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Preface

The steady expansion of interest in electrochemical science and technology creates
the need for a monograph series of the highest standards for the experienced reader.
The purpose of the Advances in Electrochemical Science and Engineering series is to
provide high-quality advanced reviews of topics of both fundamental and practical
importance.
The current volume addresses issues of chemically modified electrodes. When-

ever bare surfaces do not fulfill the needs required, their chemical modification is a
most promising way out of the dilemma. Purposeful attachment of atoms, mole-
cules or even whole (nano)particles to the surface allows one to tailor the electronic
and structural properties of a surface and hence, its functionality over a wide range.
In the five chapters of this volume, internationally renowned scientists describe,
how to modify a surface and what to do with it.
M. Buck reviews in great depth the literature on self-assembled monolayers

(SAMs) of thiols on gold, a classic means of surface modification. The wide variety
of functional groups that is provided by synthetic chemists makes thiol-SAMs an
exciting playground for applications where the gap between two worlds, the inor-
ganic and the organic, needs to be closed. Examples are molecular electronics and
biochemistry.
M. Tagliazucchi and E.J. Calvo present another important and exciting means of

modification: by electrochemically active polyelectrolytes. Polyelectrolytes modify
surfaces by their inherent electric charges, which can be used, e.g., for constructing
multilayer films of opposite charge, or simply by changing the electrochemical
potential of reaction partners. Their role in many areas of chemistry, particularly
of electroanalysis and biochemistry, cannot be overemphasized.
Carbon nanotubes are increasingly recognized as a promising tool for surface

functionalization. M.J. Esplandiu presents a state-of-the-art overview of their appli-
cations in electrochemistry. As with SAMs of organicmolecules the great potential of
carbon nanotubes lies, among others, in biochemical applications and in molecular
electronics.
Gold nanoparticles (NP) are just one of a variety of ways to modify the chemical

behavior of surfaces by entities that can be described by their solid-state rather than

IX



atomic or molecular properties. From D.A. Buttry�s chapter it becomes evident that
their potential is mainly in electrocatalysis, an area of vast practical importance.
J.J. Gooding et al. touch upon many of the above-described systems on their

exciting tour through the field of nanostructured electrodes with unique properties,
particularly for biochemical and sensor applications. Again, it is the intelligent
design of a bridge between measuring devices and the living world, which is
highlighted in this review.
The reader may notice many cross-references between the five contributions,

which support the view that chemical modification of surfaces, particularly the
nanostructuring, is not only interesting for its own sake, but also relevant to a
wide range of practice applications. Their seminal role in bioelectrochemistry, bio-
sensing, electrocatalysis and electroanalysis among others is clearly evident in this
volume.

Ulm, April 2009 Dieter M. Kolb
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1
Nanostructured Electrodes with Unique Properties
for Biological and Other Applications
J. Justin Gooding, Leo M.H. Lai, and Ian Y. Goon

1.1
Introduction

Modifying the surface of electrodes to provide some control over how the electrode
interacts with its environment has been one of the most active areas of
research interest in electrochemistry within the last 30 years [1]. Whereas once the
performance of an electrode was limited to the solution it was placed into, the
material fromwhich the electrode wasmade and the potential applied to the surface,
the ability to chemically modify electrodes has provided a powerful route to
tuning their performance. This has been particularly important to electroanalytical
chemistry [2, 3], where modification has provided routes to providing selectivity,
resisting fouling, concentrating species, improving electrocatalytic properties [4] and
limiting access of interferences in a complex sample [5], such as a biological fluid, but
has also had major impact for research into energy conversion [6, 7] and storage,
corrosionprotection [8],molecular electronics [9–11], electrochromic devices [12] and
fundamental research into phenomena that influence electrochemical processes [9].
In recent years this revolution into tailoring electrode surfaces, such that the
electrode has unique properties, has continued at an even greater rate with unprece-
dented control over the modification process via advances in nanofabrication. Taken
in its broadest context, nanostructuring electrodes can be regarded as controlling the
architecture of an electrode at the nanoscale; whether it be using nanomaterials,
templating methods, organic monolayer modification of electrode surfaces or
hybrid modification layers involving organic monolayers and nanomaterials. These
different strategies formodifying electrodes provide opportunities to confer a unique
range of properties to electrode surfaces from ultrahigh surface areas achieved with
templated electrodes, to electrocatalytic properties with nanoparticles, strategies to
achieve electrochemistry in locations too small for conventional electrodes, such as
inside enzymes, and give electrodes with switchable properties.
Many of the unique properties that can be achieved with nanostructuring at the

nanoscale are due to the ability of the unique properties of the nanomaterials
employed, the ability to control the architecture of the electrode interface at the
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nanoscale or both. This nanoscale design of electrode interfaces potentially provides
spatial control vertically from the surface and/or laterally across the electrode surface.
In many ways self-assembled monolayers (SAMs) and templated methods offer the
greatest possible control over how an electrode interface is modified as the electrode
design and properties are tailored at something akin to the molecular level [13–15].
This spatial control is coupled with chemical control via the ability to incorporate
multiple chemical components into a single interface to provide the interface with a
range of properties. An example of such control is in the ion-channel biosensorwhere
up to 10 or more molecular components are incorporated into a lipid bilayer for
modifying electrodes where both lateral and vertical control are required to give one
of the most versatile and sensitive biosensing concepts ever developed [16]. It is this
molecular-level control with monolayer technologies that also forms the basis of
many unique nanostructured electrode concepts involving nanoparticles, nanotubes
and other nanomaterials where self-assembledmonolayers form the linker between a
macroscopic electrode and the nanomaterial [14].
It is the unique properties that can be conferred to an electrode by nanostructuring

using nanomaterials, self-assembled monolayers and templating methods, particu-
larly with regards to a biological context, that are the subject of this chapter.
The chapter is not intended to be a comprehensive review of all the work done on
nanostructuring electrodes but rather to cover some of the recent advances in
nanostructuring electrodes, which are important for using electrodes for biological
applications. Firstly, strategies to produce electrodeswith high surface areas and their
applications in enhancing electrode sensitivity will be discussed. The discussion
of surface area will be followed by the structuring of electrodes with nanoscale
features that provide catalytic properties to the electrode. The third section will cover
the small size of features providing the opportunity to intimately interface electrodes
with proteins. This section will include using molecular wires to give blocked
electrodes where electrochemical communication is maintained through molecular
wires. The final section of the chapter will explore switchable surfaces where spatial
modulation of the electrode modification layer is exploited to radically alter the
properties of the electrodes. In all cases our emphasis will be onmethods of electrode
modification that are highly controlled.

1.2
High Surface Area Electrodes

Incorporation of nanostructures onto the surface of electrodes began in the early
1990s. These structures were initially used to enhance electrochemical signals due
to their high surface-to-volume ratio. Gradually, work progressed to their application
into bioconjugated systems. The increase in electroactive surface area allows
for lower detection limits and higher sensitivity to analytes. This is demonstrated
in the detection of H2O2 using films of nanoparticles in a three-dimensional
structure [17, 18]. In these studies, multilayers of nanoparticles were built up with
bridging molecules between the layers. The bridging molecules have redox-active
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centers, which are sensitive to H2O2. By having large areas of nanoparticle film,
the number of redox-active centers increases, providing a more sensitive sensor
compared with electrodes of the samematerial that do not comprise the nanoparticle
films. The main challenge in achieving a high surface area electrode is the control
over the size and distribution of the structures produced on the electrode surface. To
accomplish this, the four main strategies in producing high surface area electrodes
that have been employed are (1) the direct attachment of nanoparticles onto an
electrode, (2) templating withmembranes such as polycarbonates or alumina, (3) the
use of lyotropic liquid crystals as templates and (4) colloidal templating. We will
discuss each of these in this section.

