum, or limiting, current density which is itself a function of the
concentration of the species of interest in the solution as well as its diffusivity. Once the rate
for a particular reaction has reached its limiting value, further increases in driving force will
not result in any additional increase of the reaction rate [39, 40].

During the potentiodynamic polarisation scan, the potential of the electrode is controlled,
while the current is determined as a function of time. The opposite case, where the current is
controlled (frequently held constant), and the potential becomes the dependent variable, which
is determined as a function of time. The experiment is carried out by applying the controlled
current between the working and auxiliary electrodes with a current source (called a galvano‐
stat) and recording the potential between the working and reference electrodes (e.g., with a
recorder, oscilloscope, or other data acquisition device) (Figure 1). These techniques are
generally called chronopotentiometric techniques, because E is determined as a function of time,
or galvanostatic techniques, because a small constant current is applied to the working
electrode [39].

Another DC technique is the ZRA (Zero resistance ammeter), this device is a current to voltage
converter that produces a voltage output proportional to the current flowing between its to
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input terminals while imposing a 'zero' voltage drop to the external circuit. In corrosion test a
ZRA is typically used to measure the galvanic coupling current between two dissimilar
electrodes. An interesting application is when the coupling current between two nominally
identical electrodes is measured. If both electrodes were identical then very little coupling
current would flow. In real situations these electrodes will be slightly different, one being more
anodic or cathodic than the other and a small coupling current will exist [41, 42].

On the other hand, AC impedance methods are widely used for the characterisation of electrode
processes and complex interfaces. These methods are commonly called Electrochemical
Impedance Spectroscopy (EIS) and study the system response to the application of a periodic
small amplitude AC signal. These measurements are carried out at different AC frequencies
and, thus, the name impedance spectroscopy was later adopted. Analysis of the system
response contains information about the interface, its structure and reactions taking place
there. EIS is now described in the general books on electrochemistry and specific books [39],
and there are also numerous articles and reviews [43-46]. It became very popular in the research
and applied chemistry [47].

5. Localised techniques in the study of stainless steels

Once the generalised techniques have been presented, a brief summary of the available
localised electrochemical techniques is presented, indicating the principles and main applica‐
tions of each of them.

5.1. Scanning electrochemical microscopy (SECM)

Scanning electrochemical microscopy has become a powerful technique for quantitative
investigations of interfacial physicochemical processes, in a wide variety of areas, as consid‐
ered in several reviews [48-50]. In the simplest terms, SECM involves the use of a mobile

Figure 1. Simplified block diagram of the setup for chronopotentiometric measurements.
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of corrosion. These methods have proved of great utility to corrosion engineers and scientists
in predicting the performance of materials and devising corrosion mitigation strategies,
understanding the effects of changes in process and environment conditions, and assessing
the accuracy of corrosion monitoring techniques [38]. Some of the most common techniques
used in research studies are described in the following sections.

DC electrochemistry, and in particular, the potentiodynamic polarisation scan, is a rapid
method of obtaining an insight into the corrosivity of a particular environment for a steel.
Through the DC polarisation technique, information on the corrosion rate, pitting suscepti‐
bility, passivity, as well as the cathodic behaviour of an electrochemical system may be
obtained.
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current) is observed.
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force available (e.g., hydrogen evolution reaction or water reduction reaction). As the driving
force increases, so does the reaction rate. The other mechanism which may control the reaction
rate is mass transfer. In this case, the reaction rate is controlled by mass transfer through the
electrolyte to the electrode surface (e.g., oxygen reduction reaction). Since the reaction rate is
controlled by diffusion, it cannot increase indefinitely as the driving force increases. Instead,
the current reaches a maximum, or limiting, current density which is itself a function of the
concentration of the species of interest in the solution as well as its diffusivity. Once the rate
for a particular reaction has reached its limiting value, further increases in driving force will
not result in any additional increase of the reaction rate [39, 40].

During the potentiodynamic polarisation scan, the potential of the electrode is controlled,
while the current is determined as a function of time. The opposite case, where the current is
controlled (frequently held constant), and the potential becomes the dependent variable, which
is determined as a function of time. The experiment is carried out by applying the controlled
current between the working and auxiliary electrodes with a current source (called a galvano‐
stat) and recording the potential between the working and reference electrodes (e.g., with a
recorder, oscilloscope, or other data acquisition device) (Figure 1). These techniques are
generally called chronopotentiometric techniques, because E is determined as a function of time,
or galvanostatic techniques, because a small constant current is applied to the working
electrode [39].

Another DC technique is the ZRA (Zero resistance ammeter), this device is a current to voltage
converter that produces a voltage output proportional to the current flowing between its to
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input terminals while imposing a 'zero' voltage drop to the external circuit. In corrosion test a
ZRA is typically used to measure the galvanic coupling current between two dissimilar
electrodes. An interesting application is when the coupling current between two nominally
identical electrodes is measured. If both electrodes were identical then very little coupling
current would flow. In real situations these electrodes will be slightly different, one being more
anodic or cathodic than the other and a small coupling current will exist [41, 42].

On the other hand, AC impedance methods are widely used for the characterisation of electrode
processes and complex interfaces. These methods are commonly called Electrochemical
Impedance Spectroscopy (EIS) and study the system response to the application of a periodic
small amplitude AC signal. These measurements are carried out at different AC frequencies
and, thus, the name impedance spectroscopy was later adopted. Analysis of the system
response contains information about the interface, its structure and reactions taking place
there. EIS is now described in the general books on electrochemistry and specific books [39],
and there are also numerous articles and reviews [43-46]. It became very popular in the research
and applied chemistry [47].

5. Localised techniques in the study of stainless steels

Once the generalised techniques have been presented, a brief summary of the available
localised electrochemical techniques is presented, indicating the principles and main applica‐
tions of each of them.

5.1. Scanning electrochemical microscopy (SECM)

Scanning electrochemical microscopy has become a powerful technique for quantitative
investigations of interfacial physicochemical processes, in a wide variety of areas, as consid‐
ered in several reviews [48-50]. In the simplest terms, SECM involves the use of a mobile
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ultramicroelectrode (UME) probe, either amperometric or potentiometric, to investigate the
activity and/or topography of an interface on a localized scale [51].

Therefore, SECM is based on the possibility of precisely positioning a probe close to the object
under investigation (substrate). In the case of SECM, the probe is an ultramicroelectrode, which
is an electrode of nanometer to micrometer dimension. Ultramicroelectrode and substrate are
both immersed into an electrolyte solution containing either an oxidizable (or reducible)
chemical species, which is called mediator. The ultramicroelectrode is electrically biased so
that a redox current, the tip-current, is generated. When the ultramicroelectrode is brought
near the substrate the tip-current changes and information about the surface activity of the
substrate can be extracted. By scanning the ultramicroelectrode laterally above the substrate
one can acquire an image of its topography and/or its surface reactivity [51]. Several modes of
SECM have been developed to allow the local chemical properties of interfaces to be investi‐
gated [51], two of them are the Feedback Mode and the Generation-Collection Mode.

In the first one (Feedback Mode), the species are reduced or oxidised at the tip, producing a
steady-state current that is limited by hemispherical diffusion. As the tip approaches to a
conductive substrate in the solution, the reduced species formed at the tip is oxidized at the
conductive surface, yielding an increase in the tip current and creating a regenerative "positive"
feedback. The opposite effect is observed when insulating surfaces are probed, as the oxidized
species cannot be regenerated and diffusion to the electrode is inhibited as a result of physical
obstruction as the tip approaches the substrate, creating a "negative" feedback loop and
decreasing the tip current [52]. One scheme of this effect is presented in Figure 2. However,
sometimes the negative feedback is also observed when there is a competitive reaction between
the tip and the substrate; this is the case when the oxygen reduction is the followed reaction
and the substrate is a stainless steel [53].
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On the other hand, the other modes of operation are the Generation Collection modes. In the
Tip generation/substrate collection (TG/SC) mode, the tip is held at a potential sufficient for
an electrode reaction to occur and "generate" a product while the substrate is held at a potential
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sufficient for the product to react with or be "collected" by the substrate [53]. The reciprocal to
this method is the substrate generation/tip collection (SG/TC), where the substrate acts to
generate species that are measured at the tip. Both TG/SC and SG/TC variations are also
categorized as "direct" modes [51].

Among the main applications of the SECM technique, some of them are: corrosive activity of
the tested materials, topographic maps of the samples, measurements of heterogeneous of
homogeneous kinetics of reactions, study of the electrochemical behaviour of membranes or
surface reactions.

5.2. Scanning droplet cell (SDC)

A new electrochemical device, the capillary-based droplet cell [54, 55] is a technique which
confines a liquid in contact with a sample surface in order to measure electrochemical and
corrosion reactions over a limited region where the droplet is actually in contact with the
sample. This Scanning Droplet Technique provides facilities for micro-electrochemical
investigations at high resolution, in which small electrolyte droplets are positioned on the
sample surface, enabling a spatially resolved surface analysis or modification. The small area
of the working electrode determined by the tip size of a capillary with a diameter of 20–600
µm enables the investigation of localized corrosion or passivation of small areas within a single
grain or phase. In addition, the device has a smaller resolution than some special probe
techniques (e.g. STM), but enables a complete range of potentiostatic (or dynamic) and
galvanostatic (or dynamic) techniques including impedance spectroscopy.

This is accomplished by providing a convenient three-electrode system consisting of the
working electrode of interest (the wetted surface area under investigation) and the capillary
contains the counter and reference electrodes which are electrically connected to the surface
through the drop. The wetted area is approximately determined by the capillary radius. The
small distance between the counter electrode and the sample allows high current densities due
to the small ohmic resistance. The electrolyte drop is then scanned at high resolution across
the surface of the sample.

The scanning droplet system allows a spatially resolved, in-situ investigation by the standard
electrochemical techniques such as line scans, area maps, potentiostatic pulse steps and open
circuit measurements.

5.3. Scanning Kelvin Probe (SKP)

The Kelvin Probe is a non-contact, non-destructive measurement device used to investigate
properties of materials [56;57]. It is a tool with wide applications for both surface science and
industrial uses. It is based on a vibrating capacitor and measures the work function difference
or, for non-metals, the surface potential, between a conducting specimen and a vibrating tip
[58-60]. This method exploits the well-established principles of direct correlation between
work function and surface condition. The work function is an extremely sensitive indicator of
surface condition and is affected by adsorbed or evaporated layers, surface reconstruction,
surface charging, oxide layer imperfections, surface and bulk contamination, etc. [61].
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ultramicroelectrode (UME) probe, either amperometric or potentiometric, to investigate the
activity and/or topography of an interface on a localized scale [51].

Therefore, SECM is based on the possibility of precisely positioning a probe close to the object
under investigation (substrate). In the case of SECM, the probe is an ultramicroelectrode, which
is an electrode of nanometer to micrometer dimension. Ultramicroelectrode and substrate are
both immersed into an electrolyte solution containing either an oxidizable (or reducible)
chemical species, which is called mediator. The ultramicroelectrode is electrically biased so
that a redox current, the tip-current, is generated. When the ultramicroelectrode is brought
near the substrate the tip-current changes and information about the surface activity of the
substrate can be extracted. By scanning the ultramicroelectrode laterally above the substrate
one can acquire an image of its topography and/or its surface reactivity [51]. Several modes of
SECM have been developed to allow the local chemical properties of interfaces to be investi‐
gated [51], two of them are the Feedback Mode and the Generation-Collection Mode.

In the first one (Feedback Mode), the species are reduced or oxidised at the tip, producing a
steady-state current that is limited by hemispherical diffusion. As the tip approaches to a
conductive substrate in the solution, the reduced species formed at the tip is oxidized at the
conductive surface, yielding an increase in the tip current and creating a regenerative "positive"
feedback. The opposite effect is observed when insulating surfaces are probed, as the oxidized
species cannot be regenerated and diffusion to the electrode is inhibited as a result of physical
obstruction as the tip approaches the substrate, creating a "negative" feedback loop and
decreasing the tip current [52]. One scheme of this effect is presented in Figure 2. However,
sometimes the negative feedback is also observed when there is a competitive reaction between
the tip and the substrate; this is the case when the oxygen reduction is the followed reaction
and the substrate is a stainless steel [53].
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On the other hand, the other modes of operation are the Generation Collection modes. In the
Tip generation/substrate collection (TG/SC) mode, the tip is held at a potential sufficient for
an electrode reaction to occur and "generate" a product while the substrate is held at a potential
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sufficient for the product to react with or be "collected" by the substrate [53]. The reciprocal to
this method is the substrate generation/tip collection (SG/TC), where the substrate acts to
generate species that are measured at the tip. Both TG/SC and SG/TC variations are also
categorized as "direct" modes [51].

Among the main applications of the SECM technique, some of them are: corrosive activity of
the tested materials, topographic maps of the samples, measurements of heterogeneous of
homogeneous kinetics of reactions, study of the electrochemical behaviour of membranes or
surface reactions.

5.2. Scanning droplet cell (SDC)

A new electrochemical device, the capillary-based droplet cell [54, 55] is a technique which
confines a liquid in contact with a sample surface in order to measure electrochemical and
corrosion reactions over a limited region where the droplet is actually in contact with the
sample. This Scanning Droplet Technique provides facilities for micro-electrochemical
investigations at high resolution, in which small electrolyte droplets are positioned on the
sample surface, enabling a spatially resolved surface analysis or modification. The small area
of the working electrode determined by the tip size of a capillary with a diameter of 20–600
µm enables the investigation of localized corrosion or passivation of small areas within a single
grain or phase. In addition, the device has a smaller resolution than some special probe
techniques (e.g. STM), but enables a complete range of potentiostatic (or dynamic) and
galvanostatic (or dynamic) techniques including impedance spectroscopy.

This is accomplished by providing a convenient three-electrode system consisting of the
working electrode of interest (the wetted surface area under investigation) and the capillary
contains the counter and reference electrodes which are electrically connected to the surface
through the drop. The wetted area is approximately determined by the capillary radius. The
small distance between the counter electrode and the sample allows high current densities due
to the small ohmic resistance. The electrolyte drop is then scanned at high resolution across
the surface of the sample.

The scanning droplet system allows a spatially resolved, in-situ investigation by the standard
electrochemical techniques such as line scans, area maps, potentiostatic pulse steps and open
circuit measurements.

5.3. Scanning Kelvin Probe (SKP)

The Kelvin Probe is a non-contact, non-destructive measurement device used to investigate
properties of materials [56;57]. It is a tool with wide applications for both surface science and
industrial uses. It is based on a vibrating capacitor and measures the work function difference
or, for non-metals, the surface potential, between a conducting specimen and a vibrating tip
[58-60]. This method exploits the well-established principles of direct correlation between
work function and surface condition. The work function is an extremely sensitive indicator of
surface condition and is affected by adsorbed or evaporated layers, surface reconstruction,
surface charging, oxide layer imperfections, surface and bulk contamination, etc. [61].
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Regarding the operation mode, a metal microprobe is positioned close to the surface of the
sample (on the order of 100-microns). If the microprobe and sample are of different metals,
there is an energy difference between their electrons. The microprobe is then electrically
shorted to the sample, through internal electronics of the system. As a consequence, one metal
forms a positive charge on its surface and the other metal forms a negative charge on its surface.
The probe and sample are separated by a dielectric (air), so a capacitor is formed. The probe
is then vibrated and "backing potential" or "nulling potential" is then applied sufficient to
minimize this capacitance. At the applied voltage that causes the capacitance to go to zero, the
original state is achieved. This value is recorded and charted. Experiments are typically
performed in ambient gaseous conditions, but several published examples use humidified
environments.

One improvement of this technique is the Scanning Kelvin Force Microscopy (SKPM) [62-64],
this technique allows to measure the local potential between a conducting atomic force
microscopy (AFM) tip and the sample. Therefore, with this method it is possible to characterise
the nano-scale electronic/electrical properties of metal/semiconductor surfaces and semicon‐
ductor devices. Among the main applications of the SKP technique, some of the most important
are: study of coatings interfaces, study of galvanic pairs or the oxide formation effect.

5.4. Scanning vibrating electrode technique (SVET)

The scanning vibrating probe electrode measures the potential drop generated by current flow
in a small volume of solution by vibrating Pt-Ir tipped microelectrodes between two virtual
points in the electrolyte at a defined distance from the surface [65]. In corrosion of metals, this
will reflect the distribution of current associated with anodic and cathodic current at the metal
surface but with decreasing resolution of local anodic and cathodic processes with distance
from the surface and with increasing conductivity of the solution. For the latter reason,
relatively low conductivity solutions may be necessary for some systems, sufficient to generate
distinguishable potential gradients in solution. Then, the scanning Vibrating Electrode
Technique (SVET) uses a scanning microelectrode to measure these gradients in situ, thereby,
locating and quantifiying the corrosion activity at specific points on the sample surface.
Measurements are made by vibrating a fine tipped microelectrode a few hundred microns
about the sample in a perpendicular plane to the surface. The electrochemical potential of the
microelectrode is recorded at the extremes of vibration amplitude, resulting in the generation
of a sinusoidal AC signal. This signal is then measured using a lock-in amplifier, which is
tunned to the frequency of the probe vibration. Furthermore, the resulting signal, which is the
effect in effect a measure of the DC potential gradients in solution, can be converted to current
density by a simple calibration procedure [66]. This technique is, therefore, able to make in-
situ measurements of the localised corrosion activity occurring at the sample surface.

This method was originally devised by biologists for the measurement of extracellular currents
near to living cells. Isaacs, later developed the technique to study various localised corrosion
processes, including stress corrosion cracking of AISI 304 stainless steels and corrosion
inhibition by cerium salts [65]. The main applications of the SVET technique to the material
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science are: study of defect evolution in coatings, galvanic study during a corrosion process,
evolution of artificial defects or determination of precursor sites for corrosion.

5.5. Localised electrochemical impedance spectroscopy (LEIS)

As previously mentioned, electrochemical impedance spectroscopy (EIS) is an in-situ non-
destructive technique, which has been widely employed in the study of corrosion processes,
and in particular is now widely accepted as a standard technique for the investigation of
corrosion an coatings. However, difficulties arise in EIS, when attempting to study localised
electrochemical processes, as impedance is calculated from the bulk current and voltage data,
and it is, therefore, averaged across the entire surface area of the sample. In order to make
impedance measurements on a local scale, work by a number of authors has been conducted
to combine established DC scanning techniques with AC impedance techniques [67, 68],
resulting in the evolution of LEIS.

The principles of LEIS are similar to those used in the conventional bulk EIS; a small sinusoidal
voltage perturbation is applied to a working electrode sample and the resulting current is
measured to allow the calculation of the impedance. However, rather than measure the bulk
current from the whole surface area, an electrochemical probe is scanning close to the surface
in order to measure the local current distributions in the electrolyte. This probe incorporates
two platinum electrodes; one constitutes the tip of the probe and is electrochemically sharp‐
ened to approximately 5 mm of diameter and the other is a ring positioned at a distance of 3
mm over the tip. Each of these electrodes is platinised in order to increase the active area and
therefore, to reduce the interfacial area between the electrode and the electrolyte. The potential
difference between both platinum electrodes is measured via an electrometer and, for known
solution conductivity, the local current is calculated. Then the ratio between the AC pertur‐
bation applied to the sample and the local current density determine the local impedance.
Therefore, this approach gives spatial resolution to the measurement of the electrochemical
impedance, overcoming the limitations of the surface averaging encountered in the conven‐
tional EIS measurements [69, 70].

5.6. Scanning refererence electrode technique (SRET)

Scanning reference electrode technique (SRET) is an in situ technique used to study the
electrochemical process during localized corrosion without interrupting the process taking
place. Within the electrolyte directly above a localized electrochemical active site, there exists
an electromagnetic field. A probe consisted of two platinum wires can sense the potential
difference between two different places where the two platinum wires are located. This
potential difference then is processed by a differential amplifier. By scanning the SRET probe
over the surface of the test material immersed in an electrolyte, these fields may be mapped
out as a function of x and y or monitored with respect to time. Resulting data can be instantly
display, stored and manipulated in a number of formats including individual linescans, area
maps and sequential time related images.
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Regarding the operation mode, a metal microprobe is positioned close to the surface of the
sample (on the order of 100-microns). If the microprobe and sample are of different metals,
there is an energy difference between their electrons. The microprobe is then electrically
shorted to the sample, through internal electronics of the system. As a consequence, one metal
forms a positive charge on its surface and the other metal forms a negative charge on its surface.
The probe and sample are separated by a dielectric (air), so a capacitor is formed. The probe
is then vibrated and "backing potential" or "nulling potential" is then applied sufficient to
minimize this capacitance. At the applied voltage that causes the capacitance to go to zero, the
original state is achieved. This value is recorded and charted. Experiments are typically
performed in ambient gaseous conditions, but several published examples use humidified
environments.

One improvement of this technique is the Scanning Kelvin Force Microscopy (SKPM) [62-64],
this technique allows to measure the local potential between a conducting atomic force
microscopy (AFM) tip and the sample. Therefore, with this method it is possible to characterise
the nano-scale electronic/electrical properties of metal/semiconductor surfaces and semicon‐
ductor devices. Among the main applications of the SKP technique, some of the most important
are: study of coatings interfaces, study of galvanic pairs or the oxide formation effect.

5.4. Scanning vibrating electrode technique (SVET)

The scanning vibrating probe electrode measures the potential drop generated by current flow
in a small volume of solution by vibrating Pt-Ir tipped microelectrodes between two virtual
points in the electrolyte at a defined distance from the surface [65]. In corrosion of metals, this
will reflect the distribution of current associated with anodic and cathodic current at the metal
surface but with decreasing resolution of local anodic and cathodic processes with distance
from the surface and with increasing conductivity of the solution. For the latter reason,
relatively low conductivity solutions may be necessary for some systems, sufficient to generate
distinguishable potential gradients in solution. Then, the scanning Vibrating Electrode
Technique (SVET) uses a scanning microelectrode to measure these gradients in situ, thereby,
locating and quantifiying the corrosion activity at specific points on the sample surface.
Measurements are made by vibrating a fine tipped microelectrode a few hundred microns
about the sample in a perpendicular plane to the surface. The electrochemical potential of the
microelectrode is recorded at the extremes of vibration amplitude, resulting in the generation
of a sinusoidal AC signal. This signal is then measured using a lock-in amplifier, which is
tunned to the frequency of the probe vibration. Furthermore, the resulting signal, which is the
effect in effect a measure of the DC potential gradients in solution, can be converted to current
density by a simple calibration procedure [66]. This technique is, therefore, able to make in-
situ measurements of the localised corrosion activity occurring at the sample surface.

This method was originally devised by biologists for the measurement of extracellular currents
near to living cells. Isaacs, later developed the technique to study various localised corrosion
processes, including stress corrosion cracking of AISI 304 stainless steels and corrosion
inhibition by cerium salts [65]. The main applications of the SVET technique to the material
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science are: study of defect evolution in coatings, galvanic study during a corrosion process,
evolution of artificial defects or determination of precursor sites for corrosion.

5.5. Localised electrochemical impedance spectroscopy (LEIS)

As previously mentioned, electrochemical impedance spectroscopy (EIS) is an in-situ non-
destructive technique, which has been widely employed in the study of corrosion processes,
and in particular is now widely accepted as a standard technique for the investigation of
corrosion an coatings. However, difficulties arise in EIS, when attempting to study localised
electrochemical processes, as impedance is calculated from the bulk current and voltage data,
and it is, therefore, averaged across the entire surface area of the sample. In order to make
impedance measurements on a local scale, work by a number of authors has been conducted
to combine established DC scanning techniques with AC impedance techniques [67, 68],
resulting in the evolution of LEIS.

The principles of LEIS are similar to those used in the conventional bulk EIS; a small sinusoidal
voltage perturbation is applied to a working electrode sample and the resulting current is
measured to allow the calculation of the impedance. However, rather than measure the bulk
current from the whole surface area, an electrochemical probe is scanning close to the surface
in order to measure the local current distributions in the electrolyte. This probe incorporates
two platinum electrodes; one constitutes the tip of the probe and is electrochemically sharp‐
ened to approximately 5 mm of diameter and the other is a ring positioned at a distance of 3
mm over the tip. Each of these electrodes is platinised in order to increase the active area and
therefore, to reduce the interfacial area between the electrode and the electrolyte. The potential
difference between both platinum electrodes is measured via an electrometer and, for known
solution conductivity, the local current is calculated. Then the ratio between the AC pertur‐
bation applied to the sample and the local current density determine the local impedance.
Therefore, this approach gives spatial resolution to the measurement of the electrochemical
impedance, overcoming the limitations of the surface averaging encountered in the conven‐
tional EIS measurements [69, 70].

5.6. Scanning refererence electrode technique (SRET)

Scanning reference electrode technique (SRET) is an in situ technique used to study the
electrochemical process during localized corrosion without interrupting the process taking
place. Within the electrolyte directly above a localized electrochemical active site, there exists
an electromagnetic field. A probe consisted of two platinum wires can sense the potential
difference between two different places where the two platinum wires are located. This
potential difference then is processed by a differential amplifier. By scanning the SRET probe
over the surface of the test material immersed in an electrolyte, these fields may be mapped
out as a function of x and y or monitored with respect to time. Resulting data can be instantly
display, stored and manipulated in a number of formats including individual linescans, area
maps and sequential time related images.
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The potential field distribution over the surface of the electrochemically active site is repre‐
sentative of the localized current flow. By using a calibration procedure the SRET can also be
used to make discrete current measurements.

5.7. Summary

Once the main principles of the localised electrochemical techniques have been presented in
the previous point, an overview of the current application of these techniques to the study of
heterogeneous surfaces will be commented. Three different kind of studies will be taken into
consideration:

5.7.1. Coatings and protective films

One way to protect metals from corrosion is the use of protective films such as coatings. These
films can undergo defects that can decrease their functionality. The use of the localised
electrochemical techniques can be quite helpful to study the behaviour of these defects. Kinlen
[71] used the SRET technique in order to analyse the effect of conductive polymers such as
polyaniline (PANI) in the use of coatings formulations and which was the its toleration to
minor scratches. This technique has been also used by several authors to study different sort
of coatings, such as PVD ceramic-coated steels [72], or physical vapour deposition (PVD)
coated samples [73]. Other way to study the local defects on coatings is the SECM technique,
with this technique is possible to evaluate the electrochemical activity that surrounds a defect
or the initial points where corrosion begins. Examples of that are: the studies of the cathodic
protection of aluminium by means of a magnesium coating conducted by Simoes [74, 75] or
the studies of damage to paint coatings carried out by Souto [76, 77]. On the other hand, using
the SVET or the LEIS devices it is also possible to evaluate the cathodic and anodic sites that
appears in the coatings when samples are immersed in an electrolyte, some conducted studies
are: the study of microdefects on a coated AZ31 magnesium alloy [78], the observation of self-
healing functions of galvanised steel [79] or the evaluation of the PEO-coating/substrate
interface [80]. Finally, also the Scanning Kelvin probe can be used in order to study electro‐
chemical differences between coated and uncoated metals[81].

5.7.2. Welds and sensitised samples

As it has been explained previously, when the microstructure on an alloy changes as a
consequence of a heat treatment, the corrosion properties change too. Therefore, it is very
useful the use of the localised electrochemical techniques in order to evaluate the local
electrochemical behaviour. Microcell techniques, with a similar configuration to the Droplet
cell have been widely used to determine the properties of the different parts of a weld
specimen. One example of this is the cell developed by García in order to study the weld
behaviour in AISI 304 and 316L [34]. On the other hand, other authors prefer a different
approach to the problem using the SECM system. Some of the most relevant studies carried
out are: visualization of local electrochemical activity and local nickel ion in weld Ni/Ti steels
[82], characterisation of the electrochemical activity at the interface of a dissimilar explosive
joint of stainless steel [83], evaluation of the effects of microplasma arc AISI 316L welds [84]
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or the study of the sensitisation of a highly alloyed austenitic stainless steel [53]. In the same
way, the SVET technique can be used in the study of welds on order to determine the anodic
and the cathodic sites of the heated samples. One example of that is the investigation into the
effect of a spot weld electrode using 3-D SVET [85] conducted by Benjamin in 2012.

5.7.3. Identification of anodic and cathodic sites

Finally, all the localised electrochemical techniques can be used to determine the anodic and
cathodic distribution on the surface of the tested samples or the areas that are more susceptible
to corrosion, showing higher current density or lower potential. An example of this kind of
work is the visualisation of pits by means of the SECM technique [86-88]. In this way it is
possible to evaluate the points where the localised corrosion will begin. On the other hand,
these cathodic and anodic areas or their activity can be determined using the Scanning
Vibrating Electrode or Localised Impedances, the first one allows to establish the anodic and
cathodic areas or study inclusions [89, 90]; the second one permits analysing the admittance
of the metal/electrolyte interphase in the different areas [91]. Furthermore, when metals with
different characteristics are coupled, the galvanic activity can be determined. Simoes used the
SECM and the SVET system to determine the galvanic properties of an iron-zinc cell, observing
that both techniques has a comparable sensibility [92].