1.2.1
Attachment of Nanoparticles onto Electrodes

Increasing the electroactive surface area has been successfully achieved by the
attachment of nanoparticles onto an electrode. Natan and coworkers [19] pioneered
this approach, where the initial idea was to attach nanoparticles onto a platinum
surface to enhance electrode performance. In thisfirst study the surface of a platinum
foil was coated with a polymer, (3-mercaptopropyl) methyldimethoxysilane
(MPMDMS). Subsequently, the modified electrode was placed into a solution of
15-nm diameter Au nanoparticles. The MPMDMS and Au nanoparticle-modified
layer was electrochemically active to the redox-active species, methyl viologen.
An important observation made by Natan and coworkers [19] in this work is
the electrochemistry was blocked when the Pt foil electrode was modified with the
MPMDMS in the absence of Au nanoparticles but was �switched on� when the
nanoparticles were present. This demonstrates that the Au nanoparticles act as
electrodes. However, when the oxidation and reduction peaks in the cyclic voltam-
mogram (CV) were compared to a bare platinum electrode, the peaks in the CVof the
nanoparticle-modified electrode had a slight broadening. The broadening was
attributed to a closely spaced array of nanoelectrodes. Although this paper did not
explore the effect of multilayers of nanoparticle films, nor the enhancement of the
electrochemical signal provided by the increased surface area, this work paved the
way for further investigation into nanoparticle-modified electrodes in general and
for sensing in particular.
Following the lead of Natan and coworkers, further studies have demonstrated the

ability of nanoparticles to enhance sensitivity by constructing multilayer structures
composed of nanoparticles. Multilayers of nanoparticles linked together with
conductive species create large internal surface area, which can be accessible to
redox probes. Themultilayered systems effectively create a porous network providing
much higher surface area than a monolayer. For example, Blonder et al. [20] have
modified indium tin oxide (ITO) electrodes with multilayers of Au nanoparticles.
In this example the ITO surface was first modified with triethoxy aminopropylsilane
in toluene, followed by the attachment of 12-nm nanoparticles (Figure 1.1).
This nanoparticle-modified layer was then further functionalized with N,N0-bis(2-
aminoethyl)-4,40 bipyridinium, a redox-active bridging molecule. Four layers of
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nanoparticle films were constructed by repeating the exposure to Au nanoparticles
and the redox bridge. This study demonstrated that, as more nanoparticles were
placed on the electrode, an increase in peak current was observed for the oxidation
and reduction, when a cyclic voltammogram was taken in phosphate buffer at pH 7.
The increase in signal was attributed to two related factors. The first was the increase
in the number of redox molecules in the layer and the second was the increase in
electroactive surface area.
The main idea demonstrated by Willner and coworkers [20] is the ability to

construct multilayered nanoparticle electrodes, which are porous. In a related study
Patolsky et al. extended this idea further using biocatalysts to detect H2O2 [18]. In this
example, the construction of the electrode is similar to the one described above but
the redox-active bridging molecule was replaced with microperoxidase-11 (MP-11).
MP-11 is an 11 amino acid long chain, with the heme center of cytochrome

c (Figure 1.2), which is produced by proteolytic digestion. It is an electrocatalyst and
biocatalytic unit for H2O2. By keeping the concentration of H2O2 constant at 0.5mM
and changing the number of layers of nanoparticles and MP-11, Willner and
coworkers [18] observed the enhancement of peak current as the number of layers
of nanoparticles and MP-11 deposited on the electrode was increased. Therefore,
Willner and coworkers concluded that the three-dimensional structure can provide
a tunable and sensitive sensing interface for H2O2 by adjusting the amount
of nanoparticle layers present in the three-dimensional structure.
Electrodeposition is an alternative way to produce nanostructures on an electrode

surface from solution onto a surface. Using electrodeposition to construct
nanostructures allows for greater control over the amount of material deposited on
the surface due to the ability to precisely control the charge that is passed into the
system. Some control over the morphology is also afforded. For example, Liu et al.

Figure 1.1 Stepwise production ofmetal-particle
multilayer arrays. The attachment of the Au or Ag
nanoparticles onto ITO-modified glass was
achieved by using silanes that have an amine
terminus group. This modification step allows
for further modification with nanoparticles onto
the surface of the ITO. After the nanoparticle
attachment a redox-active bridgingmolecule was

assembled onto the Au or Ag nanoparticle
monolayer. This step was repeated a number
of times to produce a three-dimensional array
of nanoparticles that has large internal surface
area and increased redox-active species
concentration. (Reproduced by permission
of The Royal Society of Chemistry from [20].)
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demonstrated the production of pyramidal, rod-like and spherical Au structures on
Au foil [21]. The production of these nanostructures was simply achieved by
electrodeposition of gold from an aqueous solution of 0.1M HClO4 and different
concentrations of HAuCl4. For example, to produce pyramidal structures 40mM
HAuCl4 was used and deposited at �0.08 V vs. Ag|AgCl, to produce rod-like
structures 4mM HAuCl4 and �0.08V vs. Ag|AgCl was used and finally spherical
structures were produced with 40mM HAuCl4 at �0.2 V vs. Ag|AgCl. After the
formation of the nanostructures the surface was modified with Cu, Zn-superoxide
dismutase (Cu, Zn-SOD). The enzyme immobilization was achieved simply by
adsorption. The resulting electrodes were exposed to superoxide (O2

�) and exhibited
an improvement in the direct electron transfer between the SOD and the gold
nanostructures compared with an electrode without nanostructuring. In particular
the spherical nanostructured electrode showed excellent analytical performance,
such as a wider linear range (0.2–200mM), a lower detection limit (0.1mM), a shorter
response time (4.1 s) and a higher stability compared with the pyramidal and rod-like
nanostructures.
The observationmade byNatan and coworkers [19] that electrochemistry at a Pt foil

electrode modified with the MPMDMS was dramatically altered when nanoparticles
were present was also the first example where nanoparticles were used to alter the
resistance of polymer films. At a similar time, Murray and coworkers [22] used
nanoparticle films to explore the resistance properties of films relative to the length
of the species that were used to bind the nanoparticles together intofilms. In this first
study the modifiers were octanethiol, dodecanethiol and hexadecanethiols. The
modified nanoparticles were produce by the reduction ofHAuCl4 in toluene followed
by extraction into toluene where a molar equivalent amount of the thiol was added.
The gold nanoparticles were flocculated to give a nanoparticle film. Conductivity
of the films was measured and Murray and coworkers [22] reported a significant
decrease in conductivity (150 times when compared between octanethiol and
hexadodecanethiol) as the length of the monolayer coating the gold nanoparticle
increase. This unique ability of the dependence on length of monolayers on
nanoparticle surface on resistance has been used to detect gaseous analytes.

Figure 1.2 Stepwise assembly of MP-11, Au nanoparticle
superstructure on ITO. (Reprinted with permission fromRef. [18].
�1999 Elsevier.)
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Following the concept ofMurray and coworkers, Evans et al. [23] applied the system
to the detection of gaseous methanol, ethanol, propanol, hexane, pentane, toluene,
chloroform and acetic acid samples. In this study the nanoparticles were produced
by the reduction of HAuCl4 with NaBH4. The synthesized modified nanoparticles
were deposited onto an interdigitated electrode by the evaporation of the nanoparticle
solution directly onto the electrode surface. The particles were tested at room
temperature with no exposure to solvent vapors. Evans and coworkers observed
a change in conductivity upon the change in functional groups (in decreasing order:
CH3 >COOH >OH) and size (larger-sized nanoparticle exhibited higher conductivi-
ty). The nanoparticle films were then exposed to different solvents, both polar and
nonpolar solvents. The change in conductivity with the exposure to different solvents
varied depending on the functional groups. Polar groups (OH, NH2 and COOH)
responded well to polar solvents and the nonpolar (CH3) group responded well to
nonpolar solvents. This preliminary study demonstrated the sensitivity of different
functionalized nanoparticles to different analytes, in vapor phase.
Apart from using simple molecules, alkanethiols or mercaptophenyl�s more

complex molecules, dendrimers have been used to modify and improve the sensing
capabilities of gold nanoparticle films to vapors (Figure 1.3). In a study by Krasteva
et al. [24] the application of dendrimers was used to functionalize, as well as linking
the modified nanoparticles together to produce a conducting film of gold nanopar-
ticles and dendrimers. The study involved three types of dendrimers, one was
hydrophobic (polyphenylene: PPh), and two hydrophilic (poly-amidoamine:
PAMAM and poly-propyleneimine: PPI). All the dendrimer-modified nanoparticle
films were made from gold nanoparticles with an average size of 4 nm that were sus-
pended in toluene. To construct the nanoparticle/dendrimer film a glass substrate
was used,whichwas functionalizedwith aminopropyldimethylethoxysilane and then
placed into the goldnanoparticle solution. Then, the nanoparticle-modified glassfilm
was placed into a solution of either PAMAM (third-generation Starburst�) in
methanol, PPI (fourth-generation DAB-Am-32-poly(propylenimine-dotriacontaa-
mine) in methanol or PPh (second-generation dithiolane-functionlized polypheny-
lene) in toluene and dichloromethane. This deposition of gold nanoparticles and
dendrimers was repeated ten times to ensure a full coverage on the glass surface.
The dendrimer-modified nanoparticle filmwas then exposed to three solvents, water,
1-propanol and toluene. Depending on the dendrimer used to functionalize the
nanoparticles, a change in the resistance response to different solvents was observed.
The Au/PPh was the most responsive to toluene due to the nonpolar nature of both
the dendrimer and solvent. Au/PPI was the most responsive to 1-propanol and
Au/PAMAMwas the most responsive to water. Krasteva et al. [24] suggested that the
chemical selectivity is related to the solubility of the dendrimers to the solvent
exposed. This unique ability to detect vapors of solvents by nanoparticle films
modified with dendrimers, by tailoring the functionality of the molecules allows
for the use in sensors.
Other materials have also been used to produce modified nanoparticle films to

detect organic vapors. Murray and coworkers [26] showed that the modification
of nanoparticleswith a carboxylate ligand,which can complexwith ametal ion,Cu2þ ,
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to produce a flexible network polymer film (Figure 1.4). To produce the flexible
polymer film, the nanoparticles were first synthesized with a protective layer of
butanethiol, hexanethiol, octanethiol, decanethiol or dodecanethiol. This initial layer
acted as a capping layer rather then a linker layer. To allow the nanoparticle film to

Figure 1.3 (A) Chemresistor containing gold nanoparticles
and PPI. (Reprinted with permission �2002 American Chemical
Society.) (B) Response of the Au nanoparticle film to toluene,
1-propanol and water: (a) Au/PPh; (b) Au/PPI; (c) Au/PAMAM.
(Reprinted with permission �2003 Elsevier.) (Reproduced with
permission fromRef. [25]� 2004Wiley-VCHVerlag GmbH& Co.
KGaA.)
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form, some of the capping thiols were replaced with linker molecules such as 6-
mercaptohexanoic acid, 11-mercaptoundecanoic acid or 16-mercaptohexadecanoic
acid, using the place-exchange reaction. To construct the nanoparticle film, firstly two
gold interdigitated electrodes were modified with a layer of 11-mercaptoundecanoic
acid and the glass substrate with 3-mercaptopropyltrimethoxy silane. This functio-
nalized electrode was then exposed to Cu2þ ions in ethanol, which complexed with
the carboxylic acid, followed by the linker-modified gold nanoparticle. After this, the
nanoparticle-deposited electrodes were rinsed with ethanol and the process of
exposure to Cu2þ and nanoparticles was repeated numerous times to construct the
film over the two electrodes, which connected the two goldfingers. Thisfilmwas then
exposed to ethanol vapor of various concentrations (0.1–1 saturated ethanol vapor).
The conductivity results were compared to quartz crystal microgravimetry (QCM)
data and showed highly comparable results, where the decrease in conductivity is
related to the increase in mass by the QCM data. Zamborini et al. [26] have also
reported the rapid switching between the exposure of ethanol vapor and N2 gas. It
was also reported that particles that were functionalized with 6-hexanethiol and

Figure 1.4 Schematic of the flexible nanoparticle film and
construction. (Reprinted with permission from Ref. [26]. �2002
American Chemical Society.)
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11-mercaptoundecanoic acid performed the best with a fast response rate (8 s) and
the highest absorption of ethanol onto the structure (68 nmol).
Many of the applications of modified nanoparticle films have been used in

the detection of gaseous chemicals but have not been applied in an aqueous
environment. This inability to be applied to the detection of analytes in aqueous
media is due to the high conductivity of the electrolyte solution. For nanoparticle film
electrodes to be able to sense in aqueous solutions, the device must be miniaturized
so the impedance of the solution is higher than the resistance of the nanoparticle
film. In a study by Wieczorek and coworkers [27], the detection of analytes in water
was demonstrated (Figure 1.5). On an interdigitated electrode where there was a
separation between electrodes, 6-nm gold nanoparticles were deposited. Once
deposited, the nanoparticles were modified with 1-hexanethiol by exposing the
surface to 1-hexanethiol vapors. The nanoparticle-modified surfaces were then
exposed to an aqueous solution containing varying amounts of chloroform. The
impedance signal was shown to vary with the concentration of chloroform. As for the
switching time, this was demonstrated by exposing the nanoparticlemodified film to
an aqueous solution containing toluene and showed a 10-s switching from the
detection to the absence of toluene in thefilm.Reproducibilitywas also demonstrated
by exposing the nanoparticle film to a series of aqueous solutions containing toluene,
which showed repeatable signals upon each consecutive exposure. Wieczorek
and coworkers [27] demonstrated that the device had a fast response time, good
repeatability and sensitivity down to 0.1 ppm.
Changing the resistance between two electrodes using nanoparticles has also been

applied to the detection of large biomolecules. In a study by Velev and Kaler [28] latex
nanoparticlesmodified with protein A, a receptor for the immunoglobulinmolecule,
were aggregated onto the gap between two electrodes (Figure 1.6). The surface was
then exposed to immunoglobulin G (IgG). After the binding of the IgGmolecules to

Figure 1.5 Schematic representation of hexanethiol-modified
Au nanoparticles deposited between gold electrodes, in the
presence of dissolved toluene in KCl solution. (Reprinted with
permission from Ref. [27] �2007 American Chemical Society.)
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the nanoparticles, the surface was exposed to anti-IgG-modified gold nanoparticles.
The goldnanoparticles acted as seeds for the deposition of silver,which linked the two
electrodes with a concomitant increase in conductivity between the two electrodes.
When a current was passed through this layer the resistance ranged from 50–70W in
the wet state and 40–50W in the dry state. The electrodes that had negative controls,
meaning no formation of the antibody–antigen bond, had resistances of 103W.
The experiment was also repeated with biotin-streptavidin biological molecules,
which showed similar results to the above. Velev andKaler concluded that themethod
developed in this study is as sensitive to those of clinical assays. Also, the detection
limit of a few tens or hundreds ofmolecules is possible due to the lownumber of gold
nanoparticles required to create the link between the two electrodes.
The use of nanoparticles to form bridges between two electrodes was also utilized

to detect DNA hybridization, including single base-pair mismatches, by Mirkin and

Figure 1.6 Schematic of the main stages of sensor assembly
and functioning, demonstrated by an immunoglobulin test.
(Reprinted with permission from Ref. [28]. �1999 American
Chemical Society.)
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coworkers [29]. In this case DNA-modified gold nanoparticles were used to seed the
silver deposition. The setup for the device is tofirstlymodify the glass substrate in the
gapbetween the two gold electrodeswith succinimidyl 4-(malemidophenyl)-butyrate,
then the capture DNA was immobilized onto the activated glass surface. The target
DNA formed a bridge between the surface-bound capture DNA and the DNA on the
gold nanoparticles. Thus, in the presence of target DNA a network of gold nano-
particles will form between the two electrodes. Finally, a deposition of silver
completed the setup, linking the two gold electrodes and resulted in a reduction
in the resistance. The study demonstrated the ability to detect a single base pair
mismatched by a less significant reduction of resistance compared with a fully
complementaryDNAstrand. Another feature that this concept demonstratedwas the
exquisitely low detection limit for DNA (500 fM of DNA). With the reduction of the
gap between the electrodes and a narrower conducting channel between the two
electrodes it is possible that even higher sensitivities, as demonstrated by Lieber et al.
with nanowires, may be possible [30, 31].
Narrower conducting channels can be fabricated by dip-pen nano lithography

(DPN) [32]. Basnar et al. [33] have shown the possibility of the use of DPN
to deposit gold nanoparticles modified with glucose oxidase enzymes and the
subsequent growth of these gold nanoparticle by the enzymatic reaction with
glucose (Figure 1.7). In this study, the enzyme glucose oxidase was modified with
N-hydroxysuccinimide functionalized gold nanoparticles. This solution of glucose
oxidase gold nanoparticle aggregate was used as an ink to deposit the aggregate at a
specific location using DPN. Once deposited, a solution of glucose and AuCl4

� was
exposed to the enzyme layer. The reaction of glucose to gluconolactone resulted in
the reduction of O2 to H2O2. The H2O2 then reacted with the AuCl4

� to deposit gold
onto the glucose oxidase conjugated gold seed nanoparticles (a concept previously
demonstrated by Willner and coworkers [34]). The process resulted in the growth of
the gold nanoparticles such that they merged and formed a conducting wire.
Willner and coworkers [33] have also concluded that with the application of other
biocatalytic inks it is possible to extend the concept into production of semicon-
ducting polymers, magnetic nanowires, semiconductor nanowires and insulating
polymers.