Table 2 presents different papers and communications where the localised techniques are used
to study corrosion in metallic materials:

Authors Journal Research topic Technique

Jean-Baptiste

et al.

Corrosion Science 48

(2006) 1779–1790

Delaminated areas beneath organic coating: A local

electrochemical impedance approach [93]
LEIS

Z.Y. Liu et al.
Electrochimica Acta 60

(2012) 259– 263

Understand the occurrence of pitting corrosion of pipeline carbon

steel under cathodic polarization [94]
LEIS

Darya

Snihirova et al.

Electrochimica Acta, In

Press

“SMART” protective ability of water based epoxy coatings loaded

with CaCO3 microbeads impregnated with corrosion inhibitors

applied on AA2024 substrates [95]

LEIS

Halina

Krawiec et al.

Electrochimica Acta 53

(2008) 5252-5259

Numerical modelling of the electrochemical behaviour of 316

stainless steel based upon static and dynamic experimental micro-

capillary based techniques: effects of electrolyte low and capillary

size [96]

SDC

S. Gnefid, R.

Akid

The European

Corrosion Congress

2009

The Effects of Flow Rate on Pitting Corrosion of DSS2205 [97] SDC

Leiva García et

al.

Electrochimica Acta, 70,

2012, pp 105-111

Study of the sensitisation of a highly alloyed austenitic stainless

steel, Alloy 926 (UNS N08926), by means of scanning

electrochemical microscopy [53]

SECM

Yawei Shao et

al.

Corrosion Science 51

(2009) 371–379

The role of a zinc phosphate pigment in the corrosion of scratched

epoxy-coated steel [98]
SECM
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The potential field distribution over the surface of the electrochemically active site is repre‐
sentative of the localized current flow. By using a calibration procedure the SRET can also be
used to make discrete current measurements.

5.7. Summary

Once the main principles of the localised electrochemical techniques have been presented in
the previous point, an overview of the current application of these techniques to the study of
heterogeneous surfaces will be commented. Three different kind of studies will be taken into
consideration:

5.7.1. Coatings and protective films

One way to protect metals from corrosion is the use of protective films such as coatings. These
films can undergo defects that can decrease their functionality. The use of the localised
electrochemical techniques can be quite helpful to study the behaviour of these defects. Kinlen
[71] used the SRET technique in order to analyse the effect of conductive polymers such as
polyaniline (PANI) in the use of coatings formulations and which was the its toleration to
minor scratches. This technique has been also used by several authors to study different sort
of coatings, such as PVD ceramic-coated steels [72], or physical vapour deposition (PVD)
coated samples [73]. Other way to study the local defects on coatings is the SECM technique,
with this technique is possible to evaluate the electrochemical activity that surrounds a defect
or the initial points where corrosion begins. Examples of that are: the studies of the cathodic
protection of aluminium by means of a magnesium coating conducted by Simoes [74, 75] or
the studies of damage to paint coatings carried out by Souto [76, 77]. On the other hand, using
the SVET or the LEIS devices it is also possible to evaluate the cathodic and anodic sites that
appears in the coatings when samples are immersed in an electrolyte, some conducted studies
are: the study of microdefects on a coated AZ31 magnesium alloy [78], the observation of self-
healing functions of galvanised steel [79] or the evaluation of the PEO-coating/substrate
interface [80]. Finally, also the Scanning Kelvin probe can be used in order to study electro‐
chemical differences between coated and uncoated metals[81].

5.7.2. Welds and sensitised samples

As it has been explained previously, when the microstructure on an alloy changes as a
consequence of a heat treatment, the corrosion properties change too. Therefore, it is very
useful the use of the localised electrochemical techniques in order to evaluate the local
electrochemical behaviour. Microcell techniques, with a similar configuration to the Droplet
cell have been widely used to determine the properties of the different parts of a weld
specimen. One example of this is the cell developed by García in order to study the weld
behaviour in AISI 304 and 316L [34]. On the other hand, other authors prefer a different
approach to the problem using the SECM system. Some of the most relevant studies carried
out are: visualization of local electrochemical activity and local nickel ion in weld Ni/Ti steels
[82], characterisation of the electrochemical activity at the interface of a dissimilar explosive
joint of stainless steel [83], evaluation of the effects of microplasma arc AISI 316L welds [84]
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or the study of the sensitisation of a highly alloyed austenitic stainless steel [53]. In the same
way, the SVET technique can be used in the study of welds on order to determine the anodic
and the cathodic sites of the heated samples. One example of that is the investigation into the
effect of a spot weld electrode using 3-D SVET [85] conducted by Benjamin in 2012.

5.7.3. Identification of anodic and cathodic sites

Finally, all the localised electrochemical techniques can be used to determine the anodic and
cathodic distribution on the surface of the tested samples or the areas that are more susceptible
to corrosion, showing higher current density or lower potential. An example of this kind of
work is the visualisation of pits by means of the SECM technique [86-88]. In this way it is
possible to evaluate the points where the localised corrosion will begin. On the other hand,
these cathodic and anodic areas or their activity can be determined using the Scanning
Vibrating Electrode or Localised Impedances, the first one allows to establish the anodic and
cathodic areas or study inclusions [89, 90]; the second one permits analysing the admittance
of the metal/electrolyte interphase in the different areas [91]. Furthermore, when metals with
different characteristics are coupled, the galvanic activity can be determined. Simoes used the
SECM and the SVET system to determine the galvanic properties of an iron-zinc cell, observing
that both techniques has a comparable sensibility [92].

Table 2 presents different papers and communications where the localised techniques are used
to study corrosion in metallic materials:

Authors Journal Research topic Technique

Jean-Baptiste
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(2006) 1779–1790

Delaminated areas beneath organic coating: A local

electrochemical impedance approach [93]
LEIS

Z.Y. Liu et al.
Electrochimica Acta 60

(2012) 259– 263

Understand the occurrence of pitting corrosion of pipeline carbon

steel under cathodic polarization [94]
LEIS

Darya

Snihirova et al.

Electrochimica Acta, In

Press

“SMART” protective ability of water based epoxy coatings loaded

with CaCO3 microbeads impregnated with corrosion inhibitors

applied on AA2024 substrates [95]

LEIS

Halina

Krawiec et al.

Electrochimica Acta 53

(2008) 5252-5259

Numerical modelling of the electrochemical behaviour of 316

stainless steel based upon static and dynamic experimental micro-

capillary based techniques: effects of electrolyte low and capillary

size [96]

SDC

S. Gnefid, R.

Akid

The European

Corrosion Congress

2009

The Effects of Flow Rate on Pitting Corrosion of DSS2205 [97] SDC

Leiva García et

al.

Electrochimica Acta, 70,

2012, pp 105-111

Study of the sensitisation of a highly alloyed austenitic stainless

steel, Alloy 926 (UNS N08926), by means of scanning

electrochemical microscopy [53]

SECM

Yawei Shao et

al.

Corrosion Science 51

(2009) 371–379

The role of a zinc phosphate pigment in the corrosion of scratched

epoxy-coated steel [98]
SECM
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Authors Journal Research topic Technique

Yuehua Yin et

al.

Applied Surface Science

255 (2009) 9193–9199

In situ characterization of localized corrosion of stainless steel by

scanning electrochemical microscope [99]
SECM

Xiaolan Liu et

al.

Corrosion Science 51

(2009) 1772–1779

Effect of alternating voltage treatment on the corrosion resistance

of pure magnesium [100]
SECM

A.Q. Fu et al.
Corrosion Science 51

(2009) 914–920

Characterization of corrosion of X65 pipeline steel under

disbonded coating by scanning Kelvin probe [101]
SKP

A.Q. Fu et al.
Corrosion Science 51

(2009) 186–190

Characterization of corrosion of X70 pipeline steel in thin

electrolyte layer under disbonded coating by scanning Kelvin probe

[102]

SKP

Cavalcolid et

al.

Journal of the

Electrochemical Society.

Vol. 150,

G456-G460 2003

Surface contaminant detection in semiconductors using

noncontacting techniques. [103]
SKP

K.Borgwarth

et al.

Electrochimica Acta, Jul

1995

Applications of scanning ultra micro electrodes for studies on

surface conductivity [104]
SRET

I.M. Zin et al.

Progress in organic

coatings 2005, 52,

126-135

Under-film corrosion of epoxy-coated galvanised steel an EIS

and SVET study of the effect of inhibition at defects [105]
SVET

Kiran B
Electrochimica Acta 56

(2011) 1737–1745
Numerical modeling of micro-galvanic corrosion [106] SVET

Francois

Berger et al.

Electrochimica Acta,

volume 53, 2010,

2852-2861

Hybrid coating on steel: ZnNi electrodeposition and surface

modification with organothiols and diazonium salts [107]
SVET

G.A. Zhang,

Y.F. Cheng

Corrosion Science 51

(2009) 1714–1724

Micro-electrochemical characterization of corrosion of welded

X70 pipeline steel in near-neutral pH solution [108]
SVET & LEIS

R. Akid et al.

Local Probe Techniques

for corrosion research.

978-1-4200-5405-7

(CRC Press)

Application of scanning vibrating electrode technique (SVET)

and scanning droplet cell (SDC) techniques to the study of weld

corrosion [109]

SVET & SDC

Table 2. Research studies where localised electrochemical techniques are applied to the study of materials.

6. Applications of localised techniques in the study of heterogeneities in
stainless steels

After presenting the different localised electrochemical techniques and the main application
of then to different heterogeneous surface, two different applications of localised techniques
conducted in the “Ingeniería Electroquímica y Corrosión” group from the Universitat Poli‐
tècnica the València will be explained. The first one corresponds to some experiments carried
out with a duplex stainless steel under different sensitisation conditions. The second one,
correspond to the evaluation of the local electrochemical properties of a weld in AISI 316L.
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6.1. Sensitisation process in a duplex stainless steel

Conventional electrochemical techniques have been widely used to study sensitisation and
provide important information about the sensitisation processes on steels [25, 27, 29, 30]. In
contrast to pure metals, alloys have rarely been investigated using the micro-droplet cell
because of their complexity in structure and chemical composition. Duplex stainless steel
(Alloy 900) is potentially a good candidate for micro-electrochemical investigations with the
droplet cell, because this alloy is composed of an approximately equal volume fraction of ferrite
(α) and austenite (γ) phase, and, sometimes, secondary phases such as sigma (σ) or alpha prime
(α’) phase [20, 110, 111]. Figure 3 shows the SEM micrographs of Alloy 900 after different heat
treatments in an inert atmosphere; these images were obtained using backscattered electrons.
In the images it can be observed the change in the percentage of the present phases and the
formation of new intermetallic phases such as sigma and chi.

The advances in the field of localised microelectrochemical techniques have provided the
facility to acquire spatially resolved information about the corrosion processes occurring on
the surface of the metal. The Scanning Droplet cell and the Scanning Electrochemical Micro‐
scopy have been used to evaluate the effect of the sensitisation on the electrochemical behav‐
iour of the samples.

In order to conduct the tests with different samples of Alloy 900 at the same time, individual
unsensitised and sensitised samples were mounted in epoxy resin as shown in Figure 4.

The linear sweep voltammetry in Figure 5, which has been obtained using the droplet cell, has
been used to present the electrochemical behaviour of the different zones in the sensitised and
unsensitised Alloy 900. These results show that the electrochemical activity in the sensitised
sample at 850 °C during 2 hours is higher than in the unsensitised sample, indicating the
detrimental effect of the intermetallic phase precipitation. In the potential range where oxygen
reduction occurs, the oxide film is partly reduced but an oxide film remains on the steel surface.
According to the literature [112], oxygen reduction on polished surfaces is limited by the mass
transport in the solution; however, on passivated surfaces, the oxygen reduction is limited by
access of the oxygen to the metal surface and the electronic conductivity of the oxide film [112,
113]. Therefore, this result is indicative of the formation of a different passive film on the
sensitised sample as opposed to that on the unsensitised sample.

Furthermore, according to the linear sweep voltammetry, the passivation current is higher in
the case of the sensitised sample (Figure 5). A higher passivation current indicates a ‘less-
protective’ passive film with higher electronic conductivity, this being due to the presence of
areas depleted in alloying elements, notably chromium [53].

The Scanning Droplet cell also allows performing area scans in the samples investigated. As
an example, Figure 6 shows the area scans carried out in an unsensitised and sensitised sample
of Alloy 900.

These results show that the free potential in the sensitised sample (Figure 6b) is more negative
than that obtained in the unsensitised sample (Figure 6a). This fact indicates that the free
potentials of the unsensitised sample are more noble and, as a result the passive film on the
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Applications of scanning ultra micro electrodes for studies on
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I.M. Zin et al.

Progress in organic
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Under-film corrosion of epoxy-coated galvanised steel an EIS

and SVET study of the effect of inhibition at defects [105]
SVET

Kiran B
Electrochimica Acta 56

(2011) 1737–1745
Numerical modeling of micro-galvanic corrosion [106] SVET

Francois

Berger et al.

Electrochimica Acta,

volume 53, 2010,

2852-2861

Hybrid coating on steel: ZnNi electrodeposition and surface

modification with organothiols and diazonium salts [107]
SVET

G.A. Zhang,

Y.F. Cheng

Corrosion Science 51

(2009) 1714–1724

Micro-electrochemical characterization of corrosion of welded

X70 pipeline steel in near-neutral pH solution [108]
SVET & LEIS

R. Akid et al.

Local Probe Techniques

for corrosion research.

978-1-4200-5405-7

(CRC Press)

Application of scanning vibrating electrode technique (SVET)

and scanning droplet cell (SDC) techniques to the study of weld

corrosion [109]

SVET & SDC

Table 2. Research studies where localised electrochemical techniques are applied to the study of materials.

6. Applications of localised techniques in the study of heterogeneities in
stainless steels

After presenting the different localised electrochemical techniques and the main application
of then to different heterogeneous surface, two different applications of localised techniques
conducted in the “Ingeniería Electroquímica y Corrosión” group from the Universitat Poli‐
tècnica the València will be explained. The first one corresponds to some experiments carried
out with a duplex stainless steel under different sensitisation conditions. The second one,
correspond to the evaluation of the local electrochemical properties of a weld in AISI 316L.
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6.1. Sensitisation process in a duplex stainless steel

Conventional electrochemical techniques have been widely used to study sensitisation and
provide important information about the sensitisation processes on steels [25, 27, 29, 30]. In
contrast to pure metals, alloys have rarely been investigated using the micro-droplet cell
because of their complexity in structure and chemical composition. Duplex stainless steel
(Alloy 900) is potentially a good candidate for micro-electrochemical investigations with the
droplet cell, because this alloy is composed of an approximately equal volume fraction of ferrite
(α) and austenite (γ) phase, and, sometimes, secondary phases such as sigma (σ) or alpha prime
(α’) phase [20, 110, 111]. Figure 3 shows the SEM micrographs of Alloy 900 after different heat
treatments in an inert atmosphere; these images were obtained using backscattered electrons.
In the images it can be observed the change in the percentage of the present phases and the
formation of new intermetallic phases such as sigma and chi.

The advances in the field of localised microelectrochemical techniques have provided the
facility to acquire spatially resolved information about the corrosion processes occurring on
the surface of the metal. The Scanning Droplet cell and the Scanning Electrochemical Micro‐
scopy have been used to evaluate the effect of the sensitisation on the electrochemical behav‐
iour of the samples.

In order to conduct the tests with different samples of Alloy 900 at the same time, individual
unsensitised and sensitised samples were mounted in epoxy resin as shown in Figure 4.

The linear sweep voltammetry in Figure 5, which has been obtained using the droplet cell, has
been used to present the electrochemical behaviour of the different zones in the sensitised and
unsensitised Alloy 900. These results show that the electrochemical activity in the sensitised
sample at 850 °C during 2 hours is higher than in the unsensitised sample, indicating the
detrimental effect of the intermetallic phase precipitation. In the potential range where oxygen
reduction occurs, the oxide film is partly reduced but an oxide film remains on the steel surface.
According to the literature [112], oxygen reduction on polished surfaces is limited by the mass
transport in the solution; however, on passivated surfaces, the oxygen reduction is limited by
access of the oxygen to the metal surface and the electronic conductivity of the oxide film [112,
113]. Therefore, this result is indicative of the formation of a different passive film on the
sensitised sample as opposed to that on the unsensitised sample.

Furthermore, according to the linear sweep voltammetry, the passivation current is higher in
the case of the sensitised sample (Figure 5). A higher passivation current indicates a ‘less-
protective’ passive film with higher electronic conductivity, this being due to the presence of
areas depleted in alloying elements, notably chromium [53].

The Scanning Droplet cell also allows performing area scans in the samples investigated. As
an example, Figure 6 shows the area scans carried out in an unsensitised and sensitised sample
of Alloy 900.

These results show that the free potential in the sensitised sample (Figure 6b) is more negative
than that obtained in the unsensitised sample (Figure 6a). This fact indicates that the free
potentials of the unsensitised sample are more noble and, as a result the passive film on the
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6. APPLICATIONS OF LOCALISED TECHNIQUES IN THE STUDY OF HETEROGENEITIES IN STAINLESS STEELS 

After presenting the different localised electrochemical techniques and the main application of then to different 
heterogeneous surface, two different applications of localised techniques conducted in the “Ingeniería Electroquímica y 
Corrosión” group from the Universitat Politècnica the València will be explained. The first one corresponds to some 
experiments carried out with a duplex stainless steel under different sensitisation conditions. The second one, 
correspond to the evaluation of the local electrochemical properties of a weld in AISI 316L.  
 
6.1. Sensitisation process in a duplex stainless steel 

Conventional electrochemical techniques have been widely used to study sensitisation and provide important information 
about the sensitisation processes on steels [25, 27, 29, 30]. In contrast to pure metals, alloys have rarely been 
investigated using the micro-droplet cell because of their complexity in structure and chemical composition. Duplex 
stainless steel (Alloy 900) is potentially a good candidate for micro-electrochemical investigations with the droplet cell, 
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Figure 3. SEM images of the different Alloy 900 samples: a) unsensitised Alloy 900, b) sensitised Alloy 900 at 850 ºC 
during 1 hour, c) sensitised Alloy 900 at 850 ºC during 2 hours, d) sensitised Alloy 900 at 950 ºC during 1 hour and e) 
sensitised Alloy 900 at 950 ºC during 2 hours. Images were obtained with backscattered electrons. 
 
In order to conduct the tests with different samples of Alloy 900 at the same time, individual unsensitised and sensitised 
samples were mounted in epoxy resin as shown in Figure 4. 
 
 

Figure 3. SEM images of the different Alloy 900 samples: a) unsensitised Alloy 900, b) sensitised Alloy 900 at 850 °C
during 1 hour, c) sensitised Alloy 900 at 850 °C during 2 hours, d) sensitised Alloy 900 at 950 °C during 1 hour and e)
sensitised Alloy 900 at 950 °C during 2 hours. Images were obtained with backscattered electrons.
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Figure 4. Schematic diagram of the working electrode tested by the different electrochemical techniques. Unsensi‐
tised sample on the rigth side.
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sensitised sample presents a higher electrochemical activity, indicating a greater electronic
conductivity of the passive film. Several authors [112, 114-116], proposed that the reduction
pathway is influenced by the surface composition of the electrode and oxides have an
important role to play in the oxygen reduction kinetics. A homogeneous mixture of chromium
oxide and hydroxide constitutes a barrier to oxygen reduction, whereas no diffusion barrier
is observed when the surface is only partially covered with a non-reducible chromium oxide
[117]. Therefore, any chromium depleted areas formed in the sensitised alloy can lead to the
formation of a more conductive passive film that promotes higher oxygen reduction on the
electrode surface.

(a) (b) 

Figure 6. SDC area scans of the free potential in the (a) unsensitised and (b) sensitised sample of Alloy 900. 

 
 
On the other hand, a similar behaviour can be observed if the different samples of Alloy 900 are analysed by means of 
the SECM technique.  Figure 7 shows different line scans carried out on the samples of Alloy 900 after different states of 
sensitisation, notably, heated at 950 ºC during 1 and 2 hours. It can be observed that the current registered with the tip 
over the sensitised sample is lower than over the unsensitised one.  These differences in the oxygen reduction on one 
and another sample confirm the different electrochemical behaviour as a consequence of the heat treatment, which was 
also observed using the scanning droplet cell.  
 

(a) 950 °C during 1 hour (b) 950 °C during 2 hours 
 
Figure 7. Line scans carried out over the Alloy 900 specimens in the 1 mM NaCl solution at 25 ºC. The sensitised 
sample is on the right. 

6.2. Welds in an austenitic stainless steel 
 
Since approximately 20% of the pipeline construction costs are due to welding, coating, and subsequent maintenance to 
confirm their integrity [118], in the present study the application of the scanning electrochemical microscope to a welded 
type 316L tube will be shown. The most popular method for welding pipes is the shielded metal-arc process. However, 
the plasma arc welding technique is an alternative welding procedure which, thanks to its greater arc stability and energy 
concentration together with its deeper and narrower penetration, produces minimal detrimental residual stresses and 
distortion at the weld joints. This technique is an adequate welding method because its energy density is high. 
Microplasma arc welding (MPAW) is a variation of the plasma arc process with amperages between 0.05 and 15 A, used 
to weld thin pipelines [119]. 
 
The materials used to show the power of the SECM technique in order to analyse heterogeneous surfaces were tubes of 
type 316L SS and microplasma arc welded 316L type welded with filler alloy. Filler alloy was also 316L SS type. The 
tubes were 20 mm in length and 14 and 16 mm in inner and external diameter, respectively. 
 
 The MPAW process was performed manually using argon as backing gas, parameters of the welding process are shown 
in Table 3. 

Table 3. Welding parameters for the microplasma arc welding of the 316L SS type. 
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Figure 6. SDC area scans of the free potential in the (a) unsensitised and (b) sensitised sample of Alloy 900.

-0.40

-0.20
0.00

0.20

0.40

0.60
0.80

1.00

1.20

1.40
1.60

1.80

-0.5 0 0.5 1 1.5
E vs Ag/AgCl (V)

I (
m A

)

Unsensitised
Sensitised

Figure 5. Linear sweep voltammetry of the sensitised and unsensitised samples of Alloy 900 carried out in the Scan‐
ning Droplet Cell.

Role of Modern Localised Electrochemical Techniques to Evaluate the Corrosion on Heterogeneous Surfaces
http://dx.doi.org/10.5772/57204

255
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Figure 3. SEM images of the different Alloy 900 samples: a) unsensitised Alloy 900, b) sensitised Alloy 900 at 850 ºC 
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Figure 4. Schematic diagram of the working electrode tested by the different electrochemical techniques. Unsensi‐
tised sample on the rigth side.
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sensitised sample presents a higher electrochemical activity, indicating a greater electronic
conductivity of the passive film. Several authors [112, 114-116], proposed that the reduction
pathway is influenced by the surface composition of the electrode and oxides have an
important role to play in the oxygen reduction kinetics. A homogeneous mixture of chromium
oxide and hydroxide constitutes a barrier to oxygen reduction, whereas no diffusion barrier
is observed when the surface is only partially covered with a non-reducible chromium oxide
[117]. Therefore, any chromium depleted areas formed in the sensitised alloy can lead to the
formation of a more conductive passive film that promotes higher oxygen reduction on the
electrode surface.

(a) (b) 

Figure 6. SDC area scans of the free potential in the (a) unsensitised and (b) sensitised sample of Alloy 900. 
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sensitisation, notably, heated at 950 ºC during 1 and 2 hours. It can be observed that the current registered with the tip 
over the sensitised sample is lower than over the unsensitised one.  These differences in the oxygen reduction on one 
and another sample confirm the different electrochemical behaviour as a consequence of the heat treatment, which was 
also observed using the scanning droplet cell.  
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Figure 7. Line scans carried out over the Alloy 900 specimens in the 1 mM NaCl solution at 25 ºC. The sensitised 
sample is on the right. 

6.2. Welds in an austenitic stainless steel 
 
Since approximately 20% of the pipeline construction costs are due to welding, coating, and subsequent maintenance to 
confirm their integrity [118], in the present study the application of the scanning electrochemical microscope to a welded 
type 316L tube will be shown. The most popular method for welding pipes is the shielded metal-arc process. However, 
the plasma arc welding technique is an alternative welding procedure which, thanks to its greater arc stability and energy 
concentration together with its deeper and narrower penetration, produces minimal detrimental residual stresses and 
distortion at the weld joints. This technique is an adequate welding method because its energy density is high. 
Microplasma arc welding (MPAW) is a variation of the plasma arc process with amperages between 0.05 and 15 A, used 
to weld thin pipelines [119]. 
 
The materials used to show the power of the SECM technique in order to analyse heterogeneous surfaces were tubes of 
type 316L SS and microplasma arc welded 316L type welded with filler alloy. Filler alloy was also 316L SS type. The 
tubes were 20 mm in length and 14 and 16 mm in inner and external diameter, respectively. 
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Figure 6. SDC area scans of the free potential in the (a) unsensitised and (b) sensitised sample of Alloy 900.
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On the other hand, a similar behaviour can be observed if the different samples of Alloy 900
are analysed by means of the SECM technique. Figure 7 shows different line scans carried out
on the samples of Alloy 900 after different states of sensitisation, notably, heated at 950 °C
during 1 and 2 hours. It can be observed that the current registered with the tip over the
sensitised sample is lower than over the unsensitised one. These differences in the oxygen
reduction on one and another sample confirm the different electrochemical behaviour as a
consequence of the heat treatment, which was also observed using the scanning droplet cell.
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Figure 7. Line scans carried out over the Alloy 900 specimens in the 1 mM NaCl solution at 25 °C. The sensitised sam‐
ple is on the right.

6.2. Welds in an austenitic stainless steel

Since approximately 20% of the pipeline construction costs are due to welding, coating, and
subsequent maintenance to confirm their integrity [118], in the present study the application
of the scanning electrochemical microscope to a welded type 316L tube will be shown. The
most popular method for welding pipes is the shielded metal-arc process. However, the
plasma arc welding technique is an alternative welding procedure which, thanks to its greater
arc stability and energy concentration together with its deeper and narrower penetration,
produces minimal detrimental residual stresses and distortion at the weld joints. This techni‐
que is an adequate welding method because its energy density is high. Microplasma arc
welding (MPAW) is a variation of the plasma arc process with amperages between 0.05 and
15 A, used to weld thin pipelines [119].

The materials used to show the power of the SECM technique in order to analyse heteroge‐
neous surfaces were tubes of type 316L SS and microplasma arc welded 316L type welded with
filler alloy. Filler alloy was also 316L SS type. The tubes were 20 mm in length and 14 and 16
mm in inner and external diameter, respectively.

The MPAW process was performed manually using argon as backing gas, parameters of the
welding process are shown in Table 3.
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Welding process Micro-plasma arc welding (MPAW)

Process type Manual

Backing gas Argon (99.9 %)

Flow rate 2.5 L/min

Plasma gas flow rate 6.5 L/min

Number of passes 2

Step 1

Current 11.3 A

Voltage 20 V

Welding speed 2.6 mm/s

Step 2

Current 13 A

Voltage 20 V

Welding speed 2.6 mm/s

Table 3. Welding parameters for the microplasma arc welding of the 316L SS type.

The materials were examined by light microscopy (LM) in order to estimate possible micro‐
structural variations in them during the MPAW procedure. For this purpose, each material
was cut lengthwise and covered in resin; then, the samples were wet abraded from 220 silicon
carbide (SiC) grit to 4000 SiC grit. Then, they were polished with 1 and 0.3 micron alumina
and were rinsed with distilled water and ethanol. Once the samples were polished, metallo‐
graphic etching was carried out according to ASM International [120]. The etchant composition
consisted of 10 mL of nitric acid, 10 mL of acetic acid, 15 mL of hydrochloric acid and 5 mL of
glycerine. The samples were immersed in the etching solution during 90 seconds and then
rinsed with distilled water and ethanol.