Figure 1.7 General scheme for the formation of Au nanowires
created by DPN, using flavoenzymes. (Reprinted with permission
from Ref. [33] �2006 Wiley-VCH Verlag GmbH & Co. KGaA.)
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1.2.2
Templating using Membranes

Although nanoparticles can increase the surface area of an electrode, the position-
ing of these nanostructures is difficult to control. An alternative way that allows for
greater control of positioning of nanostructures is templating. Templating not only
provides greater control over the locality of nanostructures but provides opportu-
nities for a different range of shapes to be produced, such as tubes [35–37], rods [35,
36, 38, 39] and wells [21, 38–41]. The first example of producing nanostructures
using templates was by Martin and coworkers [35], where polypyrrole was tem-
plated in a track-etched polycarbonate membrane or porous alumina membrane.
Both types of membranes are commercially available, but each has different
advantages with regards to producing nanostructures. Track-etched templates
are produced by an initial bombardment of the membrane material with nuclear
fission particles followed by further chemically etching. These membranes have
uniform pores of sizes down to 10 nm in diameter and with pore densities as high
as 109 pores per square centimeter. However, one drawback of these membranes is
the pores are randomly distributed. Alumina membranes, on the other hand, have
pore sizes that are uniform and distributed in a hexagonal pattern (Figure 1.8).
These templates are produced electrochemically using aluminum metal and have
pore densities up to 1010 pores per square centimeter [42]. This high pore density
has the advantage that it allows for higher surface area nanostructures to be
templated. The pore sizes that are commercially available, however, are limited
to a minimum of 20 nm diameter. As a consequence, Martin and coworkers [43]
have developed electrochemical strategies for the production of a range of pore
sizes with the smallest being 5 nm.
The deposition of a conductive polymer (polypyrrole) into either a track-etched

polycarbonate or alumina membrane was either achieved by electrochemical reduc-

Figure 1.8 SEM image of porous alumina membrane, used in
templating. (Reproduced by permission of The Royal Society of
Chemistry from [36].)
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tion [44] or chemical deposition [45, 46]. For example, the electrochemical synthesis
of polypyrrole [44] can be achieved by the reduction of the pyrrole monomers in the
presence of the membrane and a metal anode. Martin and coworkers [44] used an
alumina template upon which they sputter coated one side with a thick layer of Au
that covered the entrance to the pores. Following this process, the Aumembrane film
was placed in epoxy with only the area to be templated exposed. This template was
then placed into a pyrrole solution to electrodeposit polypyrrole. Depending on the
length of the desired tubes the time of current application is varied. The diameter of
the tube is determined by the size of the membrane structure. Once the reduction
of polymer is complete the membrane is then dissolved to expose the nanotubes.
The produced nanofibrillar electrode demonstrated slightly higher current density
(3–7%)when compared to unstructured electrodes. Themagnitude of the increase in
current density is greater as the nanofibers become narrower. The largest increase in
current density recorded was one order of magnitude [45].
An alternate method to produce templated electrodes is the use of chemical

reduction of the monomer in the presence of a track-etched or alumina membrane.
Parthasarathy et al. [46] have produced enzyme-loaded nanotubules by a combination
of both electrochemical and chemical deposition. Initially, the alumina membrane
was sealed at one end with a thick Au film (Figure 1.9a), after which the membrane
was placed into a mixture of pyrrole and Et4NBF4. The pyrrole was then
electropolymerized to form a small plug of polypyrrole at the closed end of the
alumina membrane (Figure 1.9b). Subsequently, the membrane was placed into a

Figure 1.9 Schematic diagram for the method used to produce
and enzyme load microcapsule arrays. (Reprinted with
permission from Ref. [46]. �1994 Nature Publishing Group.)
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mixture of pyrrole and chemically polymerized. The resultant structure conformed to
the shape of the membrane (Figure 1.9c). The enzyme was then loaded (Figure 1.9d)
and finally the open end was sealed off with a Torr seal (Figure 1.9e). Once the Torr
seal is dried, the membrane was removed to reveal an array of polypyrrole plugged
tubes that contained the immobilized enzyme in their interior (Figure 1.9f).
Placement of this electrode into a solution of H2O2 showed decomposition of
the H2O2 to O2 and H2O, suggesting the polymer is porous to the biological
analyte, H2O2.
In a related study by Contractor and coworkers [47] similar structures were

produced but without the chemical polymerization step. The production of the
structure used a polycarbonate membrane, where first a thin layer of Au was
deposited over the top and bottom surfaces of the membrane (Figure 1.10a). Upon

Figure 1.10 Production scheme for polyaniline nanotubules,
loading of enzymes into the tubes and finally exposure to an
analyte. (Reprinted with permission from Ref. [47]. �1999
American Chemical Society.)
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transferring the membrane to a 0.1M aniline solution the Au-coated membrane was
cycled between �0.2 and þ 0.8 V vs. SCE to produce polyaniline tubes
(Figures 1.10b–d). Once this was completed the tubes were exposed to the enzyme
and immobilized in a solution containing 0.1M aniline (Figures 1.10e–g). The
completed nanostructured electrode could be connected on the front and back
(source and drain), creating a potential drop across the polymer film. This potential
drop allowed for the controlled oxidation of the polyaniline, as a result amplifying
the reduction of the polyaniline by the enzymatic reaction when reacting with H2O2.
The produced nanostructured electrode showed excellent performance capabilities,
sensitivity and response rate. These capabilities are a combination of three factors (1)
small source and drain separation improving the transduction ability, (2) disorder
in the polyaniline microstructure, resulting in large changes in conductivity on
switching of the polyaniline and (3) a large loading of the enzyme, resulting in faster
diffusion of substrate to the enzyme.
The differently produced conductive polymer structures described above all have

enhanced conductivity, which can be employed in microelectronics [44] and as
sensors using immobilized enzymes [46, 47]. Martin and coworkers used polarized
infrared absorption spectroscopy to access the alignment of the polymer fibers on
the outer surface of the nanotubes [48]. The study showed that the enhancement of
the conductivity is due to the alignment of the polymer fibers on the outer surface
of the tubes.
Production of nanostructured electrodes by templating is restricted not only

to conducting polymers but also to a range of other materials including metals [35,
38, 41, 49],metal oxides [39], and semiconductors [40]. Although conductive polymers
are easily templated, the electrical and optical properties exhibited by the nanostruc-
turing are limited. This is in contrast to nanostructured metals, which have demon-
strated unique optical and electronic properties [35, 50, 51]. This was demonstrated by
Martin and coworkers using an alumina template to nanostructure gold tubules, by
three techniques, electrochemical deposition [35], chemical reduction from solu-
tions [51] and direct sputtering into the alumina membrane [41, 52].
The electrochemical technique entails the use of an alumina template, which

has been surface modified with (2-cyanoethyl)triethoxysilane [50]. Before the
electrodeposition of Au onto the surface, a 50-nm layer of Au was sputtered onto
one end of the membrane (Figure 1.11a:A). This sputtering did not close the pores
but converted the alumina template into an electrode. Following the sputter treat-
ment the membrane was placed into a commercially available gold-electroplating
solution (Orotemp 24, Technics) and a current density of 0.5–2.0mAcm�2 was
passed through the membrane (Figure 1.11a:B and C). After the growth of the tubes
was completed the alumina membrane was dissolved to reveal the gold tubules
(Figure 1.11a:D). Due to the modified membrane surface the growth of the gold that
was being deposited does not favor the formation of fibers but tubes. Martin and
coworkers have reported tube lengths as long as 2mm can be produced by this
method. The gold nanostructure within the alumina films showed very interesting
optical properties. Due to the alumina membrane being transparent the color of
the film produced is a direct result of the gold nanofibers produced within the
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membrane. Similar to free-standing gold nanoparticles where the color is size
dependent (smaller-sized nanoparticles give a blue shift, larger size a red shift) the
same can be said for the nanotubes within alumina membranes. Martin and
coworkers have synthesized a range (20–150 nm diameter and various lengths) of
gold nanotubeswithin aluminamembranes (Figure 1.11b). This study demonstrated
the color dependence on size, where the wider nanotubes showed a blue shift, but as
the nanotubes became longer there is a red shift in the observed color.
In a related study, silver microtubules were produced by chemical deposition [38].