Figure 8 shows, the microstructure of the welded 316L SS. The microstructure of type 316L SS
is a single-phase austenitic microstructure with equiaxed grains. A heat affected zone (HAZ)
can be observed in Figure 8. The microstructure of this zone is characterized by an increase in
grain size due to the fact that there is no transformation point at temperatures higher than
room temperature [121]. Figure 8 also shows the microstructure of the weld zone (WZ).
Usually, the WZ of austenitic stainless steels has a cast structure with the presence of 2-10 wt.
% delta-ferrite in the austenite matrix [122]. Delta-ferrite presents two opposite phenomena:
increasing its content causes a higher resistance to hot cracking [123, 124], but also reduces
corrosion resistance due to the formation of a less stable passive film [125]. In Figure 8 it can
be observed that the weld zone has columnar grains where delta-ferrite can be found. Alloys
with especially low carbon contents (such as 316L SS type), to minimize susceptibility to
sensitization during welding, present a greater tendency towards delta-ferrite stabilization
[126]. The microstructure of delta-ferrite occurs in vermicular form. Vermicular morphology
is typical of welds that solidify ferrite, followed by a subsequent formation of austenite
involving the grains of ferrite until complete solidification. According to this fact, it is clearly
observed that the microplasma arc welding process affects on the microstructure of the SS.
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On the other hand, a similar behaviour can be observed if the different samples of Alloy 900
are analysed by means of the SECM technique. Figure 7 shows different line scans carried out
on the samples of Alloy 900 after different states of sensitisation, notably, heated at 950 °C
during 1 and 2 hours. It can be observed that the current registered with the tip over the
sensitised sample is lower than over the unsensitised one. These differences in the oxygen
reduction on one and another sample confirm the different electrochemical behaviour as a
consequence of the heat treatment, which was also observed using the scanning droplet cell.
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Figure 7. Line scans carried out over the Alloy 900 specimens in the 1 mM NaCl solution at 25 °C. The sensitised sam‐
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6.2. Welds in an austenitic stainless steel

Since approximately 20% of the pipeline construction costs are due to welding, coating, and
subsequent maintenance to confirm their integrity [118], in the present study the application
of the scanning electrochemical microscope to a welded type 316L tube will be shown. The
most popular method for welding pipes is the shielded metal-arc process. However, the
plasma arc welding technique is an alternative welding procedure which, thanks to its greater
arc stability and energy concentration together with its deeper and narrower penetration,
produces minimal detrimental residual stresses and distortion at the weld joints. This techni‐
que is an adequate welding method because its energy density is high. Microplasma arc
welding (MPAW) is a variation of the plasma arc process with amperages between 0.05 and
15 A, used to weld thin pipelines [119].

The materials used to show the power of the SECM technique in order to analyse heteroge‐
neous surfaces were tubes of type 316L SS and microplasma arc welded 316L type welded with
filler alloy. Filler alloy was also 316L SS type. The tubes were 20 mm in length and 14 and 16
mm in inner and external diameter, respectively.

The MPAW process was performed manually using argon as backing gas, parameters of the
welding process are shown in Table 3.
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Welding process Micro-plasma arc welding (MPAW)

Process type Manual

Backing gas Argon (99.9 %)

Flow rate 2.5 L/min

Plasma gas flow rate 6.5 L/min

Number of passes 2

Step 1

Current 11.3 A

Voltage 20 V

Welding speed 2.6 mm/s

Step 2

Current 13 A

Voltage 20 V

Welding speed 2.6 mm/s

Table 3. Welding parameters for the microplasma arc welding of the 316L SS type.

The materials were examined by light microscopy (LM) in order to estimate possible micro‐
structural variations in them during the MPAW procedure. For this purpose, each material
was cut lengthwise and covered in resin; then, the samples were wet abraded from 220 silicon
carbide (SiC) grit to 4000 SiC grit. Then, they were polished with 1 and 0.3 micron alumina
and were rinsed with distilled water and ethanol. Once the samples were polished, metallo‐
graphic etching was carried out according to ASM International [120]. The etchant composition
consisted of 10 mL of nitric acid, 10 mL of acetic acid, 15 mL of hydrochloric acid and 5 mL of
glycerine. The samples were immersed in the etching solution during 90 seconds and then
rinsed with distilled water and ethanol.

Figure 8 shows, the microstructure of the welded 316L SS. The microstructure of type 316L SS
is a single-phase austenitic microstructure with equiaxed grains. A heat affected zone (HAZ)
can be observed in Figure 8. The microstructure of this zone is characterized by an increase in
grain size due to the fact that there is no transformation point at temperatures higher than
room temperature [121]. Figure 8 also shows the microstructure of the weld zone (WZ).
Usually, the WZ of austenitic stainless steels has a cast structure with the presence of 2-10 wt.
% delta-ferrite in the austenite matrix [122]. Delta-ferrite presents two opposite phenomena:
increasing its content causes a higher resistance to hot cracking [123, 124], but also reduces
corrosion resistance due to the formation of a less stable passive film [125]. In Figure 8 it can
be observed that the weld zone has columnar grains where delta-ferrite can be found. Alloys
with especially low carbon contents (such as 316L SS type), to minimize susceptibility to
sensitization during welding, present a greater tendency towards delta-ferrite stabilization
[126]. The microstructure of delta-ferrite occurs in vermicular form. Vermicular morphology
is typical of welds that solidify ferrite, followed by a subsequent formation of austenite
involving the grains of ferrite until complete solidification. According to this fact, it is clearly
observed that the microplasma arc welding process affects on the microstructure of the SS.
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Figure 8. Microstructure of the microplasma arc welded 316L SS type [27].

Additionally, in order to know the influence of the microplasma arc welding technique on the
mechanical properties of the stainless steel, Vickers microhardness measurements were carried
out using a microhardness tester (Struers Duramin) with a diamond pyramid indenter at a
load of 300 g and duration of 15 s [127]. Figure 9 shows the microhardness profiles across the
base (non-welded) 316L SS and the microplasma arc welded 316L SS. As it is shown in the
figure, the weld and the heat affected zones are softer than the base one. Since there is a positive
correlation between hardness and strength; the higher the hardness values, the higher the
strength. This fact indicates that the strength of the join decrease in the weld and heat affected
zones [128].

In order to know how this microstructure and microhardness variations affect on the electro‐
chemical behaviour of the stainless steel, SECM tests were performed. To carry out the
scanning electrochemical measurements, the tubes were cut lengthwise and covered with
resin; then, the samples were wet abraded from 220 silicon carbide (SiC) grit to 4000 SiC grit.
Finally, they were rinsed with distilled water, ethanol and dried.

SECM tests were performed using a Sensolytics device connected to a bipotentiostat. The
SECM was operated in “feedback mode”. This technique measures a faradic current at the
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microdisk, while the tip is scanned over the specimen surface. A platinum microelectrode tip
of 25 µm in diameter was used as counter-electrode, and a silver/silver chloride (Ag/AgCl) 3M
potassium chloride (KCl) microelectrode was used as reference electrode. The samples were
immersed in a 35 g/L sodium chloride (NaCl) solution at 25 °C. All the tests were carried out
in natural aerated solutions. Oxygen was used as the electrochemical mediator at the tip. The
reduction of oxygen on the microelectrode was used to establish the height of the tip over the
sample, and also to know the reactivity of the surface during the test. The cyclic voltammogram
was recorded at a scan rate of 0.05 V/s from 0 VAg/AgCl to -1.2 VAg/AgCl. The analysis of the data
was used to choose the polarisation potential of the tip; in this study the experiments were
performed at -0.6 VAg/AgCl.

Then approach curves (intensity vs distance from the surface of the sample) were performed
in welded and base 316L SS. The progress of the dissolved oxygen reduction reaction was
followed by setting the tip at -0.6 VAg/AgCl. Figure 10a shows the cyclic voltammetry of the
welded alloy; where it can be clearly observed that at a potential of -0.6 VAg/AgCl the detection
of oxygen is under limiting current of oxygen reduction.

Figure 10b shows the approach curves of the base and welded SS. They show that the proximity
of the tip to the specimen affects the diffusion of oxygen to the tip and hence the magnitude
of the current. The drop in the current measured at the tip occurs at a shorter distance working
with the welded 316L SS type than with the base one, indicating that the oxygen reduction
reaction is higher over the SS surface in its welded state. Thus, there is a higher electrochemical
activity on the welded alloy. This is due to the presence of chromium depleted regions and
delta-ferrite originated in weldments [129, 130].
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microdisk, while the tip is scanned over the specimen surface. A platinum microelectrode tip
of 25 µm in diameter was used as counter-electrode, and a silver/silver chloride (Ag/AgCl) 3M
potassium chloride (KCl) microelectrode was used as reference electrode. The samples were
immersed in a 35 g/L sodium chloride (NaCl) solution at 25 °C. All the tests were carried out
in natural aerated solutions. Oxygen was used as the electrochemical mediator at the tip. The
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with the welded 316L SS type than with the base one, indicating that the oxygen reduction
reaction is higher over the SS surface in its welded state. Thus, there is a higher electrochemical
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Figure 10. (a) Cyclic voltammogram of the welded sample measured at the SECM tip, at the beginning  of the test  and 
(b) approach curves in the 35 g/L NaCl solution at 25 °C [84]. 
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Figure 10. a) Cyclic voltammogram of the welded sample measured at the SECM tip, at the beginning of the test and
(b) approach curves in the 35 g/L NaCl solution at 25 °C [84].

7. Conclusions

It can be concluded that SECM and SDC are powerful techniques that reveals substantial
differences in the electrochemical activity of base and welded samples. These techniques can
also contribute to the study of the galvanic effect in different materials, helping to the eluci‐
dation of the precursor sites for the pit formation. The use of localised techniques can com‐
plement the results obtained with conventional electrochemical techniques, leading to a better
comprehension of the corrosion processes.
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 Figure 9. Microhardness profiles of the base and welded 316L SS. 

 
In order to know how this microstructure and microhardness variations affect on the electrochemical behaviour of the 
stainless steel, SECM tests were performed. To carry out the scanning electrochemical measurements, the tubes were 
cut lengthwise and covered with resin; then, the samples were wet abraded from 220 silicon carbide (SiC) grit to 4000 
SiC grit. Finally, they were rinsed with distilled water, ethanol and dried. 
 
SECM tests were performed using a Sensolytics device connected to a bipotentiostat. The SECM was operated in 
“feedback mode”. This technique measures a faradic current at the microdisk, while the tip is scanned over the specimen 
surface. A platinum microelectrode tip of 25 μm in diameter was used as counter-electrode, and a silver/silver chloride 
(Ag/AgCl) 3M potassium chloride (KCl) microelectrode was used as reference electrode. The samples were immersed in 
a 35 g/L sodium chloride (NaCl) solution at 25 °C. All the tests were carried out in natural aerated solutions. Oxygen was 
used as the electrochemical mediator at the tip. The reduction of oxygen on the microelectrode was used to establish the 
height of the tip over the sample, and also to know the reactivity of the surface during the test. The cyclic voltammogram 
was recorded at a scan rate of 0.05 V/s from 0 VAg/AgCl to -1.2 VAg/AgCl. The analysis of the data was used to choose the 
polarisation potential of the tip; in this study the experiments were performed at -0.6 VAg/AgCl. 
 
Then approach curves (intensity vs distance from the surface of the sample) were performed in welded and base 316L 
SS. The progress of the dissolved oxygen reduction reaction was followed by setting the tip at -0.6 VAg/AgCl. Figure 10a 
shows the cyclic voltammetry of the welded alloy; where it can be clearly observed that at a potential of -0.6 VAg/AgCl the 
detection of oxygen is under limiting current of oxygen reduction. 
 
Figure 10b shows the approach curves of the base and welded SS. They show that the proximity of the tip to the 
specimen affects the diffusion of oxygen to the tip and hence the magnitude of the current. The drop in the current 
measured at the tip occurs at a shorter distance working with the welded 316L SS type than with the base one, indicating 
that the oxygen reduction reaction is higher over the SS surface in its welded state. Thus, there is a higher 
electrochemical activity on the welded alloy. This is due to the presence of chromium depleted regions and delta-ferrite 
originated in weldments [129, 130]. 
 
 

 (a)          (b) 

Figure 10. (a) Cyclic voltammogram of the welded sample measured at the SECM tip, at the beginning  of the test  and 
(b) approach curves in the 35 g/L NaCl solution at 25 °C [84]. 
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Figure 10. a) Cyclic voltammogram of the welded sample measured at the SECM tip, at the beginning of the test and
(b) approach curves in the 35 g/L NaCl solution at 25 °C [84].

7. Conclusions

It can be concluded that SECM and SDC are powerful techniques that reveals substantial
differences in the electrochemical activity of base and welded samples. These techniques can
also contribute to the study of the galvanic effect in different materials, helping to the eluci‐
dation of the precursor sites for the pit formation. The use of localised techniques can com‐
plement the results obtained with conventional electrochemical techniques, leading to a better
comprehension of the corrosion processes.
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1. Introduction

This chapter describes some fundamental features of photoelectrocatalytic processes, includ‐
ing the basic concepts of the technique, the phenomena at the electrode/electrolyte interface
and the development of new materials employed in the last few years related to the specific
applications. The nanostructured materials used in the photoelectrochemical field can be called
photoanodes (n-type) when oxidation reactions take place at the interface, and photocathodes
(p-type) when the reduction is the main process [1, 2]. This chapter focuses on photoanode
materials and how their surface influences the applications of this technique.

Photoelectrocatalysis could be described as a multidisciplinary field, involving surface science,
electrochemistry, solid-state physics and optics. The basic concept is that when a semiconduc‐
tor surface is irradiated by light (hν ≥ Eg) there is generation of electron/hole pairs (e−/h+) by
the promotion of an electron from the valence band (lower energy level) to the conduction
band (higher energy level). The electrons are forwarded to the counter electrode under positive
bias potential (n-type) in order to minimize the recombination of these pairs due to the short
life-time. When immersed in electrolyte the adsorbed water molecules and/or hydroxyl ions
react with the holes on the valence band to generate hydroxyl radicals (●OH), which are a
powerful oxidizing agent (+2.80 V) [3-5].

The first findings, from 1839, found that the photoelectrochemistry field was stimulated by the
Becquerel effect [6]. They observed a photocurrent flow of electrons due to illumination of a
material connected by two electrodes immersed in solution. In 1972, the work of Fujishima
and Honda had a huge impact on this field. They studied the use of a TiO2 semiconductor on
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the photoelectrolysis of water (water splitting) under anodic bias potential in a photoelectro‐
chemical (PEC) cell [7, 8]. Nowadays, photoelectrocatalysis is an emerging field with many
applications, such as organic compounds oxidation [9-11], inorganic ions reduction [12, 13],
disinfection [14, 15] and production of electricity and hydrogen [16-18].

The development of this technique is intimately related to a better understanding of materials’
surfaces and properties. Highly ordered nanomaterial arrays have promoted a revolution in
applications of these materials as nanotubes, nanowires, nanofibres, nanorods, nanowalls, etc.
[19]. The main applications of the technique include the degradation of unwanted environ‐
mental pollutants (organic and inorganic compounds) and converting sunlight directly into
an energy carrier [4, 19, 20].

This work presents an overview of the fundamentals of photoelectrocatalysis and the huge
contribution made by nanostructured architectures, as well as explaining the efficiency of the
technique as a treatment method for organic and inorganic compounds and for water splitting.

2. Photoelectrocatalysis: Basic concepts

Advanced oxidation processes (AOPs) have been proposed as alternative methods for the
degradation of recalcitrant organic compounds in water [21], air [22] and soil [23] in recent
years [4]. AOPs are based on the generation of hydroxyl radicals (●OH) as highly oxidant
species, which are responsible for the oxidation of the major pollutants [4, 21]. Among the
AOPs, heterogeneous photocatalysis deserves particular attention [5]. The method is based
on the use of a semiconductor (mostly TiO2) irradiated with light energy equal to or greater
than  its  band-gap  energy.  Since  1972  it  has  been  known  that  is  possible  to  promote
photoelectrolysis  of  water  (water  splitting)  under  anodic  bias  potential  [8].  Since  then,
photocatalysis has been explored to promote organics oxidation [9-11],  inorganics reduc‐
tion [12, 13], disinfection of water containing biological materials [14, 15] and production
of electricity and hydrogen [16-18].

A semiconductor material is characterized by two energy bands separated by the band-gap
energy, Eg. A semiconductor at absolute zero is insulating, because the valence band (lower
energy level) is completely occupied and the conduction band (higher energy level) totally
empty (Figure 1). To become conductive, charge carriers need to be created, usually by
photoexcitation. The basic concept is that when a semiconductor surface is irradiated by light
(hν ≥ Eg) there is generation of an electron/hole pair (e−/h+) by promotion of an electron from
the valence band (VB) to the conduction band (CB) (Equation 1) [5, 24].

The oxidizing nature of the holes (h+) in the valence band means they generate ●OH radicals
by the oxidation of H2O molecules or OH− ions adsorbed on the semiconductor surface, and
are also able to oxidize organic molecules directly. The photoexcitation of TiO2 and possible
oxidation of an organic compound (RX) are represented in Equations 1−4 [21, 25].
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Although heterogeneous photocatalysis is a well understood process, and despite its promis‐
ing results in water decontamination, its practical exploitation has been restricted by its low
photonic efficiency, which is mainly due to recombination of the e−/h+ pair, as shown in
Equation 5 [25, 26].

TiO2 -  eCB
- +  TiO2 - h VB

+ →

   
 

TiO2 + heat
(5)

Therefore, there are considerable efforts being made to obtain new processes able to separate
charge carriers and minimize their recombination rate [26, 27]. The combination of electro‐
chemical and photocatalysis processes (photoelectrocatalysis) offers the opportunity to
separate photo-generated e−/h+ pairs by gradient potential [28, 29]. Specifically, when the

Figure 1. Schematic representation of the energy band diagram in a semiconductor and the mechanism of charge
carrier generation by photoexcitation

Enhancement of Photoelectrocatalysis Efficiency by Using Nanostructured Electrodes
http://dx.doi.org/10.5772/58333

273



the photoelectrolysis of water (water splitting) under anodic bias potential in a photoelectro‐
chemical (PEC) cell [7, 8]. Nowadays, photoelectrocatalysis is an emerging field with many
applications, such as organic compounds oxidation [9-11], inorganic ions reduction [12, 13],
disinfection [14, 15] and production of electricity and hydrogen [16-18].

The development of this technique is intimately related to a better understanding of materials’
surfaces and properties. Highly ordered nanomaterial arrays have promoted a revolution in
applications of these materials as nanotubes, nanowires, nanofibres, nanorods, nanowalls, etc.
[19]. The main applications of the technique include the degradation of unwanted environ‐
mental pollutants (organic and inorganic compounds) and converting sunlight directly into
an energy carrier [4, 19, 20].

This work presents an overview of the fundamentals of photoelectrocatalysis and the huge
contribution made by nanostructured architectures, as well as explaining the efficiency of the
technique as a treatment method for organic and inorganic compounds and for water splitting.

2. Photoelectrocatalysis: Basic concepts

Advanced oxidation processes (AOPs) have been proposed as alternative methods for the
degradation of recalcitrant organic compounds in water [21], air [22] and soil [23] in recent
years [4]. AOPs are based on the generation of hydroxyl radicals (●OH) as highly oxidant
species, which are responsible for the oxidation of the major pollutants [4, 21]. Among the
AOPs, heterogeneous photocatalysis deserves particular attention [5]. The method is based
on the use of a semiconductor (mostly TiO2) irradiated with light energy equal to or greater
than  its  band-gap  energy.  Since  1972  it  has  been  known  that  is  possible  to  promote
photoelectrolysis  of  water  (water  splitting)  under  anodic  bias  potential  [8].  Since  then,
photocatalysis has been explored to promote organics oxidation [9-11],  inorganics reduc‐
tion [12, 13], disinfection of water containing biological materials [14, 15] and production
of electricity and hydrogen [16-18].

A semiconductor material is characterized by two energy bands separated by the band-gap
energy, Eg. A semiconductor at absolute zero is insulating, because the valence band (lower
energy level) is completely occupied and the conduction band (higher energy level) totally
empty (Figure 1). To become conductive, charge carriers need to be created, usually by
photoexcitation. The basic concept is that when a semiconductor surface is irradiated by light
(hν ≥ Eg) there is generation of an electron/hole pair (e−/h+) by promotion of an electron from
the valence band (VB) to the conduction band (CB) (Equation 1) [5, 24].

The oxidizing nature of the holes (h+) in the valence band means they generate ●OH radicals
by the oxidation of H2O molecules or OH− ions adsorbed on the semiconductor surface, and
are also able to oxidize organic molecules directly. The photoexcitation of TiO2 and possible
oxidation of an organic compound (RX) are represented in Equations 1−4 [21, 25].

Modern Electrochemical Methods in Nano, Surface and Corrosion Science272

TiO2→
hv

TiO2 -  eCB
- +  TiO2 - h VB

+ (1)

TiO2 - h VB
+ +  H2Oads →

   
 

TiO2 - HOads
• +  H + (2)

TiO2 - h VB
+ +  HOads

-  →

   
 

TiO2 - HOads
• (3)

TiO2 - h VB
+ +  R Xads→

   
 

TiO2 +  R Xads
•+ (4)

Although heterogeneous photocatalysis is a well understood process, and despite its promis‐
ing results in water decontamination, its practical exploitation has been restricted by its low
photonic efficiency, which is mainly due to recombination of the e−/h+ pair, as shown in
Equation 5 [25, 26].

TiO2 -  eCB
- +  TiO2 - h VB

+ →

   
 

TiO2 + heat
(5)

Therefore, there are considerable efforts being made to obtain new processes able to separate
charge carriers and minimize their recombination rate [26, 27]. The combination of electro‐
chemical and photocatalysis processes (photoelectrocatalysis) offers the opportunity to
separate photo-generated e−/h+ pairs by gradient potential [28, 29]. Specifically, when the

Figure 1. Schematic representation of the energy band diagram in a semiconductor and the mechanism of charge
carrier generation by photoexcitation

Enhancement of Photoelectrocatalysis Efficiency by Using Nanostructured Electrodes
http://dx.doi.org/10.5772/58333

273



photocatalyst is attached to a conductive substrate (photoanode), there is the possibility to
apply an anodic bias potential to the semiconductor and to modify the substrate/electrolyte
interface. This alternative improves the efficiency of charge separation by driving the photo‐
generated electrons via the external circuit to the counter electrode [26, 28-30]. Figure 2
illustrates the mechanism of photoelectrocatalysis.

Furthermore, the great goal is to avoid the removal of photocatalyst suspensions. The immo‐
bilization of the photocatalyst particles on a solid substrate is usually applied on photoelec‐
trocatalysis and therefore the process dispense next filtration step [28, 29].

It is interesting to understand why photoelectrocatalysis is efficient in charge separation. When
a semiconductor is in contact with an electrolyte there is formation of a junction semiconductor/
electrolyte interface, which determines the electron hole separation kinetics. The junction in a
redox electrolyte causes a change in the electrochemical potential (Fermi level) due to dis‐
crepant potentials at the interface [19]. Thus, the equilibration of this interface needs the flow
of charge from one phase to another, and a band-bending is created within the semiconductor
phase. The amount of band-bending in this Schottky junction will depend on the difference of
the Fermi levels of semiconductor and electrolyte. The region where there is bending is called
the space charge layer (SCL), which is characterized by the accumulation of electrons or holes
at the surface [5, 19, 24, 31]. Figure 3 shows the behaviour of these charges in the semiconductor
before and after this equilibration when it is in contact with an electrolyte.

Figure 2. Schematic representation of the mechanism of separation and recombination of charges in the photocataly‐
sis or photoelectrocatalysis and mechanism of charge separation in a photoelectrochemical system, where a gradient
of potential is created
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Another method to control the Fermi level (and therefore the band-bending) is by applying a
bias potential [19]. For any given semiconductor and electrolyte, there is an exact potential for
which the potential drops between the surface and the bulk of the electrode is zero; in other
words, there is no space charge layer [31]. Because the band edges are flat, this potential is
called flat-band potential, Vfb (Figure 4). The application of any potential greater than the flat-
band potential will increase the band-bending at the n-type semiconductor electrode, such as
TiO2. In this case electrons are depleted and holes enriched at the surface, as we can see in
Figure 4. When TiO2 is irradiated, it is observed that the photogenerated holes have an
oxidizing power equivalent to the potential of the valence band edge, and are able to oxidize
an RED molecule, whose formal potential is more negative than the valence band. In the case
of TiO2, the H2O can be oxidized producing ●OH radicals. The electron in the conduction band
flows via an external circuit to the counter electrode, where reduction reactions may occur,
such as the reduction of H+ ions to H2 (Figure 2). It is important to note that in photo(elec‐
tro)catalysis, the greater the band-bending (and therefore the SCL) the faster the electron/hole
separation occurs, and then the recombination of charges is minimized [5, 19, 24, 31].

Figure 4. Energy band diagram for a n-type semiconductor when the applied potential (V) is equal to flat-band poten‐
tial (Vfb) and when the applied potential (V) is greater than Vfb. The last schematic shows the mechanism of charge
separation when the electrode is submitted for a potential higher than the Vfb and irradiated with λ≥Eg.

Figure 3. Energy band diagram for an n-type semiconductor before and after the equilibration of Fermi levels at the
interface semiconductor/electrolyte, and the appearance of band-bending and the space charge layer (SCL)
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Thus, considering the high oxidative power of ●OH that is easily generated by irradiation of
the TiO2 surface, an increased number of applications of photoelectrocatalysis has developed
with the aim of promoting the degradation of organic pollutants to CO2 and minerals.

3. The degradation of organic compounds on thin films

The presence of recalcitrant organic pollutants such as pesticides, hormones, pharmaceuticals,
phenols, surfactants and dyes in water and wastewater has been described in the literature as
one of the most serious problems for human beings and the environment [32, 33]. The great
concern is mainly that the genotoxic and mutagenic properties of these pollutants can cause
bioaccumulation problems and transportation that is magnified in the food chain [34]. They
have therefore received great attention since they are released into the environment through
a variety of human and industrial activities. Conventional techniques such as adsorption,
precipitation, flocculation and reverse osmosis simply transfer organic pollutants from
different phases or concentrate them in one phase, without actually removing them [33].

Different  methodologies  have  been  proposed  to  promote  the  complete  degradation  of
organic matter.  Among them, the use of  advanced oxidative processes (AOPs) has been
seen as an efficient alternative for pollutant degradation and has received a great deal of
attention from several researchers. The in situ  generation of hydroxyl radicals (HO●) has
proved  effective  in  the  oxidation  of  most  organic  substances  because  it  is  both  a  non-
selective reagent and a highly oxidizing agent [21]. However, the complete mineralization
which is the conversion of organic molecules into CO2, H2O and other small molecules, the
reaction mechanisms and the characterization of secondary products and intermediates have
not been frequently investigated [35].

Over the past decades, electrochemical methods such as electrocoagulation, electrocatalysis
oxidation and reduction, electro-Fenton, photoelectro-Fenton, photocatalysis and photoelec‐
trocatalysis (Figure 5) have been pointed out as good alternatives to promote the degradation
and mineralization of organic pollutants, since they combine the advantages of hydroxyl
radicals formation and the efficiency of electrochemistry [21, 36].

In Electrochemically Mediated Oxidative Advanced Processes (EOAPs), hydroxyl radicals can
be generated by direct electrochemistry (anodic oxidation) or indirectly through electrochem‐
ical generation of Fenton’s reagent. In photoelectrocatalytic oxidation the ●OH is generated
heterogeneously by direct water discharge on specific anodes such as DSA and BDD electrodes
[36]. During the electro-Fenton reaction the hydroxyl radicals are generated homogenously
via Fenton’s reaction [37].

Photoelectrochemical methods have been intensively investigated as promising alternative
methods not only to remove organic pollutants but also to decrease toxicity, since they degrade
substances in a short period of time. The degradation mechanism of photocatalysis can be
classified into five steps: (1) transfer of reactants in the fluid phase to the surface; (2) adsorption
of the reactants; (3) reaction in the adsorbed phase; (4) desorption of the products; and (5)
removal of products from the interface region [38].
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The key to obtaining success with photocatalytic and photoelectrocatalytic methods is the
development of novel efficient materials as working electrodes, which present good optical,
mechanical, electronic, electrochemical and catalytical properties [39]. The choice of the
synthesis method to produce the semiconductor material is of fundamental relevance, as it
will determine the efficacy of the PEC treatment. All factors related to the surface material will
influence the success of photoelectrochemical processes as morphological and structural
features (particle size, surface area), good charge separation (e−/h+), suitable photonic efficiency
and band-gap energy level [40].

3.1. Synthesis of thin film semiconductor materials

Emerging technologies providing feasible alternatives for the development of new materials
have been the subject of several studies. Titanium dioxide is the most used material and can
be prepared in the form of powder, crystals or thin films. To obtain good-quality materials
there are many methods described in the literature, based on precipitation and co-precipitation
[41, 42], solvothermal [5], sol-gel [43], microemulsion [44], electrochemical [40] and gas-phase
methods [40].

Figure 5. Treatment methods described for the degradation of organic pollutants, including conventional techniques
and advanced oxidation processes
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The key to obtaining success with photocatalytic and photoelectrocatalytic methods is the
development of novel efficient materials as working electrodes, which present good optical,
mechanical, electronic, electrochemical and catalytical properties [39]. The choice of the
synthesis method to produce the semiconductor material is of fundamental relevance, as it
will determine the efficacy of the PEC treatment. All factors related to the surface material will
influence the success of photoelectrochemical processes as morphological and structural
features (particle size, surface area), good charge separation (e−/h+), suitable photonic efficiency
and band-gap energy level [40].

3.1. Synthesis of thin film semiconductor materials

Emerging technologies providing feasible alternatives for the development of new materials
have been the subject of several studies. Titanium dioxide is the most used material and can
be prepared in the form of powder, crystals or thin films. To obtain good-quality materials
there are many methods described in the literature, based on precipitation and co-precipitation
[41, 42], solvothermal [5], sol-gel [43], microemulsion [44], electrochemical [40] and gas-phase
methods [40].

Figure 5. Treatment methods described for the degradation of organic pollutants, including conventional techniques
and advanced oxidation processes
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Heterogeneous photocatalysis started with the use of TiO2 semiconductors in a slurry system
(suspension of fine powder). The most efficient powder reported in the literature is the Degussa
P25, which is a combination of rutile and anatase allotropic phases in the ratio 3:1. There are
many advantages of using this powder: it provides high surface area showing excellent
photocatalytic activity because of the adsorptive affinity of organic compounds on the surface
of anatase [45]. However, a post-treatment filtration step is required to separate it from the
solution, which limits practical application as this is a time-consuming and costly process.
Moreover, the suspended particles tend to aggregate, especially at high concentrations, which
makes the separation more complicated and limits application in continuous flow systems [46].

Since 1993, the immobilization of TiO2 on a substrate has offered an alternative way of using
powder and started a search for thin films [28, 47]. Several researchers have anchored photo‐
catalysts onto a variety of surfaces, such as glass (ITO and FTO), silica gel, metal, ceramics,
polymer, thin films, fibres, zeolite, alumina clays, activated carbon, cellulose, reactor walls and
others [33]. To support TiO2 there must be four main criteria: strong adherence, stability of the
catalyst, high specific surface area to promote strong adsorption of the pollutant on the
electrode surface [38]. The substrate material has a great influence on the electron transfer
along the film. It is reported that conducting glasses have a relatively poor connection within
the film; on the other hand, metal substrates present a lower impedance because there is a
reduction of charge transfer resistance leading to better PEC activity [33].

The photocatalytic activity of a TiO2 system mainly depends on its intrinsic properties, such
as particle size, surface area, film thickness, crystallinity and crystal phase [33, 48]. For this
purpose, many different techniques emerge from the need for immobilization, since the
photocatalytic activity of the film is highly dependent on the preparation method [46]. For
instance, the most reported preparation routes are sol-gel [43], chemical vapour deposition
[49], electrodeposition [50], sol-spray [51], and hydrothermal [38]. Besides the preparation
routes, the coating techniques also influence the resulting material properties. Deposition
methods such as dip-coating [52], spin coating [53] and even the development of new coating
methods based on conventional dip and spin coating [54] have been shown to be simple and
able to produce stable materials.

When compared to other methods, the advantages of the sol-gel technique are easy control of
deposits, reliability and reproducibility, resulting in good-quality nanostructured thin films
[55]. In fact, successful formation of the desired crystal phase is directly related to the starting
material, composition, and deposition, as well as the annealing temperature. The crystal
morphology has a direct relation to the light absorption as incident light affects photoelectro‐
catalytic efficiency. Film thickness can affect the efficiency of both light energy conversion and
electron transfer; thick films may lower efficiency as these processes have a higher resistance
[33]. It has been also shown that the pH of the original solution can influence particle size [56].
It is known [56] that acidic conditions favour the formation of smaller particles, while at higher
pH values larger particle size is observed. The use of sol-gel methods has inspired a great
number of studies on the development of new semiconductors for the suppression of electron/
hole recombination and enhancement of the photosensitivity of titania for successful applica‐
tion [57]. Therefore, the use of nanoporous thin films for photoelectrochemical purposes has
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been widely described in studies on the removal of organic matter such as dyes [58], phenol
[59], tetracycline [60], toxic metals [61] and microorganisms [62]. Annealing temperature has
been intimately related to the crystal structure formation because phase transfer is temperature
dependent. For many uses, including photoelectrocatalysis and solar cells, the most desired
crystal structure is anatase, because this structure shows a higher charge carrier mobility than
rutile [19, 63]. However, in many cases of photocatalysis, combinations of anatase and rutile
have been used due to the higher photocatalytic activity that these display compared to pure
anatase (probably due to the smaller band-gap energy of rutile (Eg=3.0 eV vs. anatase Eg=3.2
eV) absorbing more visible light radiation).

The use of mesoporous TiO2 thin films has also been studied. According to the definition of
IUPAC, porous solids can be classified into three groups based on their pore diameter, namely
microporous (5–20 Å), mesoporous (20–500 Å), and macroporous (>500 Å) materials [64]. The
success of mesoporous materials depends on the availability of precursor materials and the
precision of control over the hydrolysis reaction, as well as the choice of an appropriate
surfactant. All these parameters interfere with the obtaining of highly organized materials. In
order to obtain mesoporous materials with good photocatalytic features it is necessary to use
an appropriate method to produce films with a large surface area, pore-wall structure and
crystallinity [65].

Other thin-film semiconductors have been used in the degradation of such organic compounds
as WO3 [66], ZnO [67] and Fe2O3 [68, 69]. The anodic growing of tungsten trioxide thin film
has been described as a good alternative to TiO2, mainly because of its intrinsic characteristics
like lower band-gap energy of Eg=2.8−3.0 eV and higher photoactivity [70]. Iron oxide (α-
Fe2O3) has the desirable property of narrowing the band gap (Eg=2.2 eV), as well as low cost,
electrochemical stability and low toxicity [68]. ZnO (Eg=3.2 eV) has good properties for use as
a photocatalyst, such as high photocatalytic efficiency, low cost and environmental friendliness
[71]. It can also be used for degradation and disinfection purposes, as it can degrade dirt and
inhibit the growth of microorganisms [67].

3.2. Operational characteristics on the PEC systems

The basic photoelectrochemical reactor setup consists of three conventional electrodes
(working, reference and counter electrode) immersed in an aqueous electrolyte contained
within a vessel for the potentiostatic mode. A two-electrode system (working and counter) can
also be used when current density is used to supply the system. The vessel containing the
aqueous electrolyte is transparent to light or fitted with an optical window, usually quartz,
that allows light to reach the photoactive electrode [72].

Besides material properties, some operational parameters such as pH, biased potential, initial
concentration of analyte and electrolyte composition have a direct influence on the degradation
of organic pollutants. The point of zero surface charge (pzc) of the TiO2 at the electrode/
electrolyte interface will determine the adsorption of the pollutant in relation to the pH and
pKa of the pollutant. In acidic conditions TiO2 is positively charged, while in basic conditions
it is negatively charged, according to the equations below [25, 33, 73]:
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electrode surface [38]. The substrate material has a great influence on the electron transfer
along the film. It is reported that conducting glasses have a relatively poor connection within
the film; on the other hand, metal substrates present a lower impedance because there is a
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purpose, many different techniques emerge from the need for immobilization, since the
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routes, the coating techniques also influence the resulting material properties. Deposition
methods such as dip-coating [52], spin coating [53] and even the development of new coating
methods based on conventional dip and spin coating [54] have been shown to be simple and
able to produce stable materials.

When compared to other methods, the advantages of the sol-gel technique are easy control of
deposits, reliability and reproducibility, resulting in good-quality nanostructured thin films
[55]. In fact, successful formation of the desired crystal phase is directly related to the starting
material, composition, and deposition, as well as the annealing temperature. The crystal
morphology has a direct relation to the light absorption as incident light affects photoelectro‐
catalytic efficiency. Film thickness can affect the efficiency of both light energy conversion and
electron transfer; thick films may lower efficiency as these processes have a higher resistance
[33]. It has been also shown that the pH of the original solution can influence particle size [56].
It is known [56] that acidic conditions favour the formation of smaller particles, while at higher
pH values larger particle size is observed. The use of sol-gel methods has inspired a great
number of studies on the development of new semiconductors for the suppression of electron/
hole recombination and enhancement of the photosensitivity of titania for successful applica‐
tion [57]. Therefore, the use of nanoporous thin films for photoelectrochemical purposes has
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been widely described in studies on the removal of organic matter such as dyes [58], phenol
[59], tetracycline [60], toxic metals [61] and microorganisms [62]. Annealing temperature has
been intimately related to the crystal structure formation because phase transfer is temperature
dependent. For many uses, including photoelectrocatalysis and solar cells, the most desired
crystal structure is anatase, because this structure shows a higher charge carrier mobility than
rutile [19, 63]. However, in many cases of photocatalysis, combinations of anatase and rutile
have been used due to the higher photocatalytic activity that these display compared to pure
anatase (probably due to the smaller band-gap energy of rutile (Eg=3.0 eV vs. anatase Eg=3.2
eV) absorbing more visible light radiation).

The use of mesoporous TiO2 thin films has also been studied. According to the definition of
IUPAC, porous solids can be classified into three groups based on their pore diameter, namely
microporous (5–20 Å), mesoporous (20–500 Å), and macroporous (>500 Å) materials [64]. The
success of mesoporous materials depends on the availability of precursor materials and the
precision of control over the hydrolysis reaction, as well as the choice of an appropriate
surfactant. All these parameters interfere with the obtaining of highly organized materials. In
order to obtain mesoporous materials with good photocatalytic features it is necessary to use
an appropriate method to produce films with a large surface area, pore-wall structure and
crystallinity [65].

Other thin-film semiconductors have been used in the degradation of such organic compounds
as WO3 [66], ZnO [67] and Fe2O3 [68, 69]. The anodic growing of tungsten trioxide thin film
has been described as a good alternative to TiO2, mainly because of its intrinsic characteristics
like lower band-gap energy of Eg=2.8−3.0 eV and higher photoactivity [70]. Iron oxide (α-
Fe2O3) has the desirable property of narrowing the band gap (Eg=2.2 eV), as well as low cost,
electrochemical stability and low toxicity [68]. ZnO (Eg=3.2 eV) has good properties for use as
a photocatalyst, such as high photocatalytic efficiency, low cost and environmental friendliness
[71]. It can also be used for degradation and disinfection purposes, as it can degrade dirt and
inhibit the growth of microorganisms [67].

3.2. Operational characteristics on the PEC systems

The basic photoelectrochemical reactor setup consists of three conventional electrodes
(working, reference and counter electrode) immersed in an aqueous electrolyte contained
within a vessel for the potentiostatic mode. A two-electrode system (working and counter) can
also be used when current density is used to supply the system. The vessel containing the
aqueous electrolyte is transparent to light or fitted with an optical window, usually quartz,
that allows light to reach the photoactive electrode [72].

Besides material properties, some operational parameters such as pH, biased potential, initial
concentration of analyte and electrolyte composition have a direct influence on the degradation
of organic pollutants. The point of zero surface charge (pzc) of the TiO2 at the electrode/
electrolyte interface will determine the adsorption of the pollutant in relation to the pH and
pKa of the pollutant. In acidic conditions TiO2 is positively charged, while in basic conditions
it is negatively charged, according to the equations below [25, 33, 73]:
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TiO2 +  H + →  TiOH 2
+ (6)

TiO2 +  OH - →  TiO - +  H2O (7)

The influence of biased potential on the degradation rate must be optimized as a function of
the flat band potential. Generally, when the potential is increased, the degradation rate
increases as well until no more gain is observed because electrons and holes have a good
separation and recombination rate is minimized [33, 74]. Current density can be applied
instead of potential, as it requires a much simpler arrangement of two electrodes, lowering
costs and favouring the photoelectrocatalytic application on large-scale reactors [4, 43].

The initial pollutant concentration, especially for wastewaters and coloured solution, will limit
the photoanode activation by light [61]. Moreover, at high concentration the photoelectro‐
chemical efficiency is decreased and longer treatment periods will be required to achieve
complete pollutant removal. Depending on the pollutant, it is possible to promote the degra‐
dation at high concentrations [4, 25].

Recent investigations prove that light intensity and lamp irradiance are critical factors in
photoelectrochemical systems. It has been reported in the literature that the higher light
intensity achieved, the faster the degradation rate will be [33]. Zainal and colleagues [75]
demonstrated that a 100 W UV lamp was almost equivalent to a 300 W halogen lamp, probably
due to the higher intensity of the halogen lamp.

When the degradation is conducted in the presence of different electrolytes, there will be
significant change in the degradation rate. In the presence of chloride, the degradation is
improved because there will be generation of chlorine radicals, with a high oxidizing power
which is not observed in sulphate and nitrate mediums [58].

The PEC reactor also plays an important role in the efficiency of photoelectrochemical
methods. Different materials (glass, quartz and Teflon) and shapes are employed on these
systems. The photoanode irradiation can be used either externally or internally [4]. The reactor
could be rectangular or cylindrical, although the latter makes greater use of light and hence
better performance. There are single chamber reactors and double-vessel reactors, also known
as H-type [72].

4. Strategies to enhance the PEC efficiency

Several photocatalysts have been applied in photoelectrocatalysis, among them TiO2, WO3 [66],
ZnO [67], CdS, Fe2O3 [68, 69] and SnO2. Over the years considerable effort has been devoted
to the improvement of the materials used in photocatalysis. TiO2 has become one of the most
common materials used in materials science [20] as it is environmentally friendly, low cost,
has a long lifetime of electron/hole pairs, presents a compatible energy position of BV and BC,
and has good chemical and thermal stability and superior catalytic stability [20, 76]. Among
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these features, the band edge positions relative to H2O oxidation represent a very important
characteristic that improves the applicability of TiO2 in photo(electro)catalysis to decompose
H2O to H2 and O2 and also to create ●OH radicals [19]. There are many transition metal oxides
with semiconductor properties, but many of them do not have suitable electronic properties
(energy position of bands edges) for useful electron transfer reactions.

Some of the main applications of TiO2 photoelectrocatalysis have involved water-splitting [16,
77, 78] inactivation of microorganisms [14, 79] and degradation of contaminants in water [10,
33, 39, 78, 80]. Although it is the most suitable material for such applications, titanium dioxide
has some limitations that hinder its use in technological applications. For example, it is
activated only under ultraviolet irradiation (λ ≤ 387 nm), and thus the use of sunlight is limited
because it provides up to 5% of UV light; it also presents recombination of electron/hole pairs.
In order to obtain a better utilization of the photocatalytic properties of TiO2 and to achieve
more responsiveness to the visible wavelengths, the preparation of nanostructured materials
and their surface modification or doping (band-gap engineering) has emerged as a potential
method.

Thus, in order to increase the efficiency of photoelectrocatalysis, organized nanostructured
materials, especially those involving electrochemical methods of preparation, have attracted
attention. The main advantages are discussed below.

4.1. Nanostructured morphologies

Nanostructured materials represent an important challenge of current science, and the new
materials have presented special physical and chemical properties. Recently, one-dimensional
(1D) nanostructures such as rods, belts, wires and tubes have become a focus of intensive
research, mainly due to their high surface area (ideal for catalysis as it facilitates reaction/
interaction between the devices and the interacting media) and other exceptional properties
such as electrical properties: charge carrier transfer is mainly governed by the quantum
confinement phenomenon [81].

The discovery of carbon nanotubes by Iijima in 1991 [82], with their variety of interesting
properties, boosted research focused on the synthesis of tubular nanostructures of other
materials. Among the various nanotube materials, titanium dioxide nanotube arrays are of
particular interest because of their many applications, for example in photo(electro)catalysis
[10, 78, 83-87], sensors [88, 89], biosensors [90], dye-sensitized solar cells [91, 92], hydrogen
generation by water photoelectrolysis [77, 78, 93], photocatalytic reduction of CO2 [94, 95] and
biomedical-related applications [96, 97].

In recent years, a great number of investigations have focused on the photocatalytic activity
of TiO2 nanomaterials and effective ways to improve their photocatalytic efficiency. Various
nanostructures have been reported, such as nanowires [98], nanofibres [99], nanorods [100,
101], and nanowalls [101], but TiO2 nanotubes are certainly the most promising and explored
architecture.
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TiO2 +  H + →  TiOH 2
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TiO2 +  OH - →  TiO - +  H2O (7)
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Several photocatalysts have been applied in photoelectrocatalysis, among them TiO2, WO3 [66],
ZnO [67], CdS, Fe2O3 [68, 69] and SnO2. Over the years considerable effort has been devoted
to the improvement of the materials used in photocatalysis. TiO2 has become one of the most
common materials used in materials science [20] as it is environmentally friendly, low cost,
has a long lifetime of electron/hole pairs, presents a compatible energy position of BV and BC,
and has good chemical and thermal stability and superior catalytic stability [20, 76]. Among
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these features, the band edge positions relative to H2O oxidation represent a very important
characteristic that improves the applicability of TiO2 in photo(electro)catalysis to decompose
H2O to H2 and O2 and also to create ●OH radicals [19]. There are many transition metal oxides
with semiconductor properties, but many of them do not have suitable electronic properties
(energy position of bands edges) for useful electron transfer reactions.

Some of the main applications of TiO2 photoelectrocatalysis have involved water-splitting [16,
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33, 39, 78, 80]. Although it is the most suitable material for such applications, titanium dioxide
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because it provides up to 5% of UV light; it also presents recombination of electron/hole pairs.
In order to obtain a better utilization of the photocatalytic properties of TiO2 and to achieve
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and their surface modification or doping (band-gap engineering) has emerged as a potential
method.

Thus, in order to increase the efficiency of photoelectrocatalysis, organized nanostructured
materials, especially those involving electrochemical methods of preparation, have attracted
attention. The main advantages are discussed below.

4.1. Nanostructured morphologies

Nanostructured materials represent an important challenge of current science, and the new
materials have presented special physical and chemical properties. Recently, one-dimensional
(1D) nanostructures such as rods, belts, wires and tubes have become a focus of intensive
research, mainly due to their high surface area (ideal for catalysis as it facilitates reaction/
interaction between the devices and the interacting media) and other exceptional properties
such as electrical properties: charge carrier transfer is mainly governed by the quantum
confinement phenomenon [81].

The discovery of carbon nanotubes by Iijima in 1991 [82], with their variety of interesting
properties, boosted research focused on the synthesis of tubular nanostructures of other
materials. Among the various nanotube materials, titanium dioxide nanotube arrays are of
particular interest because of their many applications, for example in photo(electro)catalysis
[10, 78, 83-87], sensors [88, 89], biosensors [90], dye-sensitized solar cells [91, 92], hydrogen
generation by water photoelectrolysis [77, 78, 93], photocatalytic reduction of CO2 [94, 95] and
biomedical-related applications [96, 97].

In recent years, a great number of investigations have focused on the photocatalytic activity
of TiO2 nanomaterials and effective ways to improve their photocatalytic efficiency. Various
nanostructures have been reported, such as nanowires [98], nanofibres [99], nanorods [100,
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architecture.
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4.1.1. TiO2 nanotube arrays

As previously mentioned, TiO2 is a widely studied materialdue to its versatility, and in
photoelectrocatalysis it is undoubtedly the most explored semiconductor. The use of the
TiO2 nanotubes morphology has allowed advances in photo(electro)catalysis due to specific
improvement of properties and will be further discussed.

For photoelectrocatalytic applications TiO2 nanotubes (TiO2 NTs) present interesting proper‐
ties, such as large internal surface area, which can be easily filled with liquid enabling intimate
contact with electrolytes and excellent charge transport [39, 94]. Due to its high structural
organization, the nanotubes architecture exhibits excellent electron percolation pathways for
vectorial charge transfer between interfaces, thereby minimizing the recombination of charges.
Figure 6 illustrates an image of scanning electron microscopy (SEM) of TiO2 NTs prepared
under electrochemical anodization. As the TiO2 film grows on the metal surface (is not
deposited) there is a good electrical connection between the oxide and the metal. Zhu and
colleagues [102] found charge carrier recombination much slower in the TiO2 NTs films than
in the nanoparticulate TiO2 films in dye-sensitized solar cells.

Additionally, the morphological parameters of the architecture can be precisely controlled
when the material is prepared by electrochemical anodization. The control of the nanotube
dimensions is important because each application may require morphological surfaces with
particular characteristics. For example, Liu et al. [103] found that the photoelectrocatalytic
activity shows a dependence on the length of the nanotube arrays. They studied the degrada‐
tion of phenol at TiO2 NTs electrodes with different tube lengths under UV irradiation and
applied potential. It was verified that a short nanotube array shows better photoelectrocatalytic
activity than a long nanotube array, which can be explained by the reduced recombination
effects. However, the photocatalytic degradation (no applying potential) showed that longer
nanotubes were more efficient because they favour light trapping.

More information can be obtained in some excellent reviews found in the literature, dealing
with  preparation,  properties,  strategies  to  increase  the  photoactivity  and applications  of
TiO2 NTs [19, 20, 39, 81, 94, 104-107]. Titania nanotubes can be synthesized in two forms:
powder form and self-organized nanotube arrays grown on a substrate of metallic titanium.
Several  techniques for  the preparation of  TiO2  NTs have been reported,  such as  hydro/
solvothermal methods [108], sol-gel [109], template-assisted methods [110] and electrochem‐
ical anodization [39, 105, 106]. The growth of TiO2 NTs by electrochemical anodization in
a fluorinated-based electrolyte is less expensive and simpler that most of these methods
and  allows  precise  control  of  dimensions,  presenting  a  more  orderly  arrangement  of
nanotubes [105].

The first self-organized oxide obtained by anodization in electrolytes containing hydrofluoric
acid was reported by Zwilling and colleagues in 1999, where a nanoporous structure was
achieved [111]. In 2001, Gong and colleagues [112] developed the first generation of highly
ordered and vertically oriented nanotube arrays of 500 nm length. The structure was obtained
by electrochemical oxidation of titanium in a HF aqueous electrolyte. The fabrication of TiO2

NTs films was performed in a two-electrode electrochemical cell using aqueous electrolytes
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containing 0.5-3.5 wt. % HF and voltages varying from 3 to 23 V. They found that at low voltage
(3 V), porous films are obtained and at higher voltage (23 V) the nanotube structure was
destroyed. The ideal conditions were 0.5 wt. % HF electrolyte applying 20 V for 20 min.

In 2005, Cai and colleagues [113] developed the second synthesis generation of titania nano‐
tubes. They found that adequate control of the electrolyte pH can decrease the oxide chemical
dissolution rate; thus, the tube length is enhanced using aqueous buffer electrolyte. The pH of
a KF-containing electrolyte is adjusted to 4.5 using additives such as sulphuric acid, sodium
hydroxide, sodium hydrogen sulphate, and/or citric acid. This usually obtains TiO2 NTs of 4.4
µm in length.

The third synthesis generation of titania nanotube arrays, initially reported by Ruan and
colleagues [114] in 2005, involves improvements in nanotube-array length using non-aqueous
electrolytes or polar organic solvents such as formamide, N-methylformamide, dimethyl
sulphoxide, and ethylene glycol mixed with HF, NH4F or KF to provide fluoride ions [112,
115-117]. Ruan and colleagues [114] also studied the anodization of titanium in polar organic
solvent using mixtures of dimethyl sulphoxide (DMSO) and hydrofluoric acid. TiO2 nanotube
arrays of 2.3 µm length were obtained in DMSO+4.0% HF electrolyte applying 20 V for 70 h.

The fourth synthesis generation of TiO2 NTs was developed by Richter and colleagues [118]
and Allam et al. [119], and is characterized by the fabrication of nanotube arrays by Ti
anodization using fluoride-free HCl aqueous electrolytes. The mechanism of TiO2 NTs
formation on Ti substrate is well studied in the literature [94, 105, 106].

4.1.1.1. Mechanism of formation of nanotubes by electrochemical anodization

The production of oxide films on metal surfaces by oxidation in an electrolytic process can be
called electrochemical anodization. In practice, a metallic electrode compatible with oxide
growth is connected to the positive pole (anode) of a dc power supply and the cathode, usually
a platinum piece (or another material, such as carbon for example) is connected to the negative
pole (Figure 7). The electrodes are placed in an electrolytic solution and when a potential is
applied in the system the metal reacts with oxygen ions from the electrolyte, growing an oxide
film on the surface. The electrons resulting from the oxidation travel through the external

Figure 6. TiO2 nanotubes scanning electronic microscopy (SEM) images, top view (in different magnifications) and
cross section. The TiO2 NTs were grown by electrochemical anodization of Ti foil in 1 M NaH2PO3+0.3 wt.% HF. The
TiO2 NTs presented a diameter of 110 nm, wall thickness of 13 nm and length of 900 nm on average
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4.1.1. TiO2 nanotube arrays

As previously mentioned, TiO2 is a widely studied materialdue to its versatility, and in
photoelectrocatalysis it is undoubtedly the most explored semiconductor. The use of the
TiO2 nanotubes morphology has allowed advances in photo(electro)catalysis due to specific
improvement of properties and will be further discussed.

For photoelectrocatalytic applications TiO2 nanotubes (TiO2 NTs) present interesting proper‐
ties, such as large internal surface area, which can be easily filled with liquid enabling intimate
contact with electrolytes and excellent charge transport [39, 94]. Due to its high structural
organization, the nanotubes architecture exhibits excellent electron percolation pathways for
vectorial charge transfer between interfaces, thereby minimizing the recombination of charges.
Figure 6 illustrates an image of scanning electron microscopy (SEM) of TiO2 NTs prepared
under electrochemical anodization. As the TiO2 film grows on the metal surface (is not
deposited) there is a good electrical connection between the oxide and the metal. Zhu and
colleagues [102] found charge carrier recombination much slower in the TiO2 NTs films than
in the nanoparticulate TiO2 films in dye-sensitized solar cells.

Additionally, the morphological parameters of the architecture can be precisely controlled
when the material is prepared by electrochemical anodization. The control of the nanotube
dimensions is important because each application may require morphological surfaces with
particular characteristics. For example, Liu et al. [103] found that the photoelectrocatalytic
activity shows a dependence on the length of the nanotube arrays. They studied the degrada‐
tion of phenol at TiO2 NTs electrodes with different tube lengths under UV irradiation and
applied potential. It was verified that a short nanotube array shows better photoelectrocatalytic
activity than a long nanotube array, which can be explained by the reduced recombination
effects. However, the photocatalytic degradation (no applying potential) showed that longer
nanotubes were more efficient because they favour light trapping.

More information can be obtained in some excellent reviews found in the literature, dealing
with  preparation,  properties,  strategies  to  increase  the  photoactivity  and applications  of
TiO2 NTs [19, 20, 39, 81, 94, 104-107]. Titania nanotubes can be synthesized in two forms:
powder form and self-organized nanotube arrays grown on a substrate of metallic titanium.
Several  techniques for  the preparation of  TiO2  NTs have been reported,  such as  hydro/
solvothermal methods [108], sol-gel [109], template-assisted methods [110] and electrochem‐
ical anodization [39, 105, 106]. The growth of TiO2 NTs by electrochemical anodization in
a fluorinated-based electrolyte is less expensive and simpler that most of these methods
and  allows  precise  control  of  dimensions,  presenting  a  more  orderly  arrangement  of
nanotubes [105].

The first self-organized oxide obtained by anodization in electrolytes containing hydrofluoric
acid was reported by Zwilling and colleagues in 1999, where a nanoporous structure was
achieved [111]. In 2001, Gong and colleagues [112] developed the first generation of highly
ordered and vertically oriented nanotube arrays of 500 nm length. The structure was obtained
by electrochemical oxidation of titanium in a HF aqueous electrolyte. The fabrication of TiO2

NTs films was performed in a two-electrode electrochemical cell using aqueous electrolytes
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containing 0.5-3.5 wt. % HF and voltages varying from 3 to 23 V. They found that at low voltage
(3 V), porous films are obtained and at higher voltage (23 V) the nanotube structure was
destroyed. The ideal conditions were 0.5 wt. % HF electrolyte applying 20 V for 20 min.

In 2005, Cai and colleagues [113] developed the second synthesis generation of titania nano‐
tubes. They found that adequate control of the electrolyte pH can decrease the oxide chemical
dissolution rate; thus, the tube length is enhanced using aqueous buffer electrolyte. The pH of
a KF-containing electrolyte is adjusted to 4.5 using additives such as sulphuric acid, sodium
hydroxide, sodium hydrogen sulphate, and/or citric acid. This usually obtains TiO2 NTs of 4.4
µm in length.

The third synthesis generation of titania nanotube arrays, initially reported by Ruan and
colleagues [114] in 2005, involves improvements in nanotube-array length using non-aqueous
electrolytes or polar organic solvents such as formamide, N-methylformamide, dimethyl
sulphoxide, and ethylene glycol mixed with HF, NH4F or KF to provide fluoride ions [112,
115-117]. Ruan and colleagues [114] also studied the anodization of titanium in polar organic
solvent using mixtures of dimethyl sulphoxide (DMSO) and hydrofluoric acid. TiO2 nanotube
arrays of 2.3 µm length were obtained in DMSO+4.0% HF electrolyte applying 20 V for 70 h.

The fourth synthesis generation of TiO2 NTs was developed by Richter and colleagues [118]
and Allam et al. [119], and is characterized by the fabrication of nanotube arrays by Ti
anodization using fluoride-free HCl aqueous electrolytes. The mechanism of TiO2 NTs
formation on Ti substrate is well studied in the literature [94, 105, 106].