Similar to electrochemical deposition, the surface of the membrane must first be
modified, not with a silane but with a catalyst such as Sn2þ ions. Initially, one side of
the membrane is protected by tape (Figure 1.12b) and then the surface is activated
with SnCl2 (Figure 1.12c). The activatedmembranewas then placed into a solution of
silver-plating solution (Figure 1.12d). This resulted in the deposition of silver over the
activated surface; finally the alumina membrane was dissolved away.
Direct sputtering of the desired metal into an alumina membrane to give arrays

of nanotubules has also been achieved. This was demonstrated by Guo et al. [41]
where by controlling the sputter rate and pressure of the chamber it was possible to

Figure 1.11 (a) Stepwise production of metallic
nanotubules, where the internal surface area was
modified with (2-cyanoethyl)triethoxysilane,
followed by electrochemical deposition and
removal of the alumina template. (Reprinted
with permission from Ref. [50].�1991 American

Chemical Society.) (b) Optical properties of gold
nanotubes in alumina membranes at various
sizes and lengths. (From [35] C.R. Martin,
Science, 266, (1994), 1961–1966. Reprinted with
permission from AAAS.)

16j 1 Nanostructured Electrodes with Unique Properties for Biological and Other Applications



directly deposit metals into the porous structure of an alumina membrane. In this
study the alumina membrane was placed at an angle, which was normal to the
sputtering beam. Initially, the membrane was coated with a layer of gold, which was
�100 nm in thickness at a sputtering rate of 0.05 nm/s and a pressure of 8.7� 10�5

Pa. Following this slow deposition the rate was increased to 0.2 nm/s at a pressure of
4.4� 10�4 Pa (Figure 1.13a). This deposition closed the pores and deposited a further
200 nm of gold on top of the film (Figure 1.13b). The membrane was then dissolved
away with sodium hydroxide leaving behind an array of nanotubules on a surface of
Au (Figures 1.13c and d). This array of nanotubules exhibited an electroactive surface
area of 2.4 times that of the geometric area.With an increase in the electroactive area,
it becomes possible to apply these arrays to the area of sensors, electrochemical
analysis and catalysis.
Other structures have been produced apart frommetallic nanotubules. Nanorods

have also been produced employing electrochemical deposition. Hong and
coworkers [52] have used alumina membranes to produce gold nanorods, which
have been shown to have high catalytic responses to biologically important analytes.
In this study the nanostructured surface was produced by first etching a glass surface
with argon plasma followed by an initial 50-nm sputtered layer of platinum and a
further 100-nm layer of gold. The gold surfacewas thenmodifiedwith the alkanethiol
cysteamine. An alumina membrane was placed onto this cysteamine-modified
surface and gold was then electrodeposited. Upon the removal of the alumina
membrane in sodium hydroxide, a nanostructured electrode of gold nanotubes was
produced. The nanostructured electrodewas demonstrated to have a 4.6 times higher
electroactive surface area than that of the unmodified, flat gold electrode. Apart from

Figure 1.12 Stepwise synthesis scheme for chemical deposition
of silver into an alumina membrane. (With kind permission from
Springer Science þ Business Media: [38]. A. Huczko, Applied
Physic A, 70, (2000), 365–376 Figure 1.7 Reprinted with
permission from The Materials Research Society.)
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the increased surface area, the nanostructured electrode also exhibited catalytic
characteristics, allowing for the electrode to be used as an enzyme-free sensor for
glucose (oxidation begins at 0.1 V vs. Ag|AgCl for bare electrodes and �0.25 V vs.
Ag|AgCl for nanostructured electrodes), H2O2 (reduction commences at�0.26V vs.
Ag|AgCl on nanostructured electrodes and�0.61V vs. Ag|AgCl for flat electrodes) or
O2 (�0.06 V vs. Ag|AgCl on a nanostructured electrode). The porous structure, in
combination with the catalytic response demonstrated by the electrodes, allows for
the discrimination of glucose from other interferring agents, ascorbic acid, uric acid
and acetamidophenol.
Membrane templates have been used extensively to create other high surface

area structures. In recent years the application of polycarbonates and alumina
membranes has been used to template electrodes for batteries [39] and capacitor
devices [40]. For example, Sides and Martin have used membranes to produce V2O5

nanofibers for enhanced performance of Li-ion batteries in low temperatures. The
production of the nanostructured film entails the use of a polycarbonate membrane.
This polycarbonatemembranewas placed over the top of ametal electrode, and then a
solution of the V2O5 precursor tri-isopropoxyvanadium (TIVO) filled the pores. The
TIVO was hydrolyzed to V2O5, excess V2O5 was removed simply by wiping with a
cotton swab andfinally thenanostructured electrodewas place in anO2plasma for 2 h
to remove the polycarbonate template. The nanostructured V2O5 electrode surface
showed much better low-temperature performance, which was most evident at
�20 �C. Martin and coworkers [39] suggest that the enhanced performance at low
temperatures is due to a decrease in diffusion coefficient within the electrode
nanostructure.

Figure 1.13 Stepwise synthesis of direct gold sputtering onto
alumina membrane to produce nanostructures. (Reprinted with
permission from Ref. [41]. �2005 Elsevier.)
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Martin and coworkers [40] have also employed alumina membranes in the
production of high surface area carbon electrodes in the shape of honeycomb
structures for capacitors. In this study the electrode was produced by the use of
alumina membranes. First, the pores of the membrane were widened with an Ar
plasma.After this etching, the aluminamembranewas placed over the top of a carbon
electrode (Figure 1.14). This assembly was then placed into a plasma mixture of O2

and Ar and was exposed for 2min. During this time the O2 plasma propagated
through the aluminamembrane to the carbonfilm located at the bottom. This plasma
etching produced a structure on the carbon electrode that mimicked the alumina
membrane used. This electrode was tested in terms of discharge rate and capacity.
Martin and coworkers [40] observed a low-rate discharge capacity of 325mAhg�1.
However, at high rates, delivery of 50 times the capacity of an unmodified electrode
was observed. This high rate of discharge is due to the increased surface area and is
required for the application of high discharge devices, as is the case in electric car
acceleration.

1.2.3
Templating using Lyotropic Liquid Crystals

Membrane templating is capable of producing a range of structures in various sizes.
However, the degree of control is not at themolecular scale. An alternative templating
method that has molecular-level control over the pore size and the ability to produce
ordered arrays of pores is lyotropic liquid crystal templates [53]. Lyotropic liquid
crystals are surfactant phases produced at high percentages of surfactant to solvent.

Figure 1.14 SEM image of honeycomb-structured alumina onto a
carbon electrode before O2 plasma exposure. (Reprinted with
permission from Ref. [40]. �2003 The Electrochemical Society.)
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If the solvent is polar, the surfactant forms self-assembled structures with the
headgroups remaining in contact with the polar solvent and the hydrophobic tails
maintain their contact with each other and away from the solvent. Depending on the
ratio of surfactant to solvent different periodic surfactant nanostructures are possible.
For example, structures produced with a normal topology hexagonal (H1)
phase contain cylindrical self-assembled surfactant rods arranged in a close-packed
hexagonal fashion. However, if the cubic phase (la3d) was used, interconnected
cylindrical rods that form a gyroid lattice are produced [53]. Attard and coworkers [54]
have demonstrated the ability to produce nanostructured metals such as Pt films
using lyotropic liquid crystals as a templating technique. In this initial study lyotropic
liquid crystals were used to template the production of nanostructured platinum
films. The surfactant octaethyleneglycolmonohexadecyl etherwasfirst used to forma
hexagonal mesophase, which was stable at room temperature. In the continuous
water phase hexachloroplatinic acid was dissolved. A large piece (>3mm) of a
less-noble metal (Fe, Zn Mg) was placed into the liquid crystal, which reduced the
platinum precursor. The mixture turned black when the reaction was left to stand at
room temperature for 24 h. These particles were imaged using a TEM (Figure 1.15),
which revealed that the particles have a close-packed hexagonal nanostructure
consisting of pores, which have a diameter of 3 nm in size and a surface area
of up to 23m2 g�1, which is much greater in comparison with flat platinum films
where the surface areas is 4.5m2 g�1.