4.1.1.1. Mechanism of formation of nanotubes by electrochemical anodization

The production of oxide films on metal surfaces by oxidation in an electrolytic process can be
called electrochemical anodization. In practice, a metallic electrode compatible with oxide
growth is connected to the positive pole (anode) of a dc power supply and the cathode, usually
a platinum piece (or another material, such as carbon for example) is connected to the negative
pole (Figure 7). The electrodes are placed in an electrolytic solution and when a potential is
applied in the system the metal reacts with oxygen ions from the electrolyte, growing an oxide
film on the surface. The electrons resulting from the oxidation travel through the external

Figure 6. TiO2 nanotubes scanning electronic microscopy (SEM) images, top view (in different magnifications) and
cross section. The TiO2 NTs were grown by electrochemical anodization of Ti foil in 1 M NaH2PO3+0.3 wt.% HF. The
TiO2 NTs presented a diameter of 110 nm, wall thickness of 13 nm and length of 900 nm on average
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circuit to reach the cathode, where they can react with H+ ions and generate bubbles of H2 [94].
The key point that determines the form of the oxide is the composition of the electrolyte. The
TiO2 NTs, in this case, can be achieved in electrolytes containing fluoride ions, with adjust‐
ments of applied potential and anodization time.

Figure 7. Scheme representing an electrochemical cell used to produce TiO2 films by anodization of Ti

The growth of self-organized TiO2 NTs (as well as porous structures of other metals such as
Zr, Nb, W, Ta, and Hf) by electrochemical anodization in fluoride-containing electrolyte is
governed by competition between steps that occur simultaneously.

First, there is the formation of oxide on the metal surface. In this step, there is a field-assisted
oxidation of Ti metal to form Ti4+ species which will react with O2

- (from H2O). After the
formation of an initial oxide layer, further oxide growth is controlled by field-assisted ion
transport, where O2

- anions migrate through the oxide layer until they reach the metal/oxide
interface, where they react with the metal [94, 106, 120].

Ti + 2H2O  →TiO2 + 4H + + 4e - (8)

In another step, Ti4+ ions migrate from the metal through the oxide by field-assisted transport
until they reach the oxide/electrolyte interface. Then, small pits are formed due to the localized
dissolution of the oxide by the high electrical field, which act as pore-forming centres.

The key step is the chemical dissolution of oxide by fluoride ions at the as-formed pits, forming
soluble fluoride complexes. The Ti4+ ions field transported at the oxide/electrolyte interface are
also complexed [94, 106, 120].

TiO2 + 6F -→
H+

 TiF6
2-

+ H2O
(9)

Ti4+ + 6F - →  TiF6
2-

(10)
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If the chemical dissolution is too high or too low, there is no formation of nanotubes. The
dissolution rate can be adjusted by varying the concentration of F− and pH (more acidic pH
and higher concentrations of F− increases the chemical dissolution) [94]. This was the principle
used to obtain longer and smoother nanotubes, leading to the second and third generations of
TiO2 NTs.

When the rate of pore growth at the metal–oxide interface becomes identical to the rate of oxide
dissolution at the pore–bottom–electrolyte interface, the thickness of the barrier layer remains
unchanged, although it moves further into the metal, making the pore deeper [94, 106, 120].
Commonly, the wall thickness of TiO2 NTs varies from 5 to 30 nm and the pore size from 20
to 350 nm (tube diameter is reported to be linearly dependent on the applied anodic potential
during growth [106, 121]). The length often varies from 0.2 to 1000 µm; the aspect ratio, defined
as the ratio between length and diameter of the tube, can be controlled from about 10 to
approximately 20,000 by selection of appropriate anodization variables [94].

4.1.2. Nanostructured arrays of other semiconductors

Nanostructured architectures are also fabricated by electrochemical anodization for other
semiconductors of interest in photoelectrocatalysis, such as ZnO, WO3 and Fe2O3.

Prakasam and colleagues [69] prepared nanoporous film of Fe2O3 by submitting a Fe foil to
electrochemical anodization in electrolyte composed of 1% HF+0.5% ammonium fluoride
+0.2% 0.1 M nitric acid (HNO3) in glycerol (pH 3) at 10°C. LaTempa and colleagues [122]
produced α-Fe2O3 (hematite) nanotubes by potentiostatic anodization of iron foil in an ethylene
glycol electrolyte containing NH4F and deionized water. Hematite has a band gap of ≈2.2 eV
(indirect) and can absorb light at λ ≤ 560 nm; it can therefore be activated in a large part of the
solar spectrum.

Lai et al. [123] prepared WO3 nanotubes by electrochemical anodization of W foil in electrolyte
composed of 1 M of sodium sulphate+0.5 wt.% of ammonium fluoride at 40 V. The WO3 is
photoactive when irradiated by visible light due to its small band-gap energy (2.4 eV to 2.8
eV) and has attracted scientific interest in photo(electro)catalysis. Some reviews [29, 70] have
explored the use of WO3 photoanodes mainly in photoelectrochemical water splitting.

Park and colleagues [124] reported a synthesis of ZnO nanowires by electrochemical anodi‐
zation on a Zn foil using as electrolyte 5 mM KHCO3 aqueous solution. ZnO has a similar band
gap and band positions of TiO2 (Eg about 3.2 eV), but higher quantum efficiency than TiO2. On
the other hand it has limited applications due to its photocorrosion in acidic medium [71].

4.2. Band-gap engineering

Despite all the improvements made to TiO2 as a photoactive catalyst, the material still presents
problems, such as activation with UV irradiation (λ≤387 nm), due to its wide band gap (Eg=3.2
eV). Thus, the use of solar energy is limited since the activation of TiO2 occurs only from UV
light, which corresponds to a small fraction (≈5%) of the sun’s energy compared to visible light
(45%) [39]. In this sense, efforts have been directed at shifting the optical response of titanium
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If the chemical dissolution is too high or too low, there is no formation of nanotubes. The
dissolution rate can be adjusted by varying the concentration of F− and pH (more acidic pH
and higher concentrations of F− increases the chemical dissolution) [94]. This was the principle
used to obtain longer and smoother nanotubes, leading to the second and third generations of
TiO2 NTs.

When the rate of pore growth at the metal–oxide interface becomes identical to the rate of oxide
dissolution at the pore–bottom–electrolyte interface, the thickness of the barrier layer remains
unchanged, although it moves further into the metal, making the pore deeper [94, 106, 120].
Commonly, the wall thickness of TiO2 NTs varies from 5 to 30 nm and the pore size from 20
to 350 nm (tube diameter is reported to be linearly dependent on the applied anodic potential
during growth [106, 121]). The length often varies from 0.2 to 1000 µm; the aspect ratio, defined
as the ratio between length and diameter of the tube, can be controlled from about 10 to
approximately 20,000 by selection of appropriate anodization variables [94].

4.1.2. Nanostructured arrays of other semiconductors

Nanostructured architectures are also fabricated by electrochemical anodization for other
semiconductors of interest in photoelectrocatalysis, such as ZnO, WO3 and Fe2O3.

Prakasam and colleagues [69] prepared nanoporous film of Fe2O3 by submitting a Fe foil to
electrochemical anodization in electrolyte composed of 1% HF+0.5% ammonium fluoride
+0.2% 0.1 M nitric acid (HNO3) in glycerol (pH 3) at 10°C. LaTempa and colleagues [122]
produced α-Fe2O3 (hematite) nanotubes by potentiostatic anodization of iron foil in an ethylene
glycol electrolyte containing NH4F and deionized water. Hematite has a band gap of ≈2.2 eV
(indirect) and can absorb light at λ ≤ 560 nm; it can therefore be activated in a large part of the
solar spectrum.

Lai et al. [123] prepared WO3 nanotubes by electrochemical anodization of W foil in electrolyte
composed of 1 M of sodium sulphate+0.5 wt.% of ammonium fluoride at 40 V. The WO3 is
photoactive when irradiated by visible light due to its small band-gap energy (2.4 eV to 2.8
eV) and has attracted scientific interest in photo(electro)catalysis. Some reviews [29, 70] have
explored the use of WO3 photoanodes mainly in photoelectrochemical water splitting.

Park and colleagues [124] reported a synthesis of ZnO nanowires by electrochemical anodi‐
zation on a Zn foil using as electrolyte 5 mM KHCO3 aqueous solution. ZnO has a similar band
gap and band positions of TiO2 (Eg about 3.2 eV), but higher quantum efficiency than TiO2. On
the other hand it has limited applications due to its photocorrosion in acidic medium [71].

4.2. Band-gap engineering

Despite all the improvements made to TiO2 as a photoactive catalyst, the material still presents
problems, such as activation with UV irradiation (λ≤387 nm), due to its wide band gap (Eg=3.2
eV). Thus, the use of solar energy is limited since the activation of TiO2 occurs only from UV
light, which corresponds to a small fraction (≈5%) of the sun’s energy compared to visible light
(45%) [39]. In this sense, efforts have been directed at shifting the optical response of titanium
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dioxide from the UV to the visible spectral range, which would be of great utility in pho‐
to(electro)catalysis and other applications of TiO2. This modification of optical properties of
semiconductors has been called band-gap engineering [19, 39, 94, 107].

Modification of TiO2 properties has been achieved mainly by (i) doping with different
transition metal ions (such as Cr [125], Co [126], W [127], Zr [128] and Fe [129]) and with
different anions (such as N [130], F [131], S [132], B [133], C [93]) that replace oxygen in the
crystal lattice, and (ii) by surface decoration, which includes coupling with other semiconduc‐
tors and deposition of particles of noble metals [14, 84, 134-137].

However, these arrangements frequently increase only the absorption and do not properly
improve material properties such as the stability of the semiconductor under illumination,
efficiency of the photocatalytic process, and the wavelength range response. One example is
the CdS, which absorbs a good portion of the visible radiation but is usually unstable and
photodegrades with time [138].

Dopant/Modifier Strategies References

N Anodization of Ti–N alloy*

Anodization in nitrogen-containing electrolyte*

Electrodeposition in nitrogen-containing electrolyte

[130], [139], [140], [141], [142],

[143], [144], [145]

C Anodization in carbon containing electrolyte* [146], [147]

F Anodization in containing electrolytes* [143]

B Anodization in boron-containing electrolyte*

Electrodeposition in boron-containing electrolyte

[133], [148], [149] [150]

W Anodization of Ti–W alloy*

Anodization in tungsten-containing electrolyte*

[127], [151], [152]

Zr Anodization in zirconium-containing electrolytes*

Electrodeposition in zirconium-containing electrolyte

[128], [153], [145]

La Electrodeposition in lanthanum-containing electrolyte [154]

Si Anodization in silicon-containing electrolyte* [152]

Nb Anodization of Ti–Nb alloy* [144]

Ag Electrodeposition in silver-containing electrolyte [155], [156]

Pt Electrodeposition in platinum-containing electrolyte [157], [158]

Pd Electrodeposition in palladium-containing electrolyte [159], [160]

CdS Electrodeposition in Cd and S-containing electrolyte [135], [161]

CdTe Electrodeposition in Cd and Te-containing electrolyte [162]

Cu2O Electrodeposition in Cu-containing electrolyte [163]

*one-step synthesis

Table 1. Electrochemically doped/surface modified TiO2 nanotube arrays

In order to make materials more photoactive under visible light and more stable under certain
conditions, and to have lower band-gap energy, the doping of TiO2 with several metals and

Modern Electrochemical Methods in Nano, Surface and Corrosion Science286

non-metal compounds has also been explored: Table 1 shows a summary of the electrochemical
methods adopted to promote doping/surface modification of TiO2 nanotubes,with the related
references.

4.2.1. Doped TiO2 nanomaterials

Asahi et al. [164], in a 2001 study, developed a method for TiO2 visible light activation through
doping of C, N, F, P, or S for O in the anatase TiO2 crystal using calculated densities of states
(DOSs). They found that the substitutional doping of N was the most effective method because
nitrogen p states contribute to band gap narrowing by mixing with O 2p states. Nitrogen can
be easily introduced into the TiO2 structure, due to its comparable atomic size with oxygen,
small ionization energy and high stability.

There are two main ways to perform anion doping in TiO2 by electrochemical techniques: (i)
electrodeposition and (ii) adding a precursor of the element into the electrolyte during
electrochemical anodization to oxide formation. It should be noted that for this the TiO2 film
must be immobilized on a conductive substrate, as in the case of TiO2 NTs grown on metallic
titanium.

In 2006, Shankar and colleagues [139] described a simple way to introduce N atoms into TiO2.
N-doped thin films were fabricated by anodic oxidation of a pure titanium sheet in electrolyte
composed of 0.07 M HF, NH4NO3 (from 0.2 to 2.5 M) and NH4OH to adjust the pH to 3.5. The
material showed optical absorption in the visible wavelength range from 400 to 530 nm. The
XPS data confirmed that all the incorporated nitrogen is substitutional on the oxygen site, and
the proportions of N atoms in TiO2−xNx were x=0.23, x=0.09 and x=0.02. The N-doped samples
exhibited a shift in absorption toward the visible spectra from 400 to 510 nm. Antony and
colleagues [140] prepared N-doped TiO2 NTs by anodizing Ti foils in ethylene glycol+NH4F
+water mixture containing urea as a nitrogen source. They used various concentrations of urea
and achieved different N concentrations in TiO2 film, determined by X-ray photoelectron
spectroscopy (XPS). There was nitrogen incorporation in TiO2lattice mainly in substitutional
form (substitution of O2

− ions by N3− ions). The doped samples showed visible light response,
and the calculated optical band gaps were 3.27, 3.21, 2.75 and 2.77 eV for pristine TiO2,
TiO1.85N0.115, TiO1.813N0.14and TiO1.84N0.121, respectively. Zhou et al. [141] fabricated N-doped
using the same methodology, via anodic oxidation of Ti in electrolyte composed of ammonium
fluoride (NH4F) and triethylamine (C6H15N). Nitrogen was successfully introduced into the
TiO2 lattice replacing oxygen atoms, and as a result there was a shift of TiO2 band edge from
380 nm to 405 nm in N-doped TiO2.

Kim et al. [142] produced N-doped TiO2NTs by anodization of a high-purity TiN alloy with
approximately 5 at.% of N in a glycerol+water (50:50 vol%)+0.27 M NH4F electrolyte. XPS data
of the sample surfaces indicated 2−3 at.% of N atoms present as Ti–O–N in the nanotubes. They
found that the nanostructured layer grown on TiN alloy showed decreased UV response
compared with pure TiO2 NTs film, but showed a strongly increased photoresponse in visible
light spectra.
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doping of C, N, F, P, or S for O in the anatase TiO2 crystal using calculated densities of states
(DOSs). They found that the substitutional doping of N was the most effective method because
nitrogen p states contribute to band gap narrowing by mixing with O 2p states. Nitrogen can
be easily introduced into the TiO2 structure, due to its comparable atomic size with oxygen,
small ionization energy and high stability.

There are two main ways to perform anion doping in TiO2 by electrochemical techniques: (i)
electrodeposition and (ii) adding a precursor of the element into the electrolyte during
electrochemical anodization to oxide formation. It should be noted that for this the TiO2 film
must be immobilized on a conductive substrate, as in the case of TiO2 NTs grown on metallic
titanium.

In 2006, Shankar and colleagues [139] described a simple way to introduce N atoms into TiO2.
N-doped thin films were fabricated by anodic oxidation of a pure titanium sheet in electrolyte
composed of 0.07 M HF, NH4NO3 (from 0.2 to 2.5 M) and NH4OH to adjust the pH to 3.5. The
material showed optical absorption in the visible wavelength range from 400 to 530 nm. The
XPS data confirmed that all the incorporated nitrogen is substitutional on the oxygen site, and
the proportions of N atoms in TiO2−xNx were x=0.23, x=0.09 and x=0.02. The N-doped samples
exhibited a shift in absorption toward the visible spectra from 400 to 510 nm. Antony and
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+water mixture containing urea as a nitrogen source. They used various concentrations of urea
and achieved different N concentrations in TiO2 film, determined by X-ray photoelectron
spectroscopy (XPS). There was nitrogen incorporation in TiO2lattice mainly in substitutional
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− ions by N3− ions). The doped samples showed visible light response,
and the calculated optical band gaps were 3.27, 3.21, 2.75 and 2.77 eV for pristine TiO2,
TiO1.85N0.115, TiO1.813N0.14and TiO1.84N0.121, respectively. Zhou et al. [141] fabricated N-doped
using the same methodology, via anodic oxidation of Ti in electrolyte composed of ammonium
fluoride (NH4F) and triethylamine (C6H15N). Nitrogen was successfully introduced into the
TiO2 lattice replacing oxygen atoms, and as a result there was a shift of TiO2 band edge from
380 nm to 405 nm in N-doped TiO2.

Kim et al. [142] produced N-doped TiO2NTs by anodization of a high-purity TiN alloy with
approximately 5 at.% of N in a glycerol+water (50:50 vol%)+0.27 M NH4F electrolyte. XPS data
of the sample surfaces indicated 2−3 at.% of N atoms present as Ti–O–N in the nanotubes. They
found that the nanostructured layer grown on TiN alloy showed decreased UV response
compared with pure TiO2 NTs film, but showed a strongly increased photoresponse in visible
light spectra.
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Li and colleagues [165] used an electrochemical technique to dope TiO2 with nitrogen atoms,
in two steps. N-doped TiO2 NTs were prepared by electrochemical anodization in glycerol
electrolyte, followed by electrochemical deposition in NH4Cl solution. The optimal conditions
in electrodeposition were: voltage of 3 V, reaction time 2 h, and NH4Cl concentration of 0.5 M.
Both the photoelectrochemical properties and photocatalytic activity under visible light
irradiation were enhanced after N doping into TiO2 nanotube arrays.

By using the aforementioned electrochemical techniques for the nitrogen, it is also possible to
perform doping with other non-metals, such as C and B, for example. Milad and colleagues
[146] achieved carbon-doped titanium oxide nanotubular arrays via anodic oxidation of
titanium foil at 20 V in acidic (0.5 M H3PO4+0.14 M NaF) and organic media (ethylene glycol
+0.3 wt% NH4F) with 0.5 and 1 wt% carbon source (polyvinyl alcohol). Approximately 2.75%
and 8.45% carbon was incorporated into the TNT in the acidic and organic electrolyte,
respectively. The highest photocurrent density was observed for the sample with the higher
amount of carbon atoms incorporated. Krengvirat et al. [147] produced carbon-incorporated
TiO2 by anodic oxidation in EG containing 0.5 wt% NH4F+1 wt% water. The interstitial carbon
arising from the pyrogenation of ethylene glycol electrolytes induced a new C 2p occupied
state at the bottom of the TiO2 conduction band, decreasing band-gap energy to 2.3 eV and
consequently making the material visible-light active. Lu and colleagues [133] fabricated
boron-doped TiO2 NTs by electrochemical anodization in an electrolyte containing different
concentrations of NaBF4 as a boron source. XPS data showed that the boron atoms were
incorporated into the TiO2 lattice, forming a Ti–B–O bond. All the samples presented red shift
(photoresponse under visible light) and higher photocurrents under visible light than the bare
TiO2 NTs. Li and colleagues [148] fabricated TiO2 NTs by electrochemical anodization of Ti in
1 M (NH4)2SO4 + 0.5 wt% NH4F electrolyte, and accomplished boron doping by electrodepo‐
sition in 0.1 M H3BO3 electrolyte (using current densities of 10 µA/cm2 for 27 min). Using XPS
data, B atoms were incorporated into TiO2 matrix, and the B-doped samples exhibited red shift
in absorption (380–510 nm) due to the excitation of electrons from the impurity energy levels
located above the valence-band edge (provided by the B atoms), to the conduction band edge.
The proposed mechanism is consistent with those reported for doping with carbon and
nitrogen.

Besides anion doping, there are numerous papers that investigate the effect of doping with
metal ions in the TiO2 lattice. The metal ions can occupy two different positions in the TiO2

matrix, which are substitutional and interstitial, depending on the ionic radius of the metal.
The dopant occupies the interstitial sites if the dopant radius is much smaller than the matrix
cation, in this case, titanium. If the dopant has similar ionic radius of Ti, the substitutional
mode is adopted [7]. In metal-doped TiO2, new energy states can be formed either within or
beyond the VB and CB, decreasing band-gap energy. However, transition metals may also act
as recombination sites and may cause thermal instability in the anatase phase of TiO2 [7, 27].

Tungsten-doped TiO2 NTs were prepared by Gong et al. [127] in glycerol/fluoride electrolyte
containing sodium tungstate via the electrochemical oxidation of a Ti substrate. XPS data
showed that the W6+ ions were loaded into TiO2 lattice by displacing Ti4+ ions and forming W–
O–Ti bonding. Thus, the UV−Vis spectra of W-doped samples show red shift and decrease the
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band-gap energy from 3.18 eV (bare TiO2 NTs) to 2.97 eV (W-doped TiO2 NTs). These findings
can be attributed to the fact that the conduction band of the W-doped samples was reformed
in the presence of W6+ ions. Das and colleagues [151] prepared tungsten-doped TiO2 NTs by
electrochemical anodization of Ti–W alloys. The sample containing 9% W presented band-gap
energy of 2.83 eV and higher visible photocurrents than undoped samples.

Liu and colleagues [153] produced Zr-doped TiO2 NTs. They prepared TiO2 NTs by electro‐
chemical anodization in 0.14 M NaF and 0.5 M H3PO4 electrolyte, and made the zirconium
doping by electrodeposition in 0.1 M Zr(NO3)4 electrolyte, varying the applied potential. When
the amount of zirconium in TiO2 was small (lower potentials of deposition) zirconium entered
into the lattice of TiO2, acting as defect positions, improving separation of charges. At higher
Zr amounts, zirconium atoms were partially unable to enter into the TiO2 lattice, acting as
recombination sites on the TiO2 surface, decreasing the photocatalytic efficiency. Using a
similar approach, Nie and colleagues [154] produced lanthanum-doped (La-doped) TiO2 NTs.
After the preparation of TiO2 NTs, they executed a cathodic electrochemical process using
lanthanum nitrate solution as the La source. The material became visible photoactive, and the
band gap was decreased from 3.32 eV (undoped) to 3.03 eV (La-doped NTs).

Another approach reported in the literature focuses on the incorporation of more than one
anion (or an anion and a cation) in the structure of TiO2, which is called codoping. Su et al.
[143] prepared N-F-codoped TiO2 NTs by electrochemical anodization of Ti in oxalic acid
+NH4F electrolyte. N-doping into TiO2 resulted in the creation of surface oxygen vacancies,
and F-doping produced several beneficial effects, such as the creation of surface oxygen
vacancies, which enhance the surface acidity, and creation of Ti3+ ions, which reduce electron/
hole recombination. Zhou and colleagues [149] produced B,N-codoped TiO2 nanotube arrays.
Sun et al. [152] produced Si–W codoped TiO2 NTs using a one-step anodization process with
the presence of silicotungstic acid in the electrolyte, and the doped samples presented visible
photocurrent 2.5 times larger than bare TiO2 NTs. Xua and colleagues [144] produced passi‐
vated n–p co-doping of niobium and nitrogen into TiO2 lattice by anodizing Ti–Nb alloys and
posterior N-doping. Liu et al. [145] produced N/Zr-codoped TiO2nanotube arrays in a two-
step process. Firstly they prepared the TiO2 NTs by electrochemical anodization and then
accomplished doping using electrochemical deposition in Zr(NO3)4 and NH4Cl electrolyte. The
doped materials presented increased photoactivity under UV and visible light; the visible light
sensitivity was caused by N-doping, and Zr-doping was responsible for enhancing the charge
separation.

Although several mechanisms have been proposed for doping from experimental and
theoretical data, it is not possible to clearly understand the role of dopants and therefore there
is no consensus in the scientific community [7, 166]. Table 1 shows a summary of the electro‐
chemical strategies fordopingTiO2 nanotubes, with the related references.

4.2.2. Composite semiconductor as photocatalysts

The coupling of two semiconductors with appropriate energy CB and CV can reduce the
recombination of e-/h+ pairs due to the transfer of carriers from one semiconductor to the other,

Enhancement of Photoelectrocatalysis Efficiency by Using Nanostructured Electrodes
http://dx.doi.org/10.5772/58333

289



Li and colleagues [165] used an electrochemical technique to dope TiO2 with nitrogen atoms,
in two steps. N-doped TiO2 NTs were prepared by electrochemical anodization in glycerol
electrolyte, followed by electrochemical deposition in NH4Cl solution. The optimal conditions
in electrodeposition were: voltage of 3 V, reaction time 2 h, and NH4Cl concentration of 0.5 M.
Both the photoelectrochemical properties and photocatalytic activity under visible light
irradiation were enhanced after N doping into TiO2 nanotube arrays.

By using the aforementioned electrochemical techniques for the nitrogen, it is also possible to
perform doping with other non-metals, such as C and B, for example. Milad and colleagues
[146] achieved carbon-doped titanium oxide nanotubular arrays via anodic oxidation of
titanium foil at 20 V in acidic (0.5 M H3PO4+0.14 M NaF) and organic media (ethylene glycol
+0.3 wt% NH4F) with 0.5 and 1 wt% carbon source (polyvinyl alcohol). Approximately 2.75%
and 8.45% carbon was incorporated into the TNT in the acidic and organic electrolyte,
respectively. The highest photocurrent density was observed for the sample with the higher
amount of carbon atoms incorporated. Krengvirat et al. [147] produced carbon-incorporated
TiO2 by anodic oxidation in EG containing 0.5 wt% NH4F+1 wt% water. The interstitial carbon
arising from the pyrogenation of ethylene glycol electrolytes induced a new C 2p occupied
state at the bottom of the TiO2 conduction band, decreasing band-gap energy to 2.3 eV and
consequently making the material visible-light active. Lu and colleagues [133] fabricated
boron-doped TiO2 NTs by electrochemical anodization in an electrolyte containing different
concentrations of NaBF4 as a boron source. XPS data showed that the boron atoms were
incorporated into the TiO2 lattice, forming a Ti–B–O bond. All the samples presented red shift
(photoresponse under visible light) and higher photocurrents under visible light than the bare
TiO2 NTs. Li and colleagues [148] fabricated TiO2 NTs by electrochemical anodization of Ti in
1 M (NH4)2SO4 + 0.5 wt% NH4F electrolyte, and accomplished boron doping by electrodepo‐
sition in 0.1 M H3BO3 electrolyte (using current densities of 10 µA/cm2 for 27 min). Using XPS
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showed that the W6+ ions were loaded into TiO2 lattice by displacing Ti4+ ions and forming W–
O–Ti bonding. Thus, the UV−Vis spectra of W-doped samples show red shift and decrease the
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band-gap energy from 3.18 eV (bare TiO2 NTs) to 2.97 eV (W-doped TiO2 NTs). These findings
can be attributed to the fact that the conduction band of the W-doped samples was reformed
in the presence of W6+ ions. Das and colleagues [151] prepared tungsten-doped TiO2 NTs by
electrochemical anodization of Ti–W alloys. The sample containing 9% W presented band-gap
energy of 2.83 eV and higher visible photocurrents than undoped samples.

Liu and colleagues [153] produced Zr-doped TiO2 NTs. They prepared TiO2 NTs by electro‐
chemical anodization in 0.14 M NaF and 0.5 M H3PO4 electrolyte, and made the zirconium
doping by electrodeposition in 0.1 M Zr(NO3)4 electrolyte, varying the applied potential. When
the amount of zirconium in TiO2 was small (lower potentials of deposition) zirconium entered
into the lattice of TiO2, acting as defect positions, improving separation of charges. At higher
Zr amounts, zirconium atoms were partially unable to enter into the TiO2 lattice, acting as
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After the preparation of TiO2 NTs, they executed a cathodic electrochemical process using
lanthanum nitrate solution as the La source. The material became visible photoactive, and the
band gap was decreased from 3.32 eV (undoped) to 3.03 eV (La-doped NTs).

Another approach reported in the literature focuses on the incorporation of more than one
anion (or an anion and a cation) in the structure of TiO2, which is called codoping. Su et al.
[143] prepared N-F-codoped TiO2 NTs by electrochemical anodization of Ti in oxalic acid
+NH4F electrolyte. N-doping into TiO2 resulted in the creation of surface oxygen vacancies,
and F-doping produced several beneficial effects, such as the creation of surface oxygen
vacancies, which enhance the surface acidity, and creation of Ti3+ ions, which reduce electron/
hole recombination. Zhou and colleagues [149] produced B,N-codoped TiO2 nanotube arrays.
Sun et al. [152] produced Si–W codoped TiO2 NTs using a one-step anodization process with
the presence of silicotungstic acid in the electrolyte, and the doped samples presented visible
photocurrent 2.5 times larger than bare TiO2 NTs. Xua and colleagues [144] produced passi‐
vated n–p co-doping of niobium and nitrogen into TiO2 lattice by anodizing Ti–Nb alloys and
posterior N-doping. Liu et al. [145] produced N/Zr-codoped TiO2nanotube arrays in a two-
step process. Firstly they prepared the TiO2 NTs by electrochemical anodization and then
accomplished doping using electrochemical deposition in Zr(NO3)4 and NH4Cl electrolyte. The
doped materials presented increased photoactivity under UV and visible light; the visible light
sensitivity was caused by N-doping, and Zr-doping was responsible for enhancing the charge
separation.

Although several mechanisms have been proposed for doping from experimental and
theoretical data, it is not possible to clearly understand the role of dopants and therefore there
is no consensus in the scientific community [7, 166]. Table 1 shows a summary of the electro‐
chemical strategies fordopingTiO2 nanotubes, with the related references.

4.2.2. Composite semiconductor as photocatalysts

The coupling of two semiconductors with appropriate energy CB and CV can reduce the
recombination of e-/h+ pairs due to the transfer of carriers from one semiconductor to the other,
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as can be seen in Figure 8. Furthermore, depending on the band-gap energy of the semicon‐
ductor used, the composite can be activated in the visible region [7].

There are few papers that report on the coupling of semiconductors by electrochemical
techniques. In this case, the composite is produced by a two-step process. CdS is the most used
semiconductor to coupling with TiO2 due to its small band-gap energy (Eg=2.4 eV). Li and
colleagues [135] produced CdS nanoparticles-modified TiO2 nanotube arrays by electrodepo‐
sition via direct current. In the electrodeposition step, they used as electrolyte a mixed solution
of 0.01 M CdCl2 in dimethyl sulphoxide (DMSO) with saturated elemental sulphur. CdS was
cathodically electrodeposited at the optimum constant DC density of 0.5 mA cm−2 for 5–15 min.
They found that the photocurrents of CdS/TiO2 NTs were much larger than those of pure
TiO2 NTs. Under UV−Vis irradiation, both semiconductors are excited and as the conduction
band of TiO2 is more anodic than that of the CdS there is efficient electron transfer between
the CdS and TiO2. Thus, the photogenerated electrons are injected from the conduction band
(CB) of CdS to the CB of TiO2; at the same time, the holes transfer from the valence band (VB)
of TiO2 to the VB of CdS. In heterojunctions such as CdS/TiO2 there are less electron/hole
recombinations and enhanced light absorption, both UV and visible. Zhang et al. [161]
prepared water-soluble CdS quantum dots (QDs) and deposited on highly ordered TiO2NTs
by various methods, including cyclic voltammetric (CV) electrodeposition. The QDs were
prepared using 0.01 mol L−1 cadmium nitrate and 0.01 mol L−1 sodium sulphide dissolved in 6
× 10−5 mol L−1 N-cetyl-N,N,N-trimethyl ammonium bromide aqueous solution. The CV
electrodeposition was carried out in a conventional three-electrode system with TiO2 NTs as
the working electrode under applied voltage sweeps from −0.8 to 0.2 V versus SCE and a scan
rate of 30 mV s−1. The yielding composites of CdS/TiO2 NTs prepared by CV showed excellent
photoelectrical behaviour and superior visible-light photocatalytic activity due to the solid
binding and effective coupling between the QDs and the TiO2 NTs.

Feng and colleagues [162] prepared a heterojunction of CdTe/TiO2 NTs. CdTe is a direct band-
gap semiconductor with Eg=1.5 eV, absorbing almost across the visible spectrum. After the
preparation of TiO2 NTs, CdTe nanoparticles were pulse electrodeposited in a conventional
three-electrode system (with the TiO2 NTs as working electrode) in electrolyte solution
containing 0.08 mol L−1 CdSO4 and 0.05 mol L−1 NaTeO3. The pulse on–off time ratio was 0.2:1,
with a running voltage of −1 V. A red shift of 50 nm was observed in CdS/TiO2 NTs composite
and the calculated optical band gap was 1.5 eV. The positions of CB and VB in relation to the
TiO2were similar to the CdS; there was electron injection from the photoexcited CdTe to
TiO2 CB, and the photogenerated holes moved from the TiO2 VB to the CdTe VB, preventing
the recombination of charges.

Tsui and colleagues [163] studied the modification of TiO2 NTs with Cu2O by electrodeposition.
Cu2O is a p-type semiconductor with a direct band gap of 1.95–2.2 eV. The junction between
p-type Cu2O and n-type TiO2 in principle enhances the separation of electron/hole pairs; the
Cu2O is also visible-light responsive. Electrodeposition of Cu2O was performed using the as-
prepared TiO2 NTs with working electrode using a three-step pulse plating method (−0.5 V for
5 ms, −0.3 V for 0.5 ms, and 0 V for 5 s) from a solution containing 0.02 M Cu(CH3COO)2 and
0.1 M NaCH3COO (pH 5.7). The Cu2O/TiO2 composite presented visible light absorption and
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the band gap values obtained were 3.27 eV for TiO2 and 2.21 eV for Cu2O/TiO2 heterojunction.
However, Cu2O on TiO2 NTs dissolves under intense light, limiting the use of Cu2O in
photoelectrochemical devices.

4.2.3. Metal deposition

The decoration of TiO2 by dopants of nanoparticles of noble metals (such as Ag, Au, Pt, and
Pd) has attracted attention in order to enhance the photoactivity of the material. Due to
different Fermi levels of TiO2 and the metal nanoparticles, a Schottky barrier can be formed in
the new material. Therefore, there is a rectification of the charge carrier transfer where the
energetic difference at the semiconductor/metal interface drives the e− from the CB of the
TiO2 into the metal nanoparticles. In other words, the metal acts as an electron trap, promoting
interfacial charge transfer and therefore minimizing recombination of the e-/h+ pairs, as shown
in Figure 9 [7].

Xie and colleagues [155] produced Ag-loaded TiO2 NTs using pulse current deposition
technique in 0.01 M AgNO3 and 0.1 M NaNO3 electrolyte, using the as-prepared TiO2 NTs as
working electrode. They applied −15 mA cm−2 of pulse current with 0.1 s on-time and 0.3 s off-
time. Highly dispersed Ag nanoparticles of 10–40 nm were deposited on TiO2. TiO2 NTs and
Ag/TiO2 NTs showed a similar maximum photocurrent density λ (imax 330 nm), but Ag/TiO2

NTs displayed much more intensive photocurrent response, which can be explained by the
Schottky barrier formation separating the charge carriers more efficiently. Zhang and collea‐
gues [156] prepared N-doped TiO2 NTs and loaded Ag nanoparticles on the TiO2 surface by

Figure 8. Schematic representation of the mechanism of charges separation in a photoelectrochemical system opera‐
tedby coupling a visible active semiconductor to a TiO2 electrode
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electrodeposition was carried out in a conventional three-electrode system with TiO2 NTs as
the working electrode under applied voltage sweeps from −0.8 to 0.2 V versus SCE and a scan
rate of 30 mV s−1. The yielding composites of CdS/TiO2 NTs prepared by CV showed excellent
photoelectrical behaviour and superior visible-light photocatalytic activity due to the solid
binding and effective coupling between the QDs and the TiO2 NTs.

Feng and colleagues [162] prepared a heterojunction of CdTe/TiO2 NTs. CdTe is a direct band-
gap semiconductor with Eg=1.5 eV, absorbing almost across the visible spectrum. After the
preparation of TiO2 NTs, CdTe nanoparticles were pulse electrodeposited in a conventional
three-electrode system (with the TiO2 NTs as working electrode) in electrolyte solution
containing 0.08 mol L−1 CdSO4 and 0.05 mol L−1 NaTeO3. The pulse on–off time ratio was 0.2:1,
with a running voltage of −1 V. A red shift of 50 nm was observed in CdS/TiO2 NTs composite
and the calculated optical band gap was 1.5 eV. The positions of CB and VB in relation to the
TiO2were similar to the CdS; there was electron injection from the photoexcited CdTe to
TiO2 CB, and the photogenerated holes moved from the TiO2 VB to the CdTe VB, preventing
the recombination of charges.

Tsui and colleagues [163] studied the modification of TiO2 NTs with Cu2O by electrodeposition.
Cu2O is a p-type semiconductor with a direct band gap of 1.95–2.2 eV. The junction between
p-type Cu2O and n-type TiO2 in principle enhances the separation of electron/hole pairs; the
Cu2O is also visible-light responsive. Electrodeposition of Cu2O was performed using the as-
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the band gap values obtained were 3.27 eV for TiO2 and 2.21 eV for Cu2O/TiO2 heterojunction.
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photoelectrochemical devices.
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Pd) has attracted attention in order to enhance the photoactivity of the material. Due to
different Fermi levels of TiO2 and the metal nanoparticles, a Schottky barrier can be formed in
the new material. Therefore, there is a rectification of the charge carrier transfer where the
energetic difference at the semiconductor/metal interface drives the e− from the CB of the
TiO2 into the metal nanoparticles. In other words, the metal acts as an electron trap, promoting
interfacial charge transfer and therefore minimizing recombination of the e-/h+ pairs, as shown
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electrochemical deposition using 0.2 g L-1 AgNO3 in 2.5 g L-1 EDTA solution applying −0.1 V
for 1−20 s.

Xing et al. [157] produced Pt-nanoparticles-decorated TiO2 NTs by cyclic voltammetry
electrodeposition in 19.3 mM H2PtCl6 solution from −0.4 to 0.5 V at a scan rate of 10 mV s−1

(controlling the number of cycles). Yin and colleagues [158] also prepared Pt/TiO2 NTs using
an electrochemical approach, but using AC electrodeposition at 2–4 V for 5−30 min in solution
containing 1 mmol L–1 of H2PtCl6.

In the paper of Qin and colleagues [159] Pd particles were deposited onto the TiO2 NTs
electrode by a pulse electrodeposition technique in PdCl2 (2 g L−1) electrolyte solution (pH 1.5).
Cheng et al. [160] prepared Pd/TiO2 NTs through an electrochemical deposition method at a
constant potential of −0.8 V using PdCl2 solution (1 mM) in 0.5 mol L−1 NaCl electrolyte. The
Pd/TNTs sample displayed absorption between 540 nm and 700 nm and presented transient
photocurrent density of about 0.094 mA cm−2, higher than that of TNTs (0.067 mA m−2) under
xenon lamp irradiation, indicating that decoration with Pd improves the charge separation,
according to the Schottky barrier formation mechanism.

All these materials have been demonstrated to massively improve photoelectrocatalytic
oxidation processes. Works dealing with water contaminated by a wide range of compounds
are discussed below and summarized in Table 2.

5. Application of nanostructured materials in photoelectrocatalysis

As  the  complexity  of  contaminants  increases,  the  efficiency  of  photoelectrocatalytic
treatment methods needs to be enhanced by the use of different strategies, as they pose a

Figure 9. Metal coupling on TiO2 surface and the mechanism of charge separation in a photoelectrochemical system
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potential  risk  to  the  environment.  Most  reported  work  tackles  the  oxidation  of  organic
pollutants,  such as  dyes  of  different  classes  and industry  uses,  hormones,  pharmaceuti‐
cals,  pesticides,  etc.  Oxidation of biological  microorganisms such as bacteria and fungus
has  also  been  investigated.  In  all  these  studies,  oxidation  is  promoted  by  ●OH  action
generated at the interface photoanode/electrolyte. As discussed previously, these hydrox‐
yl radicals are generated on n-type semiconductors when the holes (h+) on the electrode
surface react with water and/or hydroxyl ions.

The  reduction  of  inorganic  contaminants  has  been  studied  as  well.  The  main  contami‐
nants described have been bromide, nitrate, nitrite and CO2. In this case, the reduction takes
place at a p-type semiconductor [12]. The reduction of toxic metals (Cr6+ to Cr3+) has also
been  described  [61]  in  a  photoelectrocatalytic  process  where  the  cathode  is  Pt  but  is
conjugated  in  a  system  where  the  organic  molecules  are  oxidized  simultaneously  in  a
photocathode such as  Ti/TiO2  and the  electrons are  forwarded to  the  counter  electrode,
where the reduction of Cr (VI) takes place [167]. Solar conversion of CO2 to hydrocarbon
fuels seems promising to reduce global warming for improved sustainability. Solar fuels
include hydrogen, carbon monoxide, methane and methanol [168].

More  recently,  the  application  of  semiconductor  materials  has  received  a  great  deal  of
attention in a re-emerging field: the generation of hydrogen as a clean energy carrier. Studies
have described the  direct  water  splitting  process  and the  degradation of  organic  pollu‐
tants in order to obtain hydrogen [16]. For this purpose, the use of n and p-type semicon‐
ductor materials using the photoelectrocatalysis method was investigated. The choice of the
semiconductor  material  for  hydrogen  generation  purposes  depends  on  the  valence  and
conduction-band energy levels, which are pH dependent (Figure 10).

The lower edge of the conduction band needs to be greater than the energy level for H2

evolution (according to Equation 11). For water-splitting purposes (Figure 10), the upper
edge of the valence band needs to have enough energy to promote the H2O/O2 reaction
(Equation 12), while for simultaneous organic-pollutant removal the energy level must be
more  electropositive  than the  OH−/●OH level  for  hydroxyl  radical  formation (Equations
11,12):

2H + +  2e- →  H2 (11)

2H 2O →  O2 +  4e- +  4H + (12)

The use of solar light for hydrogen generation purposes has been desirable for the same reasons
as for PEC purposes. Hence, the development of photoanodes that absorb light in the visible
region (λ>400 nm) is necessary, and could be achieved by lowering the photoanode band-gap
energy.
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As  the  complexity  of  contaminants  increases,  the  efficiency  of  photoelectrocatalytic
treatment methods needs to be enhanced by the use of different strategies, as they pose a

Figure 9. Metal coupling on TiO2 surface and the mechanism of charge separation in a photoelectrochemical system
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potential  risk  to  the  environment.  Most  reported  work  tackles  the  oxidation  of  organic
pollutants,  such as  dyes  of  different  classes  and industry  uses,  hormones,  pharmaceuti‐
cals,  pesticides,  etc.  Oxidation of biological  microorganisms such as bacteria and fungus
has  also  been  investigated.  In  all  these  studies,  oxidation  is  promoted  by  ●OH  action
generated at the interface photoanode/electrolyte. As discussed previously, these hydrox‐
yl radicals are generated on n-type semiconductors when the holes (h+) on the electrode
surface react with water and/or hydroxyl ions.

The  reduction  of  inorganic  contaminants  has  been  studied  as  well.  The  main  contami‐
nants described have been bromide, nitrate, nitrite and CO2. In this case, the reduction takes
place at a p-type semiconductor [12]. The reduction of toxic metals (Cr6+ to Cr3+) has also
been  described  [61]  in  a  photoelectrocatalytic  process  where  the  cathode  is  Pt  but  is
conjugated  in  a  system  where  the  organic  molecules  are  oxidized  simultaneously  in  a
photocathode such as  Ti/TiO2  and the  electrons are  forwarded to  the  counter  electrode,
where the reduction of Cr (VI) takes place [167]. Solar conversion of CO2 to hydrocarbon
fuels seems promising to reduce global warming for improved sustainability. Solar fuels
include hydrogen, carbon monoxide, methane and methanol [168].

More  recently,  the  application  of  semiconductor  materials  has  received  a  great  deal  of
attention in a re-emerging field: the generation of hydrogen as a clean energy carrier. Studies
have described the  direct  water  splitting  process  and the  degradation of  organic  pollu‐
tants in order to obtain hydrogen [16]. For this purpose, the use of n and p-type semicon‐
ductor materials using the photoelectrocatalysis method was investigated. The choice of the
semiconductor  material  for  hydrogen  generation  purposes  depends  on  the  valence  and
conduction-band energy levels, which are pH dependent (Figure 10).

The lower edge of the conduction band needs to be greater than the energy level for H2

evolution (according to Equation 11). For water-splitting purposes (Figure 10), the upper
edge of the valence band needs to have enough energy to promote the H2O/O2 reaction
(Equation 12), while for simultaneous organic-pollutant removal the energy level must be
more  electropositive  than the  OH−/●OH level  for  hydroxyl  radical  formation (Equations
11,12):

2H + +  2e- →  H2 (11)

2H 2O →  O2 +  4e- +  4H + (12)

The use of solar light for hydrogen generation purposes has been desirable for the same reasons
as for PEC purposes. Hence, the development of photoanodes that absorb light in the visible
region (λ>400 nm) is necessary, and could be achieved by lowering the photoanode band-gap
energy.
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Figure 10. Schematic representation of Eg values (in eV) and position of CB and VB for the main semiconductors

5.1. TiO2 nanomaterials applied to water treatment

The use of TiO2-nanostructured materials in the removal of contaminants is undoubtedly a
successful system in the treatment of wastewater. The use of nanotubes obtained from different
routes has been described as an efficient alternative method to promote higher discoloration
and partial mineralization of main organic pollutants, as they have a high and homogenous
surface area and suitable photocurrent values.

The degradation of organochlorinated compounds [169, 170], pesticides [171, 172], aromatic
amines [10], biological microorganisms [14, 15], hormones (endocrine disrupters) [173, 174],
flameretardants [175] and mainly dyes [176] has been reported with high efficiency shown by
nanotube materials acting as photoanodes in photoelectrocatalytic treatment.

TiO2 NTs have proved to be more photoactive and to improve the efficiency of PEC degrada‐
tion of pentachlorophenol under biased potential, with sodium sulphate as electrolyte (0.01
mol L−1) and low pH of the original solution. The photoelectrocatalytic processes have been
shown to be more efficient than electrocatalytic, photolytic and photocatalytic techniques [169].
Quan and colleagues [170] also observed the synergistic effect of photoelectrocatalysis
compared to photocatalytic and electrochemical processes aiming at the degradation of
pentachlorophenol in aqueous solution. They also reported that TiO2 NTs under UV irradiation
promoted higher mineralization than a conventional sol-gel film electrode.

The photoelectrocatalytic degradation of pesticides has been performed by TiO2 thin films.
Philippidis and colleagues achieved 82% of degradation of the pharmaceutical compound
imidacloprid using Ti/TiO2 electrodes prepared by the immobilization of P25 powder onto Ti
substrate. The degradation efficiency increased with increased applied potential, following the
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first-order kinetics model after three hours of treatment. The method was proved to be more
efficient than photocatalysis (63% removal) and photolysis (5% removal) operating under UV
irradiation [171]. The pesticide Dipterex has been removed by using TiO2 as a photoanode,
prepared by a sol-gel method depositing over a nickel net. The method promoted a chemical
oxygen demand (COD) removal and organophosphorous conversion of up to 82.6% and 83.5%,
respectively, after 2 h of treatment under UV light [172].

The incomplete reduction of azo dyes and nitroaromatic compounds can usually promote
aromatic amine formation, which can be released into the environment as potential carcino‐
gens. This has been reported in drinking water treatment plants [177]. The use of TiO2 NTs as
photoanodes was proposed by Cardoso and colleagues. The method is efficient since it
promotes the complete degradation and mineralization of 4,4-oxydianiline after 2 h of
photoelectrocatalytic treatment under UV irradiation [10].

The PEC degradation of 4,4‘-dibromobiphenyl used in flame retardants in the textile, and
electronic industries, and in additives in plastics, has been performed using TiO2 NTs as
photoanodes. This class of compounds is described as toxic to human health and the environ‐
ment. The photoelectrocatalytic process was more efficient than the photocatalytic and
electrolytic process alone. Different anodes were compared: TiO2, Zr/TiO2 and Zr,N/TiO2 NTs.
The photoelectrocatalytic efficiency was significantly affected by the properties of the catalysts
and the best performance was observed with TiO2 doped with nitrogen and zirconium, as it
had a higher photocurrent under UV irradiation by a 125 W mercury lamp [175].

Biological  microorganisms can cause  the  contamination of  water  by  spreading potential
pathogens.  TiO2  nanotube  arrays  and  Ag-loaded  TiO2  NTs  have  been  employed  in  the
disinfection  of  water  containing  Mycobacterium  smegmatis.  Under  UV  irradiation  the
photoelectrochemical treatment promoted 100% inactivation after 3 min. The effect of Ag
on TiO2  NTs has been observed in TOC removal,  which reached 98% and 90% for  Ag/
TiO2 and TiO2, respectively, after 4 h of treatment [14]. The inactivation of Mycobacterium
kansasii  and  Mycobacterium  avium  has  also  been  conducted  on  TiO2  and  Ag/TiO2  NTs
electrodes  by photoelectrocatalytic  oxidation.  The  inactivation of  both  bacteriawas  100%
after 3−5 minutes of treatment, faster than photocatalytic and photolytic treatment meth‐
ods, indicating that the bias potential of the photoanode potentializes the treatment [15].
Egerton and colleagues described the PEC inactivation of  wastewater  containing E.  Coli
using  TiO2  irradiated  by  UV  light.  The  method  is  also  efficient  for  the  removal  of  4-
nitrophenol and humic acid contaminants [178].

Endocrine disrupters have been reported as a class of compounds which can mimic or inhibit
the natural actions of the endocrine system in animals and humans, such as synthesis,
secretion, transport and binding. They can be either natural or synthetic compounds that come
from different sources, such as pharmaceutical compounds, personal care products, disinfec‐
tionproducts and surfactants [173]. The literature [11] reports the removal of Bisphenol A from
wastewater using TiO2 NTs in a photoelectrocatalytic oxidation process under UV light and
applied potential of +1.2 V. The removal was confirmed by HPLC/DAD analysis. The degra‐
dation of carbamazepine has been conducted with Ti/TiO2 electrodes prepared by pulsed laser
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promotes the complete degradation and mineralization of 4,4-oxydianiline after 2 h of
photoelectrocatalytic treatment under UV irradiation [10].

The PEC degradation of 4,4‘-dibromobiphenyl used in flame retardants in the textile, and
electronic industries, and in additives in plastics, has been performed using TiO2 NTs as
photoanodes. This class of compounds is described as toxic to human health and the environ‐
ment. The photoelectrocatalytic process was more efficient than the photocatalytic and
electrolytic process alone. Different anodes were compared: TiO2, Zr/TiO2 and Zr,N/TiO2 NTs.
The photoelectrocatalytic efficiency was significantly affected by the properties of the catalysts
and the best performance was observed with TiO2 doped with nitrogen and zirconium, as it
had a higher photocurrent under UV irradiation by a 125 W mercury lamp [175].

Biological  microorganisms can cause  the  contamination of  water  by  spreading potential
pathogens.  TiO2  nanotube  arrays  and  Ag-loaded  TiO2  NTs  have  been  employed  in  the
disinfection  of  water  containing  Mycobacterium  smegmatis.  Under  UV  irradiation  the
photoelectrochemical treatment promoted 100% inactivation after 3 min. The effect of Ag
on TiO2  NTs has been observed in TOC removal,  which reached 98% and 90% for  Ag/
TiO2 and TiO2, respectively, after 4 h of treatment [14]. The inactivation of Mycobacterium
kansasii  and  Mycobacterium  avium  has  also  been  conducted  on  TiO2  and  Ag/TiO2  NTs
electrodes  by photoelectrocatalytic  oxidation.  The  inactivation of  both  bacteriawas  100%
after 3−5 minutes of treatment, faster than photocatalytic and photolytic treatment meth‐
ods, indicating that the bias potential of the photoanode potentializes the treatment [15].
Egerton and colleagues described the PEC inactivation of  wastewater  containing E.  Coli
using  TiO2  irradiated  by  UV  light.  The  method  is  also  efficient  for  the  removal  of  4-
nitrophenol and humic acid contaminants [178].

Endocrine disrupters have been reported as a class of compounds which can mimic or inhibit
the natural actions of the endocrine system in animals and humans, such as synthesis,
secretion, transport and binding. They can be either natural or synthetic compounds that come
from different sources, such as pharmaceutical compounds, personal care products, disinfec‐
tionproducts and surfactants [173]. The literature [11] reports the removal of Bisphenol A from
wastewater using TiO2 NTs in a photoelectrocatalytic oxidation process under UV light and
applied potential of +1.2 V. The removal was confirmed by HPLC/DAD analysis. The degra‐
dation of carbamazepine has been conducted with Ti/TiO2 electrodes prepared by pulsed laser
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deposition. After 120 min of treatment, 73.5% pollutant removal was achieved, and 21.2%
mineralization. Although complete degradation was not achieved the by-products were not
toxic in the presence of Vibrio Fisheri [174]. The removal of these compounds is better than that
achieved by other methods, such as photocatalysis [179], activated sludge [180] and biological
treatment [181].

Different activities in the textile, paper, pharmaceutical, leather and food industries, among
others, release a huge amount of dyes in effluents that can reach drinking water treatment
plants if they are not appropriately treated. There are serious concerns over these compounds
– many are potential carcinogens, or have xenobiotic or toxic properties that can harm the
environment and living organisms [176].

The PEC oxidation of methyl orange [182], methylene blue [183] and rhodamine B [184] dyes
has been reported. The photoelectrochemical method promoted 100% discoloration and high
reduction of the toxicity of dispersed and indigoid organic dyes [185-187].

Recently, the main target of PEC studies has been the visible light activation of materials [188].
The relevance of reactors for photoelectrocatalytic treatment has also been described. It has
been mentioned that the use of solar cells to supply the energy in PEC systems could reduce
the cost of batch reactors by making it unnecessary to purchase electricity –electricity costshave
been pointed out as the main disadvantage of this process [189].

For  hydrogen  production,  a  lot  of  photocatalysts  have  been  studied  in  the  litera‐
ture,though mainly TiO2 and modified TiO2. Lianos described the use of TiO2 supported
on ITO and FTO and TiO2 doped with N, C and S as well  as the use of photocatalysts
combined with noble metals such as Pt, Pd and Au and the coupled semiconductors TiO2/
SnO2, TiO2/WO3, TiO2/RuO2, TiO2/V2O5 in an attempt to use visible light irradiation [16].
Pure TiO2 nanotube arrays have also been described in photoelectrochemical water splitting
and simultaneous degradation of methylene blue [78]. The PEC experiments were conduct‐
ed using an artificial sunlight simulator. The higher photoconversion efficiency for hydro‐
gen generation and the degradation efficiency of MB were attributed to the better electron
transfer  process  observed  for  two-step  TiO2  NTs  over  one-step  TiO2  NTs.  CdS/TiO2

nanotubes  for  photoelectrochemical  hydrogen  production  have  also  been  described:  the
doped material presented a better performance in the H2 generation rate than the pure TiO2

NTs under solar light illumination [190].

Zhao and colleagues carried out simultaneous photoelectrochemical destruction. They
obtained contaminant and nickel recovery on the cathode. The deposition of TiO2 film was
performed by dip-coating [167]. Paschoal and colleagues promoted the photoelectrochemical
reduction of bromate under Ti/TiO2 coated as a photocathode. Photoelectrocatalytic reduction
of BrO3

− to Br− can reach 70% at neutral pH under biased potential of −0.20 V after 75 minutes
of treatment [191]. Table2 shows a summary of the selected studiesusingdopedand undoped
TiO2 photoanodes used in photoelectrocatalytic applications.
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Photoanode PEC application Reference

TiO2 NTs
Organics degradation [10], [169], [170], [11], [192], [175], [193]

Water splitting [194, 195], [196], [197]

TiO2 NTs coupled with other

semiconductors

Organics degradation [9], [198], [199], [200], [186], [201], [162]

Water splitting [202]

Anion-doped TiO2 NTs
Organics degradation [203], [143], [133], [148], [149]

Water splitting [204], [147], [93]

Cation-doped TiO2 NTs
Organics degradation [127], [154], [205]

Water splitting [128]

TiO2 NTs coupled with noble metals

Organics degradation [206], [207]

Water splitting [208], [158]

Disinfection [14], [15], [209]

TiO2 thin film

Organics degradation [171], [172], [189]

Water splitting [210], [211]

Disinfection [212], [62]

Doped TiO2 thin film Organics degradation [213], [214], [215], [205], [216]

Table 2. Photoelectrocatalytic applications of doped and undoped TiO2-based nanostructured semiconductors

5.2. Application of doped, decorated and composite of TiO2 nanomaterials PEC

N-doped TiO2 coatings prepared by radiofrequency magnetron sputtering has been employed
on the degradation of the antibiotic chlortetracycline under 0.6 A of current intensity and solar
simulator irradiation during 180 min, leading to 99% degradation. This is more efficient than
pure Ti/TiO2. This process has also shown to be efficient in the inactivation of faecal coliform,
which is an indicator pathogen [217]. Wu and Zhang [204] prepared nitrogen-doped double-
wall TiO2 NTs, which under simulated solar light presented a high photoelectrochemical water
splitting performance due to the high surface areas and absorbance in the visible light region.
Sun et al. [203] prepared N-doped TiO2 NTs, which presented better efficiency in Rhodamine
B PEC degradation.

Boron-doped TiO2 NTs have also been studied as photoanodes prepared by chemical vapour
deposition. The electrode was applied in the degradation of methyl orange dye under visible
light irradiation promoting 100% discoloration under applied potential of +2.0 V and UV
irradiation  [192].  In  the  studies  by  Lu  and  colleagues  [133]  and  Li  et  al.  [148]  boron-
doped TiO2 NTs were prepared and applied in the PEC degradation of atrazine and phenol,
respectively.