Figure 1.15 TEM image of Pt nanoparticles that have been
produced by lyotropic liquid crystal templating. Porous structures
can be seen and are spaced in an hexagonal array. (Reprinted with
permission from Ref. [54].�1997Wiley-VCH Verlag GmbH& Co.
KGaA.)
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Utilizing the ability of lyotropic liquid crystal as templates to produce high surface
area and arrayed structures, Attard and coworkers [53] applied the concept to the
production of nanostructured electrodes by electrodeposition. In this study the use
of a nonionic surfactant octaethyleneglycol monohexadecyl ether was employed with
hexachloroplatinic acid to produce aH1-templated platinum structure on the surface
of a flat gold electrode. The resulting electrodeposited structure had pore sizes of
�2.5 nm, but using the same strategy and placing nonpolar solvents caused a
swelling of the surfactant rods, thus increasing the pore size to 3.5 nm. This platinum
film had a higher surface area of 20m2 g�1 compared to flat platinum films,
which have a surface area of 4.5m2 g�1. As for electrochemical properties, due to
the higher surface area a much higher capacitance of 5.2� 10�2 F cm�2 was also
observed in comparison to flat platinum electrodes, which have a capacitance
of 1.2� 10�2 F cm�2. Attard et al. [53] concluded that the production of metallic
films by lyotropic liquid crystals showed enhanced electrochemical properties. Also,
the ability to tune the size and spacing of the pores was demonstrated.
There has been a range of materials that have been templated by lyotropic liquid

crystals other than platinum including polymers [55], Pd [56], Zn [57], Cd [57], Ni [58],
Sn [59] and Co [60]. Apart from the range of materials that can be templated with
lyotropic liquid crystal, the electrodes have also been proposed to find applications in
fuel cells [53], batteries, hydrogen storage [56] and sensors [61]. These applications
typically exploit the high surface area and or electrocatalytic properties of these
electrodes. An example is templated palladium electrodes for hydrogen storage.
Denuault and coworkers [56] demonstrated the use of a nanostructured palladium
electrode for use in hydrogen adsorption. The synthesis of the electrode was once
again achieved using electrodeposition of (NH4)2PdCl4 fromaH1phase liquid crystal
where the surfactant was either octaethyleneglycol monohexadecyl ether or Brij 56
(46 weight %). The highly pure octaethyleneglycol monohexadecyl ether gave more
ordered structures compared with the Brij 56 where the surfactant possessed a
broader range of molecular weights. However, the majority of the structures
produced in this study were made by using Brij 56 due to the cost being �88 times
less than the ether and yet the same average properties were achieved. Once the
lyotropic liquid crystal structure was in equilibrium, the palladium was electrode-
posited onto a flat platinum electrode. This nanostructured electrode demonstrated
a much larger electroactive surface area of 300 times, when compared to the
unmodified electrodes. This study showed the adsorption of hydrogen gas was rapid
due to the catalytic properties and large surface area. The electrode also showed an
excellent potentiometric response over a pH range of 2–12.
The high surface areas of these electrodes make them ideal for electroanalytical

applications where the high surface area is exploited to improve detection limits
and/or detection range. Evans et al. [61] have demonstrated the production of
platinum mesoporous electrodes and their application into the detection of H2O2.
The produced electrode had an internal surface area that was�100 times higher than
the original electrode. The study demonstrated a larger detection range of
0.02–100mM H2O2 compared to the unstructured electrode, which had a range
of 0.02–40mM. This broader range can be ascribed to the larger surface area
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giving a larger number of surface sites for the hydrogen peroxide to adsorb and
undergo oxidation. Apart from the enhanced surface area Evans et al. [61] also
observed an improvement in the surface catalytic property.

1.2.4
Colloidal Templates

Nanoparticles have also been used as template nanostructured surfaces. The main
advantage that nanoparticle templating has over membranes or lyotropic liquid
crystals is simply the huge range of materials and sizes that can act as templates. The
challenge, however, is to form ordered arrays of colloids on surfaces. This approach
will not be discussed in detail here but to demonstrate the benefits of the strategy one
example will be illustrated. In a study by Sun et al. [62] the production of a porous
SnO2 film by templating with a polystyrene (PS) nanoparticle monolayer was
demonstrated. The production of the porous film from a nanoparticle template
entailed firstly the spin coating of the polystyrene nanoparticles onto a flat glass
substrate. Following the spin coating the monolayer film of PS nanoparticles were
floated off the glass slide onto the top of a SnCl4 solution. The film was then lifted off
the surface of the SnCl4 solution by a glass rod and heat treated. This deposition
process was repeated 4 times to form the final electrode to detect ethanol vapors.
Characterization under TEM of the surface revealed a network of pores arranged in a
close-packed hexagonal array (Figure 1.16).
In normal air, the SnO2 can adsorb oxygen species of O2

�, O� and O2� on the
surface,which increased the resistance of the SnO2nanostructuredfilm [63]. Sensing
of ethanol vapors was completed in a 300 �C environment. At this temperature the
ethanol vapor reacts with the oxygen species on the surface of the SnO2 and removes

Figure 1.16 TEM images of SnO2 ordered porous films on the
external surface of a glass tube. (Reprinted with permission from
Ref. [62]. � 2005 Wiley-VCH Verlag GmbH & Co. KGaA.)
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the oxygen from the surface, and as a result decreases the resistance in the film. The
production of porous films with smaller (200 nm) PS nanoparticles showed a 7-fold
increase in sensitivity and additionally led to a response rate that was 5 times faster
response when compared to a similar film produced by larger particles (1000 nm).
This significant increase in sensing is attributed to the increased surface area.

1.3
Catalytic Properties

Recent rapid developments in nanoparticle preparation, surface modification
and assembly have led to the widespread use of nanostructures immobilized on
electrodes to catalyze electrochemical reactions [64].While a diverse range of reactions
have been shown to be electrocatalytically enhanced bynanostructured electrodes, this
section will focus on reactions that involve the direct electron transfer between
electrodes and redox-active molecules of biological relevance. Such enhancement of
electron transferhas facilitated thedevelopment of biosensors fordirect quantification
of the redox-active biomolecule, with greater sensitivity, wider detection limits and
decreased response times. The effective quantification of biological molecules using
nanostructured electrodes requires that nanostructures attached to electrodes are able
to electrochemically catalyze redox reactions of the biological molecules. Electrodes
functionalized for this purpose can be broadly categorized into metallic-nanoparticle
and carbon-nanotube structures. This section will highlight the key advances in the
synthesis and performance of metallic-nanoparticle nanostructured electrodes for
biological reactions.
The use of metallic nanostructures to enhance direct electrocatalysis of a biological

molecule has developed in parallel to carbon nanotubes. Gold nanoparticles were the
first example of this application owing to their ease of fabrication and well-known
electrocatalytic and conductive properties. This was demonstrated by Jin and
coworkers [65] who immobilized �14-nm gold nanoparticles on cysteine-modified
platinumelectrodes coatedwith a thinfilmofNafion.The electrodedisplayed excellent
catalytic activity towards nitric oxide (NO), a physiological messenger and cytotoxic
agent. Differential pulse voltammetry (DPV) showed large increases in current
response for gold nanoparticle-modified electrodes along with cathodic shifts of
oxidation peaks in comparison to bare platinum electrodes due to the catalytic
oxidation of NO. The enhanced electrocatalytic ability of the nanostructured electrode
was attributed to the gold nanoparticles acting as �electron antennae�, which efficiently
funnel electrons between the electrode and electrolyte. The Au nanostructured
electrodes also showed linear current response with increasing NO concentrations,
selectivity to NO and detection limits of 5.0� 10�8mol/L NO,making the use of such
electrodes for NO quantification very attractive.
Adifferent example of gold-nanoparticle-modified electrodes forNOdetectionwas

shown by Caruso and coworkers [66]. In this work, the layer-by-layer technique was
utilized as a means to immobilize oppositely charged layers of gold-nanoparticle-
loaded poly(sodium 4-styrene-sulfonate) (PSS) and poly(allylamine hydrochloride)
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(PAH) (Figure 1.17) onto indium tin oxide (ITO) electrodes. This approach allowed
for fine control of the amount of Au nanoparticles bound on the electrode surface.
The systemwas again applied to the detection ofNOusing sodiumnitrite (NaNO2) as
the precursor of NO and it was shown that the sensitivity of the electrode could be
improved by increasing the gold nanoparticle content through the deposition ofmore
polyelectrolyte layers.
The use of organic molecules or polymers to assist in binding nanoparticles to

electrodes was highlighted as possibly having adverse effects on electrode catalytic
reactivity and conductivity [67]. The influence of the organic binding molecules on
the conductivity of nanoparticle-modified electrodes is clearly demonstrated for
nanoparticle resistance sensors discussed in Section 1.2.1 above. With this in mind,
Oyama and coworkers [68] attempted to reduce the interference of organic binders
on electrode performance by using a two-step approach. This approach involved the
initial immobilization of gold seed nanoparticles onto an ITO electrode followed
by reductive growth of the seeded particles. Electrochemical impedance spectroscopy
used in this study demonstrated convincingly that there was a significant enhance-
ment of charge transfer for a gold nanoparticle/ITO electrode compared to a gold
nanoparticle/ITO electrode with a 3-mercaptopropyltrimethoxysilane (MPTMS)
linker. To show the biological applicability of this new approach, Oyama and
coworkers [69] tested the electrocatalytic performance of a gold nanoparticle/ITO
electrode for the direct electrochemical detection of a wide range of biological
molecules including, paracetamol, uric acid, ascorbic acid, guanosine and the
catecholamines epinephrine, norepinephrine and dopamine. In all the cases,
comparison of cyclic voltammograms between gold nanoparticle/ITO electrodes

Figure 1.17 AFM image of a gold-nanoparticle-loaded
polyelectrolytes film. (Reprinted with permission from Ref. [66].
�2003 American Chemical Society.)
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and bare electrodes show a cathodic shift in the oxidation peaks for these
biomolecules as well as an enhancement of peak current, both of which provide
evidence of the electrocatalytic properties of gold nanostructures on electrodes.
Selectivity of the electrode in the presence of interfering molecules, however, was
sometimes found to be an issue for these gold nanoparticle/ITO electrodes [69].
Further development of the use of gold nanostructures to enhance biological

electrocatalysis involved the use of different polymer binders on the surface to
enhance selectivity of the electrodes. One such study by Lin and coworkers [70]
used overoxidized polypyrrole (PPyox) to immobilize gold nanoclusters onto a
glassy-carbon electrode (GCE), for the simultaneous quantification of epinephrine
and uric acid in the presence of ascorbic acid. The PPyox in this case acted as
a molecular sieve and allowed for the resolution of three distinct peaks for each of
the analytes, which was not previously possible. In another study, poly(3,4-ethyle-
nedioxythiophene)–poly(styrene sulfonic acid), (PEDOT–PSS) was spin coated onto
an ITO electrode followed by the electrochemical deposition of gold nanoparticles
into the polymermatrix forNADHoxidation [71]. The use of PEDOT-PSS is attractive
because it easily forms thin films through many conventional techniques. In this
study, Lee and coworkers show that the gold nanoparticle/PEDOT-PSS-modified ITO
electrodes displayed high selectivity and sensitivity for NADH, making these
nanostructured electrodes particularly attractive for NADH-sensing applications as
well as in those that use NADH as a cofactor for enzymatic reaction.
A novel extension of utilizing gold nanostructures for electrocatalysis was

the demonstration by Yu and coworkers [72] of electrocatalytic gold nanowires
(Figure 1.18). The carbon-nanotube-inspired gold nanowires were synthesized
through templated electrodeposition. The gold nanowires were then dispersed in
a chitosan matrix and deposited onto a GCE (Figure 1.18). The gold nanowire
electrodewas found to provide excellent electrochemical response and alsowas found

Figure 1.18 SEM image of the electrodeposited gold nanowires in
a chitosan matrix. (Reprinted with permission from Ref. [72].
�2007 Elsevier.)
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to be 30 times more sensitive to H2O2 than a conventional gold electrode. These
enhancements were attributed to the higher effective surface area resulting from the
immobilization of the gold nanowire structures on the electrode as well as their
unique electrical properties and high conductivity.
Other metallic materials that have been used to produce nanostructured electrodes

for biological electrocatalysis include platinum, platinum/iron composites and cop-
per [73–75]. The nanostructured electrodes in these studies were produced either by
electrodeposition of nanoparticles onto Nafion-modified electrode surfaces, [73, 74] or
by covalent binding using MPTMS as a linker molecule [75]. Lin and coworkers
showed that the use of platinum/Fe(III) nanoparticles on a Nafion-coated GCE could
be used for the selective detection of NO (Figure 1.19), while Selvaraju and Ramaraj
immobilized platinum nanoparticles on a Nafion-coated GCE for the detection of
dopamine and serotonin. As in the case of gold nanostructured electrodes, the
platinum nanostructures enhanced the catalytic and conductive properties of
the electrodes by acting as �electron antennae�, while the Nafion coating acts as an
ion-selective membrane, giving rise to the enhanced selectivity. It should be noted,
however, that the polymeric coatings result in a reduced electrocatalytic responsewhen
compared to nanostructured electrodes without these coatings. This makes the
decision to use such coatings a tradeoff between electrocatalytic ability and selectivity
of the electrode. The electrocatalytic performance of copper nanoparticles immobi-
lized on ITOelectrodeswas also studied forNOdetectionbyWang and coworkers [75].
They found that copper nanoparticles showed anenhancedelectrocatalytic response to
NO and displayed a wider linear detection range when compared to the gold
nanoparticle/polyelectrolyte films synthesized by Caruso and coworkers [66]. The
selectivity of thenanostructured electrodewasnot explored, however, and this remains
an issue for electrodes that do not have chemoselective polymer coatings.

Figure 1.19 SEM image of the Pt/Fe(III) cooperative composites
immobilizedon aNafion-coatedGCE. (Reprintedwith permission
from Ref. [74]. �2004 Elsevier.)
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1.4
Exploiting Nanoscale Control to Interface Electrodes with Biomolecules

As discussed above nanomaterials can provide electrocatalytic properties. However,
one unique property that can be achieved by nanostructuring electrodes with
conducting elements that are of the order of just a few nanometers or less is the
opportunity to perform electrochemistry in confined spaces. Such a possibility is
particularly attractive for interfacing electrodes with biomolecules. Interfacing
electrodes with biomolecules is important for biosensing, biofuel cells and other
bioelectronic devices [13, 76–78]. In the case of both biosensing with redox enzymes
and the employment of redox enzymes in biofuel cells one of the main challenges is
electronic communicationwith the biomolecules. It is this process that is the limiting
factor in the performance of both types of devices. This is perhaps most ably
demonstrated with the glucose biosensor where the enzyme glucose oxidase is
interfaced with an electrode. To allow transduction in such enzyme electrodes,
electrons are shuttled between the enzyme and the electrode by freely diffusing redox
molecules. The need for this freely diffusing molecule is not only the rate-limiting
step but is also the source of many of the problems these devices face with regards to
reproducibility and interferences [79]. As a consequence, there is a considerable
research effort motivated towards achieving direct electron transfer to proteins [80–
83]. The main challenge in achieving direct electron transfer to proteins is that in
most proteins the redox-active center is located deepwithin the redox protein [84]. For
example, in the case of glucose oxidase the redox-active center, flavin adenine
dinucleotide, is located about 20A

�
from the surface of the glycoprotein [85]. Such

distances are too far for appreciable electron transfer to occur. Two possible strategies
for �wiring� redox proteins to overcome this distance problem are to either (1)
nanostructure electrodes with nanomaterials that are sufficiently small that they
can penetrate the proteins and reduce the distance electrons must tunnel to the
electrode or (2) nanostructure electrodes with organic molecules that can plug into
the proteins and serve as conduits for electron transfer [86]. Wewill discuss these two
strategies in turn.

1.4.1
Plugging Nanomaterials into Proteins – Nanoparticles

The modification of electrodes with nanoparticles followed by the attachment
of redox enzymes is one approach to nanostructuring electrodes that has been
successful at achieving direct electron transfer to enzymes. Perhaps the most
stunning example of this approach is to use nanoparticles to wire into glucose
oxidase, as has been achieved by Willner and coworkers [87]. In this work, a gold
electrode was modified with a dithiol self-assembled monolayer such that one thiol
attached to the gold electrode and the other to gold nanoparticles, which were 1.4 nm
in diameter. Active glucose-oxidase-modified gold nanoparticles were produced
in one of two ways (Figure 1.20). In the first the redox-active center of glucose
oxidase, flavin adenine dinucleotide (FAD), was immobilized onto a SAM-modified
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nanoparticle that was subsequently attached to the electrode. The active enzyme
was produced by reconstitution of the apo-enzyme around the FAD-modified
nanoparticle attached to the electrode surface. In the second approach, the enzyme
was reconstituted onto the FAD-modified nanoparticles in solution prior to attaching
the nanoparticle to the electrode surface. Both strategies produced active enzyme
and enzyme electrodes where direct electron transfer to glucose oxidase could be
achieved with almost identical performance. The electrode performance itself was
outstanding. The enzyme electrode responded to glucose in the absence of oxygen at
a rate seven times the maximum rate observed in nature when oxygen recycles the
enzyme. Furthermore, the rapid rate was also regarded as an explanation for the fact
that there was no apparent influence of either oxygen (the natural cosubstrate for the
enzyme) or ascorbic acid in the sample on the performance of the enzyme electrode.
Themechanism bywhich direct electron transfer to the enzyme�s redox-active center
is not yet explained, although it is logical to assume the size of the nanoparticles are
important. Within this paper the impact of nanoparticle size was not explored
although it was stated in the paper that the nanoparticles must be of appropriate
dimensions. The particles used in this paper were only 1.4 nm in diameter, which is
significantly smaller than the dimensions of glucose oxidase of 5.5� 6� 8 nm [85].
Thus, it seems possible that the nanoparticles allow the refolding of the enzyme into
its native configuration and the covalent link between the nanoparticle and the active
center allows appreciable electron transfer to occur [88].
What the Willner study highlights is the enormous possibilities of connecting

electronic elements to proteins using nanoparticles. In particular, the absence of