TiO2 has been doped with nickel and used as a photocatalyst in the degradation of Acid Red
88 dye. The photoanode powder was prepared by the sol-gel method and 95% COD and TOC
removal was obtained after 35 min of treatment under UV and solar irradiation. The colour
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removal was 72% for photocatalytic treatment and 97% for photoelectrocatalytic treatment
under +1.6 V [189]. Gong and colleagues prepared W-doped TiO2 NTs and applied these in
simultaneous Rhodamine B degradation and production of hydrogen [127]; tungsten-doped
TiO2 films were also applied in dodecyl-benzenesulfonate removal by PEC [213].

Arrays of porous iron-doped TiO2 as photoelectrocatalyst with controllable pore size have been
synthesized by using polystyrene spheres as templates. It was found that photoelectrochemical
hydrogen generation was favoured by a shift in the flat-band potential from −0.38V to −0.55 V
vs. SCE and an increase of photocurrent by 80% [218].

Pt-deposited TiO2 photoanodes have been prepared by a sol-gel method, where the amount
of Pt was shown to interfere with the photoelectrochemical response for glucose oxidation.
The increased Pt lowered the photocurrent but the overall oxidation efficiency of the PEC
process was better than the PC process, for both TiO2 and Pt-TiO2 films [219]. Ye et al. [208]
prepared TiO2 NTs sensitized by palladium quantum dots (Pd QDs), which exhibit highly
efficient photoelectrocatalytic hydrogen generation. Zhang and colleagues [206] prepared
TiO2 NTs loaded with Pd nanoparticles, and the PEC activity was investigated with degrada‐
tion of methylene blue and Rhodamine B.

CdS-ZnS/TiO2 composite material has been investigated in the production of electricity. The
band-gap energy can be tuned between that of ZnS (3.5 eV) and that of CdS (2.3 eV) by varying
Cd (or Zn) content. Photocatalytic and photoelectrocatalytic processes in basic electrolyte with
ethanol as a sacrificial electron donor was also investigated. The performance of CdS-ZnS, Pt/
(CdS-ZnS), Pt/(CdS-ZnS)/TiO2 and Pt/TiO2 photoanodes was compared and 75% CdS–25% ZnS
over pure TiO2 presented better electrocatalyst effect than 100% CdS over TiO2 [220]. CdS nano-
crystallites-decorated TiO2 nanotube array photoelectrodes were prepared through anodiza‐
tion and electrodeposition strategies. Enhancement of photoelectrocatalytic degradation of
Rhodamine B was achieved under Xenon light irradiation [198].

Georgieva and colleagues described the use of bicomponent anodes of TiO2/WO3 for the
photoelectrocatalytic oxidation of organic species. WO3 is a promising additive for TiO2 since
it modifies its photochemical properties in a favourable manner, both with respect to reduced
recombination and visible light activity because of the lower band-gap energy. The coupling
of semiconductor oxides leads to electron and hole transfer between the two materials in
opposite directions, thus limiting recombination of the photogenerated species in the same
material [29]. These materials have been employed in the degradation of 2,3-dichlorophenol
under visible light irradiation [199], the removal of the hair dye Basic Red 51 under UV and
visible light source [200] and the PEC oxidation of indigo carmine dye [186].

The use of heterojunctions was studied by Christensen and colleagues, who conducted the
PEC degradation of E. Coli under UV irradiation using Si/TiO2/Au as photoanode. The
experiments were performed in water and air [221]. The silicon nanowire/TiO2 heterojunction
arrays were employed on the PEC degradation of phenol under simulated solar light irradia‐
tion. The kinetic constant and total organic carbon (TOC) removal were 1.7 times and two times
as great as those of n-Si/TiO2, respectively [222].
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The PEC degradation of flame-retardants has been described under macroporous silicon/
graphene (MPSi/Gr) heterostructure. The experiments were conducted under visible light
irradiation and compared to photocatalytic degradation. The photoelectrocatalytic degrada‐
tion five times faster than PC degradation [223].

CdTe nanotubes have been produced by using ZnO as a template on an ITO surface. These
were then used with the photoelectrocatalytic degradation of the Acid Blue 80 dye. This study
provided a good strategy for the design of visible light-responsive photocatalysts that can be
recycled and possess high efficiency, extremely low mass and high chemical stability [224].

The PEC remediation of 2,4-dichlorophenol by visible-light-enhanced WO3 has also been
described. The degradation process achieved 74% pollutant removal after a period of 24
hours,  monitored  by  both  chemical  analysis  and  a  bacterial  biosensor  (Escherichia  coli)
toxicity assay [225].

For hydrogen production, photocatalysts reported in the literature apart from TiO2 include
ZnO, Fe2O3, and SrTiO3, which has the energy levels necessary to create active radical species
that could efficiently carry out photodegradation process [16]. Under visible light irradiation
some n-type materials have been described: nanoporous WO3, α-Fe2O3 or haematite and
nanocrystalline BiVO4 [18].

The Cu/Cu2O system as photocathode has been described in relation to  nitrate  removal
under UV irradiation and biased potential.  The material  was prepared by electrodeposi‐
tion and long-term stability was achieved. 93% nitrate removal was achieved after 75 min
under  the  best  experimental  conditions.  Nitrate  reduction  on  Cu/Cu2O  photoelectrodes
occurs in the cathodic compartment cell via electrons generated under UV irradiation, as
expected  for  a  p-type  electrode,  leading  to  42%  of  remaining  nitrite  and  52%  gaseous
nitrogen derived, respectively [12].

Zanoni and colleagues employed TiO2 NTs in the photoelectrocatalytic oxidation of an organic
synthetic dye (reactive black 5) and the simultaneous hydrogen generation. The photoanode
was irradiated with UV light and biased at +1.0 V. Complete dye degradation and 72%
mineralization was achieved after 2 h of treatment. The estimated overall hydrogen generation
was around 44%, which corresponds to 0.6 mL cm−2 [226].

6. Final remarks

Photoelectrocatalysis is an emerging field with many applications, such as organics oxidation,
inorganics reduction, biological materials and production of electricity and hydrogen.

The technique could be described as a multidisciplinary field, where the basic concept is the
irradiation by light (hν≥Eg) of the semiconductor surface. There is the generation of electron/
hole pairs (e−/h+) by the promotion of an electron from the valence band (lower energy level)
to the conduction band (higher energy level). The electrons are forwarded to the counter
electrode under positive anodic bias (n-type) in order to minimize the recombination of these
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mineralization was achieved after 2 h of treatment. The estimated overall hydrogen generation
was around 44%, which corresponds to 0.6 mL cm−2 [226].
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The technique could be described as a multidisciplinary field, where the basic concept is the
irradiation by light (hν≥Eg) of the semiconductor surface. There is the generation of electron/
hole pairs (e−/h+) by the promotion of an electron from the valence band (lower energy level)
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electrode under positive anodic bias (n-type) in order to minimize the recombination of these
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pairs due to the short life-time. When immersed in electrolyte the adsorbed water molecules
and/or hydroxyl ions react with the holes on the valence band to generate hydroxyl radicals
(●OH), which are a powerful oxidizing agent.

Titanium dioxide (TiO2) is a classic example of an n-type semiconductor widely used as a
catalyst for heterogeneous photocatalysis and photoelectrochemical applications. It has
received a great deal of attention due to its good chemical and thermal stability, non-toxicity,
low cost, high photoactivity and other advantageous properties. It is a typical n-type semi‐
conductor mainly composed of anatase and rutile allotropic forms whose band-gap energy is
3.2 and 3.0 eV, respectively. The anatase phase is the desired form as it is more photoactive
than the other forms.

The degradation of organic pollutants by photoelectrocatalysis has been described in the
literature as one of the most effective treatments among advanced oxidative processes (AOPs)
in the oxidation of recalcitrant compounds, as they are harmful to the environment and human
health. The contamination of water is an increasing concern because pollutants can accumulate
in the environment and are mutagenic and genotoxic.

The architecture of nanostructures used in the electrode construction has deeply influenced
the results of PEC. Nanotube, nanowire, nanofibre, nanorod, and nanowall morphologies can
be easily obtained by electrochemical methods. These kinds of nanostructures have improved
efficiently organic contaminants degradation, especially due to their high surface area and
ability to minimize charge recombination. The use of nanotube arrays has received a great deal
of attention especially because it is the structure with the highest surface area/geometric area
ratio; moreover, it is of a highly oriented and organized nature, leading to efficient charge
transport as it has a unique and effective direct interfacial direction, decreasing the charge
recombination effect. Among all TiO2 NTs preparation routes, the electrochemical anodization
method presents the greatest advantages, since they are cheaper, simpler and allow precise
control of dimensions, presenting highly ordered nanotube arrays. The first generation of
nanotube materials applied in PEC materials were obtained in aqueous solutions with the
addition of HNO3, H2SO4 and H3PO4 to HF acid as electrolyte. The second generation of
nanotube arrays was obtained in buffered electrolytes. Aiming for better quality and perform‐
ance, the third generation was obtained in organic medium as ethylene glycol, diethylene
glycol, glycerol and NH4F. Non-fluoride-based electrolytes are classified as the fourth gener‐
ation, where HCl, H2O2 and a combination of both are used as electrolyte. Nanotube array
photoanodes have presented good results on the water decontamination of organic contami‐
nants and also water disinfection.

Recently, studies have addressed the challenge of obtaining PEC materials which can be
activated by visible light, with the aim of using solar light to promote photoactivation, not only
to reduce cost but also to establish an environmentally friendly method. For this purpose,
different strategies are discussed in the literature to improve photoactivity and shift the PEC
material absorption to the visible region, such as the use of photoanodes decorated with Ag
and Pt, or combinations of semiconductors like ZnO/TiO2, CdS/TiO2, WO3/TiO2 in order to
obtain composite and bicomponent materials; doping with metals (Fe, Mn, Cr), non-metals (B,
C, Si) and co-doping (N-F, N-C) has also been thoroughly described.
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Therefore, the use of TiO2 and other materials is of huge relevance to photoelectrocatalysis
applied to water treatment, and the success of photoanodes and photocathodes depends on
the synthesis process and a better understanding of materials’ properties.

7. Summary

The importance of photoelectrocatalysis has been discussed, with emphasis on recent advances
in TiO2-based materials and strategies of electrochemical synthesis and modification. Cur‐
rently, TiO2 nanotube arrays occupy a prominent position. These can be prepared by electro‐
chemical anodization of titanium plates in fluoride-containing electrolytes. In the search for
catalysts that can be photoactivated with visible radiation, doping or modification of these
materials can be easily performed by electrochemical techniques. The use of these photocata‐
lysts immobilized on conducting substrates employed in photoelectrochemical reactors is a
viable strategy for increasing the efficiency of water splitting or to promote efficient degrada‐
tion of organic compounds.
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1. Introduction

Nanostructured materials are a new class of materials that are distinguished from conventional
polycrystalline materials by their extremely fine crystallite size from 100 nm down to several
nm. Interest to nanostructured materials has been growing rapidly due to reports showing
that they posses remarkable mechanical, magnetic and optical properties.

R. Smalley, R. Curl and H. Kroto discovered a new form of carbon (carbon-60). Thereafter, in
1993, came the discovery of “carbon nanotubes”, by S. Iijima and D. Bethune. Today nanotubes
have been joined by nanocrystals, nanowires, nanoroads and other nanoforms.

Highly sophisticated surface related properties, such as optical, magnetic, electronic, catalytic,
mechanical, tribological, chemical as well as magnetic, electronic and optical can be obtained
by advanced nanostructured coatings, making them attractive for many modern industrial
applications. There are many types of design models for nanostructured coatings, such as
nano-composite coatings, nano-modulated multilayer coating, nano-graded coatings. Design
of nanostructured coatings needs consideration of many factors, e.g. the interface volume,
crystallite size, single layer thickness, surface and interfacial energy, texture, epitaxial stress
and strain, etc., all of which depend significantly on materials selection, deposition methods,
processing parameters and what is specially important service condition of coated parts [1].

Reduction in the weight of engines is a key factor in improving the fuel efficiency. The use of
lightweight materials has become more prevalent as car manufacturers strive to reduce vehicle
weight to improve performance, lower fuel and oil consumption, and to reduce emissions [2].
Employment of nanotechnology in current and future automotive, aero and other engines will

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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go long way in solving energy crisis [3]. Most manufacturers have replaced cast iron engine
blocks with lightweight and low-cost aluminum-silicon crankcases. Several Al based alloys
and metal-matrix composites are in use.

The function of a protective coating is to prevent industrial vapors, liquids, solids or gases
from coming into contact with metallic structures. Paints have been used which offer only a
physical barrier. Engine components are subjected to severe environmental stimuli for
corrosion. The higher temperature, fuel and combustion products mixed with oxidizing
atmosphere and thermal shock add to the corrosive media. Diesel engine and internal
combustion (IC) engine even produces sulfuric and formic acid as a product of combustion
under certain conditions such as cold weather [4].

Energy producing fossil steam turbine and boiler components operate in a severe environment
at elevated temperatures. To protect these components from degradation by the operating
environment, MCr (M: Fe, Ni or Co) coatings are used in the industry [5]. In particular Fe-Cr
or Ni-Cr are predominantly used. These coatings provide corrosion / oxidation protection by
formation of a stable and slowly growing protective oxide scale such as Cr2O3 on the external
surface, which separates the component substrate in contact with the corrosive environment.

Coatings, particularly nanocoatings can help to improve performance and life of engines.
Higher efficiency is obtained from various aspects of coatings, like reduced: dimension,
weight, surface finishing, friction, etc., as presented in figure 1.

Thin films are fabricated by the deposition of individual atoms on a substrate. A thin film is
defined as a low dimensional material created by condensing atomic – molecular – ionic species
of matter. Thin films have been used for more than a half-century in making many devices and
coatings, however, thin film technology is still being developed on a daily basis since it is a
key in the development of new materials such as nanometer materials [6]. Thin film processing
also saves on energy consumption in production and is considered an environmentally being
material technology for the next century.

Thin films are deposited on a substrate by thermal evaporation, chemical decomposition or
the evaporation of source materials by the irradiation of energetic species. The thin films origin
starts with a random nucleation process followed by nucleation and growth stages. Nucleation
and growth are dependent upon various deposition conditions, such as growth temperature,
rate and substrate chemistry. Film microstructure, defects and film stress depend on the
deposition conditions at the nucleation stage.

The deposition process using the irradiation of energetic species is known as sputtering, that
was first observed by Bunsen and Grove 150 years ago. However, this process has a low level
efficiency and an optimum sputtering design is necessary for each material.

The sputtered structure modifies the material properties, they may show features that are
different from the bulk materials in terms of mechanical strength, carrier transportation,
superconductivity, ferroelectricity, magnetic and optical properties. These films may be
characterized by a strong internal stress and a number of lattice defects. The defect density [4]
in nanoscale materials is very high, but not high enough as in amorphous. As depicted in fig.
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(1-j), hardness as a function of grain size, Hall-Petch relation (hardness for a polycrystal with
average grain diameter d, Hd=hardness of single crystal, H0+kd-1/2) predicts increase of
hardness and flow stress as the grain size decreases. However, as the grain size is very small
(in the range of 100 nm), the deformation mechanism changes from dislocation controlled slip
to grain boundary sliding increasing plasticity at the same time. When the grain size further
reduces almost to become amorphous, the material behaves in visco-elastic manner. This
provides a global maximum in properties such as hardness, flow stress, toughness, ductility
and thermal insulation (beause the conductivity of nanoscale material is much less in certain
metallic system such as aluminum due to phonon scattering by high defect density) when the
grain size is in nanoscale.

Thin film process is also essential for making nanometer materials. Nanomaterials are defined
as materials thereof in other materials, having one or more dimensions of nanometer size (1nm
= 10-7 cm = 10 A). Nanomaterials are classified in three types: Zero-dimensional (three dimen‐

Figure 1. Aspects that provides higher efficiency to coatings.
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sions of nanometer size), One-dimensional (two dimensions of nanometer size) and two-
dimensional (one dimension of nanometer size). Nanostructured thin film and coatings
possess properties different to homogenous materials due to the deliberate engineering of
nanoscale features into the structure [7, 8].

Much of research activity is focused on the synthesis and processing of nanostructured bulk
materials [9, 10, 11]. In spite of growing interest and research activities to the nano-structured
multifunctional coatings in the last years there is still a lack in understanding the effect of
processing methods and processing parameters on microsctructure and properties of nano-
structured coatings including those that are used or are intended for use in wear and oxidation /
corrosion service conditions. Attack of the corrosive medium on the substrate is severe due to
the defects within the coating (such as micro-cracks, pores, pinholes, grain boundaries, etc.)
[12, 13, 14].

The potential market for coatings and coated objects is very wide range from large scale Steel,
Ni and Ti alloys sheet products to cutting and processing tools; wear resistant parts for
automotive, aircraft / space and chemical industries; biocompatible and wear resistant surgical
implants down to miniature parts for electronics and microelectronics. Another alternative is
the use of multilayer metallic coatings, but very few studies are reported [15,16, 17, 18, 19, 20].

2. Deposition process

The physical process is composed of the physical vapor deposition (PVD) and the chemical
processes are composed of the chemical vapor deposition (CVD) and the chemical solvent
deposition. The PVD process is divided in two categories: thermal evaporation and sputtering.
The thermal evaporation comprises evaporating source materials in a vacuum chamber below
1X10-6 torr (1.3 X 10-4 Pa) and condensing the evaporated particles on a substrate. The thermal
evaporation is conventionally called vacuum deposition [7, 21, 22, 23].

In the sputtering when a solid surface is bombarded with energetic particles such as accelerated
ions, surface atoms of the solid are scattered backward due to collisions between the surface
atoms and the energetic particles (figure 2). This phenomenon is called sputtering. When a
thin foil is bombarded with energetic particles, some of the scattered atoms transmit through
the foil. Cathode sputtering is a cathode disintegration and the can say impact evaporation.
Several sputtering systems exists: diode, magnetron and ion-beam (McClanahan and Laegreid,
historical review of sputtering deposition) [24].

In magnetron sputtering, a magnetic field is superposed on the cathode and glow discharge,
which is parallel to the cathode surface [25, 26, 27]. The electrons in the glow discharge show
cycloidal motion, and the center of the orbit drifts in the direction of ExB with the drift velocity
of E/B, where E and B denote the electric field in the discharge and the superposed transverse
magnetic field, respectively. The magnetic field is oriented such that these drift paths for
electrons form a closed loop. This electron-trapping effect increases the collision rate between
the electrons and the sputtering gas molecules. This enables one to lower the sputtering gas
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pressure as low as 10-5 torr. In the magnetron system, the magnetic field increases the plasma
density, which leads to increases in the current density at the cathode target, effectively
increasing the sputtering rate at the target. Due to the gas’s low working pressure, the sputtered
particles traverse the discharge space without collisions, which results in a high deposition
rate.

Sputtering is accomplished by an energetic particle bombarding a target surface with sufficient
energy (50 eV – 1000 eV) to result in the ejection of one or more atoms from the target. Typically,
the target, which is called the cathode and is the material to be deposited, is connected to a
negative voltage supply [28]. The anode is the substrate. In the sputtering process, the positive
ions from ionizing gas strike the target surface and remove neutral target. The neutral atoms
leave the target, condense on the substrate surface and form into thin films. In magnetron
sputtering a magnetic field confines the plasma around the surface of the target.

Gheriani R. [29] analyzed the effect of substrate surface ion bombardment etching on reaction
between chromium thin films (magnetron sputtering deposited) and Steel substrates (1 wt.%
C). The study was carried out by X-ray diffraction, Auger electron spectroscopy, SEM (scan‐
ning electron microscopy) and Vickers micro-hardness measurements. They found that the
reaction between carbon and chromium atoms leads to the formation and growth of Cr7C3 and
Cr23C6 carbides in the considered temperature range. A significant increase in micro-hardness
and adhesion of the coating films is associated with ion pre-cleaning and with increasing
annealing temperature.

The recent evolution of coating technology allows depostition of multilayer coatings, with
enhanced mechanical and corrosion behaviors. In 2010, Cekada M., et.al. [30], did an analysis
of the diffusion processes in Al/Cr, Al/Fe and Cr/Fe bimetallic multilayers. They deposited 6
layers by sputtering deposited, and applied different annealings 240 – 650 ºC, for measure
depth distributions of elements in the films. Auger depth profiling was conducted, and finds
that in Al/Fe and Cr/Fe systems the dominant contribution to the depth was roughness. The
activation energies are rather low, which can be attributed to the porous microstructure of
films.

Figure 2. Sputtering process and sputtering chamber.
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the target, which is called the cathode and is the material to be deposited, is connected to a
negative voltage supply [28]. The anode is the substrate. In the sputtering process, the positive
ions from ionizing gas strike the target surface and remove neutral target. The neutral atoms
leave the target, condense on the substrate surface and form into thin films. In magnetron
sputtering a magnetic field confines the plasma around the surface of the target.

Gheriani R. [29] analyzed the effect of substrate surface ion bombardment etching on reaction
between chromium thin films (magnetron sputtering deposited) and Steel substrates (1 wt.%
C). The study was carried out by X-ray diffraction, Auger electron spectroscopy, SEM (scan‐
ning electron microscopy) and Vickers micro-hardness measurements. They found that the
reaction between carbon and chromium atoms leads to the formation and growth of Cr7C3 and
Cr23C6 carbides in the considered temperature range. A significant increase in micro-hardness
and adhesion of the coating films is associated with ion pre-cleaning and with increasing
annealing temperature.

The recent evolution of coating technology allows depostition of multilayer coatings, with
enhanced mechanical and corrosion behaviors. In 2010, Cekada M., et.al. [30], did an analysis
of the diffusion processes in Al/Cr, Al/Fe and Cr/Fe bimetallic multilayers. They deposited 6
layers by sputtering deposited, and applied different annealings 240 – 650 ºC, for measure
depth distributions of elements in the films. Auger depth profiling was conducted, and finds
that in Al/Fe and Cr/Fe systems the dominant contribution to the depth was roughness. The
activation energies are rather low, which can be attributed to the porous microstructure of
films.

Figure 2. Sputtering process and sputtering chamber.
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Grips W. [31] studied the electrochemical behavior of single layer CrN, TiN, TiAlN coatings
and TiAlN/CrN multilayer coatings prepared by magnetron sputtering. They analyzed the
corrosion behavior in 3.5% NaCl solution by potentiodynamic polarization and electrochem‐
ical impedance spectroscopy (EIS). The potentiodynamic polarization measurements showed
that for all the coatings the corrosion potential shifted to higher values as compared to the
uncoated substrate. Similarly, the corrosion current density decreased for coated samples,
indicating better corrosion resistance of the coated samples. The multilayer coatings exhibited
superior corrosion behavior as compared to the single layer coatings. The values of the charge
transfer resistance and the pore resistance showed gradual increase from TiN – CrN – TiAlN/
CrN multilayers. For all the coated samples, the coating capacitance and the double layer
capacitance did not show significant variations, indicating that the surface of the coated
substrate was less affected.

The thermal spraying process has commonly been accepted as the most effective and economic
method for the fabrication process of the nanostructured coatings, and thus has contributed
in a wide variety of high performance applications requiring improved wear, erosion,
corrosion, and thermal insulation resistance [32, 33, 34]. In thermal spraying, feedstock
materials in the form of powder or wire are fed into a heat source of spray equipment, where
they are fully or partially melted and accelerated in a gas stream toward a substrate to be
coated. The high-temperature exposure and the following rapid quenching, which intrinsically
involved thermal spraying, can either improve or deteriorate the nano-scale microstructures
of the coatings. Therefore, several challenges still remain in terms of feedstock preparation and
processing itself, and an intense research. [35] Studied the properties of nanostructured
thermal spray coatings WC-Co. They present Cr2O3 based solid-lubricant coating as one of new
applications of the nanostructured coatings and its mechanical properties are compared to
those of conventional counterpart. With the results, they finds that the advanced nanostruc‐
tured WC-Co feedstock powders having desirable morphology was successfully fabricated
and the resultant coatings showed significant improvement of wear-resistance in comparison
with the conventionals. Also concludes that fine mixture of multi-components inside each
powder particle of the nanostructured feedstock results In not only homogenous microstruc‐
ture but also high performance of the coatings.

Electroplating is the application of a metal coating to a metallic or other conducting surface by
an electrochemical process [36, 37, 38]. The article to be plated is made the cathode of an
electrolysis cell through which a direct electric current is passed. The article is immersed in an
aqueous solution containing the required metal in an oxidized form, either as an aquated cation
or as a complex ion. The anode is usually a bar of the metal being plated. During electrolysis
metal is deposited on to the work and metal from the bar dissolves.

Cr electroplating is regularly employed to coat the piston rings in engine. Different types of
ferrous-based powders, containing C, Si, Sn, Ni, Cr, Mo, Cu, Ti, V and B, etc., are also employed
to coat Al alloys for diesel engine applications [4]. Atmospheric plasma spray “APS” and Laser
Surface Engineering “LSE” are extensively used for thermal barrier coating of nickel based
super alloys component of aero and gas turbine engine components [39,40].
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3. Corrosion

The high corrosion resistance of hard coatings used for decorative and / or wear protection
applications is well known. However, when deposited on less noble materials like Steel, brass,
Al or Mg alloys, the coated parts suffer from severe corrosive attack due to inherent coating
defects or in homogeneities (cracks, pores, transient grain boundaries) [41, 42]. They opens
possible paths for the corrosive media to reach the substrate. In the case of a less noble substrate
material galvanic corrosion at the substrate will occur. This kind of corrosion is localized to
the defect area and is characterized by the anodic dissolution of the substrate material with a
high anodic current density at the defect site. It is also called galvanic corrosion and in the case
of pores and pinholes as defects it is called pitting corrosion. The intensity of the corrosive
attack depends strongly on the potential difference of the coating and the substrate material
in the respective electrolyte. If this potential difference is large enough, galvanic corrosion will
occur. A lot of research has been undertaken to get rid of this problem. There are several ways
to improve the corrosion resistance of coated parts: thicker coatings [43], dense coatings (fine
grained or amorphous), elimination of droplets (by modification of the depositation process:
pulsed magnetron sputtering, filtered cathodic arc, etc), multilayers [44], duplex coatings [45],
intermediate etching [46], alloying of the hard coating with less noble elements [47].

Fenker M. [48], studied the corrosion behavior of Ti and Cr multilayer coatings in sodium
chloride media by circuit potential measurements, potentiodynamic corrosion tests and salt
spray tests. The CrN, Nb2N, Nb-C:H, TiN, TiMgN multilayer depositions were carried out.
The substrate material was high speed steel. The corrosion behavior was electrochemically
studied using open-circuit-potential measurements and potentiodynamic corrosion (polari‐
zation) tests. In their results they show that all measures lead to an improvement of the
corrosion behavior in potentiodynamic polarization test in NaCl environment. Only one
measure was able to avoid red rust sites after 24 h of salt spray testing. This was the alloying
of TiN with magnesium with Mg contents up 17 at.%. The electrochemical effect of this alloying
is a reduction of the electrochemical potential with increasing Mg content in a NaCl solution.
As a consequence, the potential difference between the coating and the steel substrate is
reduced and, therefore, the driving force for galvanic corrosion can be diminished.

Al coatings are candidates for the cathodic protection of construction steel due to their good
corrosion resistance in aggressive media. However the mechanical properties and pitting
corrosion sensitivity of some Al in chloride media have limited its application. Different
alternatives have been investigated to improve mechanical resistance and sacrificial behavior
of Al based coatings on steels. The addition of transition metals like Cr or Ti have been studied,
and the best result there are been obtained for Al-Cr alloys deposited by magnetron sputtering,
and is has been reported that the addition of Mo or Mg could limit the sensitivity to pitting [49].
Creus, et.al. [50] developed a study to improve the mechanical properties of Al based coatings,
conserving a sacrificial protection characteristics. Al/Cr multilayer architectures, deposited by
dc magnetron sputtering, were tested. Three architectures composed of a bilayer, a multilayer
and a nanolayer were compared. The mechanical properties and corrosion resistance in saline
solution were discussed and compared to single Al and Cr coatings. The open circuit potential
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Grips W. [31] studied the electrochemical behavior of single layer CrN, TiN, TiAlN coatings
and TiAlN/CrN multilayer coatings prepared by magnetron sputtering. They analyzed the
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ical impedance spectroscopy (EIS). The potentiodynamic polarization measurements showed
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uncoated substrate. Similarly, the corrosion current density decreased for coated samples,
indicating better corrosion resistance of the coated samples. The multilayer coatings exhibited
superior corrosion behavior as compared to the single layer coatings. The values of the charge
transfer resistance and the pore resistance showed gradual increase from TiN – CrN – TiAlN/
CrN multilayers. For all the coated samples, the coating capacitance and the double layer
capacitance did not show significant variations, indicating that the surface of the coated
substrate was less affected.

The thermal spraying process has commonly been accepted as the most effective and economic
method for the fabrication process of the nanostructured coatings, and thus has contributed
in a wide variety of high performance applications requiring improved wear, erosion,
corrosion, and thermal insulation resistance [32, 33, 34]. In thermal spraying, feedstock
materials in the form of powder or wire are fed into a heat source of spray equipment, where
they are fully or partially melted and accelerated in a gas stream toward a substrate to be
coated. The high-temperature exposure and the following rapid quenching, which intrinsically
involved thermal spraying, can either improve or deteriorate the nano-scale microstructures
of the coatings. Therefore, several challenges still remain in terms of feedstock preparation and
processing itself, and an intense research. [35] Studied the properties of nanostructured
thermal spray coatings WC-Co. They present Cr2O3 based solid-lubricant coating as one of new
applications of the nanostructured coatings and its mechanical properties are compared to
those of conventional counterpart. With the results, they finds that the advanced nanostruc‐
tured WC-Co feedstock powders having desirable morphology was successfully fabricated
and the resultant coatings showed significant improvement of wear-resistance in comparison
with the conventionals. Also concludes that fine mixture of multi-components inside each
powder particle of the nanostructured feedstock results In not only homogenous microstruc‐
ture but also high performance of the coatings.

Electroplating is the application of a metal coating to a metallic or other conducting surface by
an electrochemical process [36, 37, 38]. The article to be plated is made the cathode of an
electrolysis cell through which a direct electric current is passed. The article is immersed in an
aqueous solution containing the required metal in an oxidized form, either as an aquated cation
or as a complex ion. The anode is usually a bar of the metal being plated. During electrolysis
metal is deposited on to the work and metal from the bar dissolves.

Cr electroplating is regularly employed to coat the piston rings in engine. Different types of
ferrous-based powders, containing C, Si, Sn, Ni, Cr, Mo, Cu, Ti, V and B, etc., are also employed
to coat Al alloys for diesel engine applications [4]. Atmospheric plasma spray “APS” and Laser
Surface Engineering “LSE” are extensively used for thermal barrier coating of nickel based
super alloys component of aero and gas turbine engine components [39,40].
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The high corrosion resistance of hard coatings used for decorative and / or wear protection
applications is well known. However, when deposited on less noble materials like Steel, brass,
Al or Mg alloys, the coated parts suffer from severe corrosive attack due to inherent coating
defects or in homogeneities (cracks, pores, transient grain boundaries) [41, 42]. They opens
possible paths for the corrosive media to reach the substrate. In the case of a less noble substrate
material galvanic corrosion at the substrate will occur. This kind of corrosion is localized to
the defect area and is characterized by the anodic dissolution of the substrate material with a
high anodic current density at the defect site. It is also called galvanic corrosion and in the case
of pores and pinholes as defects it is called pitting corrosion. The intensity of the corrosive
attack depends strongly on the potential difference of the coating and the substrate material
in the respective electrolyte. If this potential difference is large enough, galvanic corrosion will
occur. A lot of research has been undertaken to get rid of this problem. There are several ways
to improve the corrosion resistance of coated parts: thicker coatings [43], dense coatings (fine
grained or amorphous), elimination of droplets (by modification of the depositation process:
pulsed magnetron sputtering, filtered cathodic arc, etc), multilayers [44], duplex coatings [45],
intermediate etching [46], alloying of the hard coating with less noble elements [47].

Fenker M. [48], studied the corrosion behavior of Ti and Cr multilayer coatings in sodium
chloride media by circuit potential measurements, potentiodynamic corrosion tests and salt
spray tests. The CrN, Nb2N, Nb-C:H, TiN, TiMgN multilayer depositions were carried out.
The substrate material was high speed steel. The corrosion behavior was electrochemically
studied using open-circuit-potential measurements and potentiodynamic corrosion (polari‐
zation) tests. In their results they show that all measures lead to an improvement of the
corrosion behavior in potentiodynamic polarization test in NaCl environment. Only one
measure was able to avoid red rust sites after 24 h of salt spray testing. This was the alloying
of TiN with magnesium with Mg contents up 17 at.%. The electrochemical effect of this alloying
is a reduction of the electrochemical potential with increasing Mg content in a NaCl solution.
As a consequence, the potential difference between the coating and the steel substrate is
reduced and, therefore, the driving force for galvanic corrosion can be diminished.

Al coatings are candidates for the cathodic protection of construction steel due to their good
corrosion resistance in aggressive media. However the mechanical properties and pitting
corrosion sensitivity of some Al in chloride media have limited its application. Different
alternatives have been investigated to improve mechanical resistance and sacrificial behavior
of Al based coatings on steels. The addition of transition metals like Cr or Ti have been studied,
and the best result there are been obtained for Al-Cr alloys deposited by magnetron sputtering,
and is has been reported that the addition of Mo or Mg could limit the sensitivity to pitting [49].
Creus, et.al. [50] developed a study to improve the mechanical properties of Al based coatings,
conserving a sacrificial protection characteristics. Al/Cr multilayer architectures, deposited by
dc magnetron sputtering, were tested. Three architectures composed of a bilayer, a multilayer
and a nanolayer were compared. The mechanical properties and corrosion resistance in saline
solution were discussed and compared to single Al and Cr coatings. The open circuit potential
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and polarization resistance (Rp) of the coated substrate versus time were recorded during long
immersion tests. A cyclic polarization technique was used to estimate the pitting resistance.
They show that configuration parameters like composition of the layers and the thickness
influence the mechanical and corrosion properties. The Al/Cr bilayer coating does not lead to
significant improvement of mechanical and corrosion properties compared to single Al
coating. The mechanical properties are increased for the multilayer configurations leading to
the best behavior for the nanolayer coating, and multilayer architectures seem to be a way to
improve the mechanical properties of Al based coating.

The long term oxidation behavior of nanocrystalline 304 SS and 304-4Al coatings has been
investigated by Cheruvu and Wei [51]. The coatings were deposited on 304 SS samples using
a plasma enhanced magnetron sputtering process. Cyclic oxidation tests were conducted on
the coated and uncoated samples at a peak temperature of 750ºC for up to 1000 one-hour
thermal cycles between the peak and room temperature. The addition of 4% Al stabilized the
αFe structure and prevented the formation of the σ phase. The external oxide scale on the
coated samples exhibited good spallation resistance compared to the scale on the uncoated
samples. The ultrafine grain structure of 304SS coating had promoted selective oxidation of Cr
and the addition of Al to the 304SS coating promoted selective oxidation Al over Cr.

Liu, et. at. [52] have investigated the effect of grain size on the protective external oxide scale
formation on Ni-20Cr-3Al nanocrystalline coatings. Their results showed that the external
oxide formed on the fine grained coatings varied from Cr2O3 to Al2O3 as the grain size decreased
from 500 to 50 nm. The ultra fine grain structure promotes grain boundary diffusion, which
facilitates selective oxidation of Al over Cr. The critical Al or Cr required for the formation of
a continuous Al2O3 or Cr2O3 is significantly lower for the ultra-fine grains coatings than that
for conventional materials.

Corrosion generally refers to the electrochemical attack process that takes place on most of
metals. Metals are susceptible to suffer this attack because they have free electrons and are
capable of establishing electrochemical cells in their structures. But the thermodynamic energy
or chemical energy stored in they, varies from one metal to other. The energy is higher for
numerous metals (Mg, Fe, and Al), and relatively low for other metals like Ag, Au, Cu, etc.
Many metals experiments corrosion when in contact of an electrolyte and any contaminant
like Cl. From an engineering point of view, corrosion is a progressive and destructive process
that compromises structural integrity and represents an enormous economic loss [53].

During corrosion, at least two electrochemical reactions, an oxidation and a reduction reaction,
occur at a metal-electrolyte interface. Because corrosion is due to an electrochemical mecha‐
nism, it is clear that electrochemical techniques can be used to study corrosion reactions and
mechanisms. Then many techniques have been used to monitor the rate of corrosion and to
study both, the corrosion and its inhibition mechanisms.

3.1. Electrochemical Noise (EN)

In a typical experimental system, an instrument known as a potentiostat has control of the
voltage across the working electrode – counter electrode pair, and it adjusts this voltage to
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maintain the potential difference between the working and reference electrodes (which it
senses through a high-impedance feedback loop) in accord with the program defined by a
function generator, see figure 3.

The potential and the current can be measured, stored, and analyzed with this method. The
evaluation of spontaneous fluctuations of the current and potential of corroding electrodes,
wich is commonly refered to as electrochemical noise “EN” analysis, has been studied
extensively [54, 55, 56]. EN is a generic term for low-level random fluctuations, usually less
than 1 milivolt and nano to micro amps, in a corroding material.

Figure 3. Experimental arrangement for controlled potential experiments.

Eden in 1986 [57], introduced a new parameter that depends on voltage and current standard
deviations, correlate the EN resistance (Rn) with polarization resistance (Rp):
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where:

Rp = polarization resistance

Βa = anodic Tafel constant

Βc = cathodic Tafel constant

Icorr = corrosion current (A cm-2)
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and polarization resistance (Rp) of the coated substrate versus time were recorded during long
immersion tests. A cyclic polarization technique was used to estimate the pitting resistance.
They show that configuration parameters like composition of the layers and the thickness
influence the mechanical and corrosion properties. The Al/Cr bilayer coating does not lead to
significant improvement of mechanical and corrosion properties compared to single Al
coating. The mechanical properties are increased for the multilayer configurations leading to
the best behavior for the nanolayer coating, and multilayer architectures seem to be a way to
improve the mechanical properties of Al based coating.

The long term oxidation behavior of nanocrystalline 304 SS and 304-4Al coatings has been
investigated by Cheruvu and Wei [51]. The coatings were deposited on 304 SS samples using
a plasma enhanced magnetron sputtering process. Cyclic oxidation tests were conducted on
the coated and uncoated samples at a peak temperature of 750ºC for up to 1000 one-hour
thermal cycles between the peak and room temperature. The addition of 4% Al stabilized the
αFe structure and prevented the formation of the σ phase. The external oxide scale on the
coated samples exhibited good spallation resistance compared to the scale on the uncoated
samples. The ultrafine grain structure of 304SS coating had promoted selective oxidation of Cr
and the addition of Al to the 304SS coating promoted selective oxidation Al over Cr.

Liu, et. at. [52] have investigated the effect of grain size on the protective external oxide scale
formation on Ni-20Cr-3Al nanocrystalline coatings. Their results showed that the external
oxide formed on the fine grained coatings varied from Cr2O3 to Al2O3 as the grain size decreased
from 500 to 50 nm. The ultra fine grain structure promotes grain boundary diffusion, which
facilitates selective oxidation of Al over Cr. The critical Al or Cr required for the formation of
a continuous Al2O3 or Cr2O3 is significantly lower for the ultra-fine grains coatings than that
for conventional materials.

Corrosion generally refers to the electrochemical attack process that takes place on most of
metals. Metals are susceptible to suffer this attack because they have free electrons and are
capable of establishing electrochemical cells in their structures. But the thermodynamic energy
or chemical energy stored in they, varies from one metal to other. The energy is higher for
numerous metals (Mg, Fe, and Al), and relatively low for other metals like Ag, Au, Cu, etc.
Many metals experiments corrosion when in contact of an electrolyte and any contaminant
like Cl. From an engineering point of view, corrosion is a progressive and destructive process
that compromises structural integrity and represents an enormous economic loss [53].

During corrosion, at least two electrochemical reactions, an oxidation and a reduction reaction,
occur at a metal-electrolyte interface. Because corrosion is due to an electrochemical mecha‐
nism, it is clear that electrochemical techniques can be used to study corrosion reactions and
mechanisms. Then many techniques have been used to monitor the rate of corrosion and to
study both, the corrosion and its inhibition mechanisms.

3.1. Electrochemical Noise (EN)

In a typical experimental system, an instrument known as a potentiostat has control of the
voltage across the working electrode – counter electrode pair, and it adjusts this voltage to
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maintain the potential difference between the working and reference electrodes (which it
senses through a high-impedance feedback loop) in accord with the program defined by a
function generator, see figure 3.

The potential and the current can be measured, stored, and analyzed with this method. The
evaluation of spontaneous fluctuations of the current and potential of corroding electrodes,
wich is commonly refered to as electrochemical noise “EN” analysis, has been studied
extensively [54, 55, 56]. EN is a generic term for low-level random fluctuations, usually less
than 1 milivolt and nano to micro amps, in a corroding material.

Figure 3. Experimental arrangement for controlled potential experiments.

Eden in 1986 [57], introduced a new parameter that depends on voltage and current standard
deviations, correlate the EN resistance (Rn) with polarization resistance (Rp):
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The corrosion rate is related to the polarization resistance by Stern-Geary:

icorr = B
Rp (2)

where B is the Stearn-Geary coefficient polarization resistance is the slope of the steady-state
potential current curve at the corrosion potential. In 1993, Mansfeld and Xiao [58] have
reported some data and correlations between Rp and Rn.

To measure be use three identical electrodes placed in an electrochemical cell. One electrode
is connected like working electrode WE, another like reference RE, and the remaining like
ground, GE. Then the potential noise is recorded with the RE and current is recorded with the
WE. The GE enables the passing of the current. The current and potential transients are
recorded simultaneously. However, EN requires monitoring of very small signal fluctuation,
which may be susceptible to outsider sources of noise if improperly used.

The EN technique has some advantages related other corrosion monitoring techniques (e.g.
linear polarization resistance or potentiodinamyc curves), mainly the absence of an applied
voltage or current perturbation, and that the measurements can be taken at very short intervals.
The difficulty in the interpretation of time series, graphs and data is the major disadvantage.

This analysis technique is so versatile that it can be applied to various materials, applications
and processes. Recently Estupiñan L., et.al [59], performed a statistical analysis of electro‐
chemical noise transients to correlate with the morphologies observed by SEM in different
steels, in order to identify the type of corrosion developed; and Almeraya C., used EN to study
Ni-Mo alloys fabricated by mechanical alloying and densified by spark plasma sintering [60].
García H., et.al [53] performer in 2009 a comparative study on carbon steel, of three corrosion
resistant hybrid coatings, by using a loop reactor to measure the corrosion by means of the EN
technique. They obtain the time series responses of current and potential, and by means of
these signals, the EN resistance (Rn) was calculated according to Rn equation. Find that the
hybrid-bi-component coating produced the highest resistance and consequently exhibited the
lowest corrosion rate.

3.1.1. Study of nanometric coatings

In this chapter we present the results of a study in order to know the characteristics and
corrosion resistance of nanostructured bilayer coatings. As discussed before, Al alloys are
candidates in aerospace industry due to their corrosion resistance. However, their pitting
corrosion sensitivity limits its application in many marine environments. Have been investi‐
gated that addition of Cr improve the mechanical resistance and sacrificial behavior. In this
work, electrochemical noise has been carried out to investigate the corrosion behavior of Al
and Cr coatings on Aluminum alloys AA6061-T6 and AA2024-T3, with different architecture
organization (Al/Cr y Cr/Al).

Modern Electrochemical Methods in Nano, Surface and Corrosion Science330

3.1.2. Experimental methodology

Coatings consisted of Al and Cr deposited by magnetron sputtering on aluminum alloys
AA6061-T6 and AA2024-T3 (2 cm x 2.5 cm). On each substrate was deposited an array of
bilayers in a different order (1 micron thick), one with an initial layer of Al and an outer layer
of Cr (Al / Cr), and another with an initial layer of Cr and a coating over it of Al (Cr / Al). We
also used non-coated substrates (blank). The nomenclature used was: substrate / inner layer /
outer layer.

3.1.3. Microscopy analysis (MEB)

Can be seen in figure 4 the micrographs of the systems on the substrate Al2024. In 2024AlCr
few pits can be observed on the substrate, center-starry shaped, as is common in this material.
Not corroded area presents a surface with large grains and dripped aspect. According to the
mappings, appear Cr and oxygen, which can be an oxide, it is a common topography in
coatings with outer layer of transition metal. In contrast to the previous system, in 2024CrAl
pits are not observed. In this case the topography is more "smooth" because the nodules are
larger, but fewer, as reported for outer layer coatings of Al. Regarding to Al corrosion products,
appear to have been dissolved, since there is nothing on the surface.

Can be seen in figure 5 the micrographs of 6061AlCr and 6061CrAl. Observed in the first few
and very small pits. The coating appears to have poor adhesion, associated to the Al substrate
or even the stresses produced by the corrosion products of Al, leading to partial delamination
of the coating.

In the 6061CrAl the surface is smooth and there aren’t visible pits, but gives an appearance
that the coating becomes brittle, since this coating is susceptible to internal stresses that exceed
the cohesive forces of the aluminum substrate. In the case of both coatings don’t observe
corrosion product layer, so it could have been dissolved

3.1.4. Electrochemical tests

Was used a conventional pitting cell, as shown in figure 6. Electrochemical tests were con‐
ducted by electrochemical noise, according to equation 3 and ASTM G-199-09 standard [61],
with a data acquisition rate of one data per second (1024 points). The results were analyzed
from time series and statistical parameters.
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I
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where:

Rn = noise resistance

σE = standard deviation of potential

σi= standard deviation of current
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The corrosion rate is related to the polarization resistance by Stern-Geary:

icorr = B
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Ni-Mo alloys fabricated by mechanical alloying and densified by spark plasma sintering [60].
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resistant hybrid coatings, by using a loop reactor to measure the corrosion by means of the EN
technique. They obtain the time series responses of current and potential, and by means of
these signals, the EN resistance (Rn) was calculated according to Rn equation. Find that the
hybrid-bi-component coating produced the highest resistance and consequently exhibited the
lowest corrosion rate.

3.1.1. Study of nanometric coatings

In this chapter we present the results of a study in order to know the characteristics and
corrosion resistance of nanostructured bilayer coatings. As discussed before, Al alloys are
candidates in aerospace industry due to their corrosion resistance. However, their pitting
corrosion sensitivity limits its application in many marine environments. Have been investi‐
gated that addition of Cr improve the mechanical resistance and sacrificial behavior. In this
work, electrochemical noise has been carried out to investigate the corrosion behavior of Al
and Cr coatings on Aluminum alloys AA6061-T6 and AA2024-T3, with different architecture
organization (Al/Cr y Cr/Al).
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also used non-coated substrates (blank). The nomenclature used was: substrate / inner layer /
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few pits can be observed on the substrate, center-starry shaped, as is common in this material.
Not corroded area presents a surface with large grains and dripped aspect. According to the
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ERn
I

s
s

= (3)

where:

Rn = noise resistance

σE = standard deviation of potential

σi= standard deviation of current
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Figure 4. Micrographs of 2024AlCr a) y 2024CrAl b).

Figure 5. Micrographs of 6061AlCr a) y 6061CrAl b).
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Figure 6. Experimental arrangement for electrochemical tests.

3.1.5. Analysis of non coated substrates

In the time series, figure 7, the transients have great amplitude and long term, with a fast rise
and exponential fall, characteristic of metastable pits. In statistical analysis resulted an Rn of
1.07 x103 Ohm/cm2 and 1.054 x103 Ohm/cm2, to blanks 2024 and 6061 respectively, due to
blocking of pits by corrosion products of the substrate, corresponding to that reported by other
researchers in previous works [62,63].

3.1.6. Analysis of coated substrates

There were few events, all of low amplitude and high frequency (Figures 8 and 9), characteristic
of a uniform corrosion process [64]. Potential noise is very stable in both, while in the current
noise there are very fast fluctuations.

Time, s

Time, s

Cu
rr

en
t(

A/
cm

2 ) 
    

Cu
rr

en
t(

A/
cm

2 )

Po
te

nt
ia

lv
s. 

ES
C 

(V
)

Po
te

nt
ia

lv
s. 

ES
C 

(V
) 

a)

b)

Time, s

Time, s

Cu
rr

en
t(

A/
cm

2 ) 
    

Cu
rr

en
t(

A/
cm

2 )

Po
te

nt
ia

lv
s. 

ES
C 

(V
)

Po
te

nt
ia

lv
s. 

ES
C 

(V
) 

a)

b)

Figure 7. Potential and current time series, for uncoated substrates: a) blank 2024) blank 6061.

The Use of Electrochemical Noise in the Study of Nanometric Coatings
http://dx.doi.org/10.5772/57205

333



Figure 4. Micrographs of 2024AlCr a) y 2024CrAl b).

Figure 5. Micrographs of 6061AlCr a) y 6061CrAl b).

Modern Electrochemical Methods in Nano, Surface and Corrosion Science332

Figure 6. Experimental arrangement for electrochemical tests.

3.1.5. Analysis of non coated substrates

In the time series, figure 7, the transients have great amplitude and long term, with a fast rise
and exponential fall, characteristic of metastable pits. In statistical analysis resulted an Rn of
1.07 x103 Ohm/cm2 and 1.054 x103 Ohm/cm2, to blanks 2024 and 6061 respectively, due to
blocking of pits by corrosion products of the substrate, corresponding to that reported by other
researchers in previous works [62,63].

3.1.6. Analysis of coated substrates

There were few events, all of low amplitude and high frequency (Figures 8 and 9), characteristic
of a uniform corrosion process [64]. Potential noise is very stable in both, while in the current
noise there are very fast fluctuations.

Time, s

Time, s

Cu
rr

en
t(

A/
cm

2 ) 
    

Cu
rr

en
t(

A/
cm

2 )

Po
te

nt
ia

lv
s. 

ES
C 

(V
)

Po
te

nt
ia

lv
s. 

ES
C 

(V
) 

a)

b)

Time, s

Time, s

Cu
rr

en
t(

A/
cm

2 ) 
    

Cu
rr

en
t(

A/
cm

2 )

Po
te

nt
ia

lv
s. 

ES
C 

(V
)

Po
te

nt
ia

lv
s. 

ES
C 

(V
) 

a)

b)

Figure 7. Potential and current time series, for uncoated substrates: a) blank 2024) blank 6061.

The Use of Electrochemical Noise in the Study of Nanometric Coatings
http://dx.doi.org/10.5772/57205

333



Figure 8. Potential and current time series for systems: a) 2024Al/Cr and b) 2024Cr/Al.

Figure 9. Potential and current time series for systems: a) 6061Al/Cr and b) 6061Cr/Al.

The statistical parameters (Tables 1 and 2). In the analysis, the SDC is higher in systems
6061AlCr and 2024AlCr that in 2024CrAl and 6061CrAl, because corrosion processes occur
more rapidly in systems AlCr. SDV is higher in 6061AlCr than in 6061CrAl and 2024CrAl. In
the first case due to corrosion is even more localized and passive processes are lower. In the
second case is because the Rn in interface is greater. Regarding SDAV, for all systems is
approximately 10.5 V / SCE indicating uniform corrosion process, except for 6061CrAl, which
has a value of 4.10 V / SCE, which is characteristic of a slight corrosion or passivation. This
interpretation agrees with that made by direct inspection of the time series. Regarding the LI
(equation 4), indicates that the corrosion type for the system AlCr is mixed in both substrates,
and is uniform for CrAl system. Which means that you may see some localized pitting, and
uniform corrosion as the dominant form. Again, this parameter leads to the same information
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obtained by direct analysis of SDAV. Icorr is higher in the arrangement AlCr for both sub‐
strates, as a result of charge transfer processes, facilitated to the system with the Cr surface
layer. Resume, the statistical analysis indicated that corrosion processes occur faster in
arrangements Al / Cr, consistent with other studies reporting [65,66, 67], and the dominant
mechanisms were uniform corrosion and light passivation, similar to that found by Hladky
[68] y Castillo [69].

LI = σI
Irms

(4)

where, Ismr = root mean square.

Rn is the noise resistance (ohm/cm2), Icorr is the corrosion current (A/cm2), SDV is the standard
deviation of the potential (V), SDC is the standard deviation of current (A), SDAV is the
standard deviation of the average potential (V) and LI is the location index.

system Rn Icorr SDV SDC SDAV LI

2024Al/Cr 424.52 6.12 E-5 1.43E-4 8E-7 5.11E-5 0.0141

2024Cr/Al 768.04 3.4E-5 4.2E-4 5.44E-7 8.75E-5 0.0086

Table 1. Statistical parameters obtained for systems 2024 Al/Cr and 2024Cr/Al.

system Rn Icorr SDV SDC SDAV LI

6061Al/Cr 353.7 7.34 E-5 5.33E-4 1.5E-7 8.2E-5 0.0229

6061Cr/Al 684.8 3.8E-5 4.2E-4 6.2-7 1.43E-5 0.0085

Table 2. Statistical parameters obtained for systems 6061 Al/Cr and 6061cr/Al.

According to the results, it is possible to establish a mechanism for both systems Al / Cr, Cr /
Al, regardless of the substrate.

In systems Al / Cr, once breaking the passive film of Cr, Cl- ions can enter through these defects
to reach the interface with the Al, such that due to the area ratio, the Al area smaller behaves
as an anode and forms a galvanic couple, causing it to begin to dissolve the Al, and the
corrosion products cause internal stresses at the interface, causing a delamination of the
coating. Thus also showed higher Icorr values and mixed type corrosion.

In coatings Cr / Al, once breaking the oxide film of Al, the Cl- can penetrate, with the difference
that here the ratio of areas is different. Al acts as the anode and has a much larger area, then
dissolves and corrosion products blocking Cr defects of the inner layer, so that increase the Rn
and decrease the Icorr. Both systems however decreased density of pits, compared with those
presented in the uncoated substrates. The types of corrosion that occurred in the systems were
mixed, uniform and also a slight passivation.
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4. Conclusions

In study of ECN for nanocoatings, all systems are considered cathodic, because they were
dependent on the defects present in the coating. CrAl systems are the most stable, regardless
of the substrate, due to the outer layer of Al which provides cathodic protection, and a second
barrier constituted by the corrosion products. AlCr systems are less resistant to corrosion due
to the corrosion product layer formed in the interface, which causes internal stresses leading
to coating delamination. All studied systems decreased propagation of pitting, leading to a
state of passivation or uniform corrosion, each by different mechanisms. Coatings possess
superior corrosion resistance over the individually substrate.

5. Summary of previous works

Year Ref Author Work

1991 44 J. Munemasa Research the effect of the surface roughness of substrates on the corrosion
properties of films coated by physical vapour deposition. Ti and TiN were
deposited on substrates by magnetron sputtering method.

1995 45 A. Matthews The characteristics of Vacuum plasma based coating and treatment
methods are discussed, especially with regard to their beneficial influence
on wear or corrosion.

1998 52 Liu Have investigated the effect of grain size on the protective external oxide
scale formation on Ni-20Cr-3Al nanocrystalline coatings.

2000 46 H.S. Park A thick CrN film was deposited by magnetron sputtering on high-speed
steel substrates, but the coating process was interrupted several times. The
corrosion resistance was characterized by electrochemical
potentiodynamic and potentiostatic measurements.

2004 29 R. Gheriani Analyzed the effect of substrate surface ion bombardment etching on
reaction between chromium thin films (magnetron sputtering deposited)
and Steel substrates. The study was carried out by X-ray diffraction, Auger
electron spectroscopy, SEM and Vickers micro-hardness measurements.

49 Griguceviciene The addition of transition metals like Cr or Ti have been studied, and the
best result there are been obtained for Al-Cr alloys deposited by
magnetron sputtering.

2006 31 Grips Studied the electrochemical behavior of single layer CrN, TiN, TiAlN
coatings and TiAlN/CrN multilayer coatings prepared by magnetron
sputtering. They analyzed the corrosion behavior by potentiodynamic
polarization and electrochemical impedance spectroscopy (EIS).

48 Fenker Studied the corrosion behavior of Ti and Cr multilayer coatings in NaCl
media by circuit potential measurements, potentiodynamic corrosion and
salt spray tests. The CrN, Nb2N, Nb-C:H, TiN, TiMgN multilayer depositions
were carried out.

2008 50 Creus Al/Cr multilayer architectures, deposited by dc magnetron sputtering,
were tested. The open circuit potential and polarization resistance of the
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Year Ref Author Work

coated substrate were recorded during long immersion tests. A cyclic
polarization technique was used to estimate the pitting resistance.

51 Cheruvu The long-term oxidation behavior of nanocrystalline 304 SS and 304-4Al
coatings has been investigated. The coatings were deposited on 304 SS
samples using a plasma enhanced magnetron sputtering process. Cyclic
oxidation tests were conducted on the coated and uncoated samples.

2009 53 García H. Comparative study on carbon steel, of three corrosion resistant hybrid
coatings, by using a loop reactor to measure the corrosion by means of the
EN technique.

2010 30 Cekada M. Analysis of the diffusion processes in Al/Cr, Al/Fe and Cr/Fe bimetallic
multilayers.

2011 59 Estupiñan L. Performed a statistical analysis of electrochemical noise transients to
correlate with the morphologies observed by SEM in different steels, in
order to identify the type of corrosion developed.

2012 60 Almeraya C. Used electrochemical noise to study Ni-Mo alloys fabricated by mechanical
alloying and densified by spark plasma sintering.

69 Castillo M. Electrochemical Impedance Spectroscopy Behavior of Nanometric Al-Cr
and Cr-Al Coatings by Magnetron Sputtering. Find that bilayers had good
homogeneity and adherence with substrates. The Cr/Al coatings were
more stables.
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