Figure 1.20 Assembly of Au-nanoparticle-reconstituted GOx
electrode by adsorption of Au-nanoparticle-reconstituted GOx
onto a dithiol monolayer and a stepwise build-up of the electrode
by deposition of the Au-nanoparticle FAD onto the dithiol surface
followed by the reconstruction of the apo-GOx.
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interferences from oxygen and ascorbic acid with this enzyme electrode provides
strong support for the notion that efficient direct electron transfer to enzymes such
as glucose oxidase could solve many of the problems associated with diffusing
redox species shuttling electrons between the enzyme and the electrode. Other
workers have also demonstrated fast electron transfer to enzymes using nanoparticle
assemblies but typically these electrodes have employed enzymes with redox-active
centers close to the exterior of the protein. As far back as 1996, Natan and
colleagues [89] modified tin oxide electrodes with gold colloids and showed direct
electron transfer to cytochrome c. The tin oxide electrodes were modified with a self-
assembled monolayer of (3-aminopropyl) trimethoxysilane, whereupon the colloids
were exposed to the electrode and adsorbed via bonding between the amine and the
particles. The electrochemistry of cytochrome cwas explored at these electrodes with
the most significant result being the demonstration of a size dependence of the
electrochemistry; a phenomenon alluded to in the Willner work [87]. In a similar
example, Liu et al. [90] have modified graphite electrodes with silver nanoparticles to
enable rapid electron transfer to cytochrome c. In this example the pyrolytic graphite
electrode was oxidized in permanganate. Cysteamine was then attached to the
carboxylic acid functionalized surface via its amine. Silver nanoparticles of 11 nm
in diameter were then attached to the thiol end of the electrode and cytochrome
c absorbed onto this surface. The ability of nanoparticles to facilitate electron transfer
over very long distances was shown by Ulstrup and coworkers [91] when they used
3 to 4-nm diameter gold-nanoparticle-modified gold electrodes to electrochemically
interface with cytochrome c. They showed that enhanced rates of electron transfer
were achieved but more significantly that electron transfer could proceed at an
appreciable rate over distances of greater than 50A

�
.

1.4.2
Plugging Nanomaterials into Proteins – Carbon Nanotubes

Carbon nanotubes have also been used to facilitate wiring of enzymes, again
exploiting the small size of these nanomaterials as electrodes that can penetrate
close to the active site of the enzymes. The first example of this strategy was by
Guiseppi-Elie and coworkers [92] where carbon nanotubes were randomly dispersed
onto a glassy-carbon electrode, whereupon glucose oxidase was adsorbed onto the
electrode. With this very simple electrode construct direct electron transfer to the
enzyme was achieved with a rate of electron transfer of 1.7 s�1, which is significantly
faster than that reported when immobilizing glucose oxidase onto a self-assembled
monolayer modified gold electrode where a rate of 0.026 s�1 has been reported [93].
The fast rate constant for electron transfer was attributed to the small size of the
single-walled carbon nanotubes employed (typically only 1 nm in diameter [94]). It is
noteworthy that an almost identical rate constant was reported by Zhao et al. [95]
using nanotube-modified electrodes prepared in a very similar way.
Work on the nanostructuring of electrodes with carbon nanotubes byGooding and

coworkers [96, 97] has demonstrated that superior electrochemical performance can
be achieved with carbon nanotubes that are vertically aligned compared with being
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randomly dispersed. Aligning carbon nanotubes can be achieved in one of two ways.
The first method is by growing the nanotubes vertically off a surface [98–103]. This
strategy, however, usually produces multiwalled carbon nanotubes that are possibly
too large to penetrate enzymes, however, it is possible as single-walled carbon
nanotubes (SWNTs) have been grown off a surface [104]. The other method is via
self-assembly using strategies developed by Liu and coworkers [105–107] and
extended by others [96, 108–112]. In this strategy, SWNTs are purified in concentrated
acids that open the closed ends such that the they are terminated with carboxylic acid
moieties [106]. The surface chemistry of the electrode surface is then tailored to allow
the carboxylic acid moieties to bind to give aligned nanotubes. These aligned carbon
nanotube arrays were first interfaced with enzymes by Gooding et al. [108]. In this
case an array of perpendicularly oriented SWCNTs on a gold electrode was fabricated
by covalently attaching carboxylic acid functionalized SWCNTs, generated by the
oxidative scission of the carbonnanotubes, to a cysteaminemonolayer-functionalized
gold electrode. The enzyme microperoxidase MP-11 was attached to the distal ends
of the SWCNTs. The efficiency of the nanotubes acting as molecular wires was
determined by calculating the rate constant of heterogeneous electron transfer
between the electrode and microperoxidase MP-11 attached to the ends of the
SWCNTs. A variety of different length distributions were assembled onto the
electrode to explore the distance dependence of electron transfer through these
nanotube arrays. What the paper showed was that the length distribution of
nanotubes assembled on the electrodes had very little impact on the apparent rate
of electron transfer compared with transferring the electrons from the redox-active
center to the nanotube; thus highlighting the efficiency of electron transfer through
the nanotubes and hence that nanotubes can serve as nanoscale electrodes as
described in Chapter 3. At the same time, using a similar strategy of CNTs aligned
by self-assembly, Yu et al. [109] reported that quasireversible Fe3þ /Fe2þ voltammetry
was observed for the iron heme enzymes, myoglobin and horseradish peroxidase.
An exciting extension of this idea of assembling enzymes onto the ends of carbon

nanotube electrodes was to plug the electrodes inside proteins. This has been
achieved by bothWillner and coworkers [110] and by Liu et al. [113] with surprisingly
similar results considering the complexity of the systems. In both cases plugging the
nanotubes inside glucose oxidase was achieved by first covalently attaching the FAD
cofactor carboxylic groups at the free ends of the aligned SWCNTs. Apo-glucose
oxidase was then reconstituted around the FAD units linked to the ends of the
standing SWCNTs, in a similar manner to that for interfacing nanoparticles
with glucose oxidase, to give the active enzyme [110, 113]. Willner and coworkers
measured the interfacial electron-transfer rate constants to be 83 s�1, 42 s�1, 19 s�1,
and 12 s�1, for assemblies that include standing SWCNTs of mean length 25 nm,
50 nm, 100 nm, and 150 nm average length, respectively. Thus, the nanotube length
did influence the electron-transfer rate between the FAD units and the electrode in
this case.
The rate constants for electron transfer achieved by plugging the nanotubes into

the proteins as described above are an order ofmagnitude ormore greater than those
reported by Guiseppi-Elie et al. [92] and Zhao et al. [95] when interfacing wild-type
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glucose oxidase with the randomly dispersed carbon nanotubes. Similarly, they are
significantly faster than that reportedby Liu et al. [113]wherewild-type glucose oxidase
was adsorbed onto aligned carbon-nanotube-modified electrodes. These studies
therefore highlight the importance of plugging the nanotubes into the enzyme and
forming a direct covalent link with the redox-active center of the protein. They also
highlight the importance of the size of thenanoscale features on an electrode such that
they can connect to the redox center of the protein without disrupting the ability of the
protein to refold into an active form.

1.4.3
Plugging Nanomaterials into Proteins – Molecular Wires

The importance of forming a direct link between the redox center and the underlying
electrode has been shown numerous times with organic monolayers by Willner and
coworkers [114–117] where redox relays form a connection between a macroscopic
electrode and FAD whereupon apo-glucose oxidase is assembled over the surface-
bound redox-active center. The nanotube approach, however, makes the connection
by using the nanotube essentially as amolecular wire. Gray and coworkers [118–120]
have demonstrated excellent connectivity to the redox-active centers of enzymes
using conjugated organic molecular wires. In the first example of this approach
electrodes were modified with a self-assembled monolayer of rigid oligo(phenyl-
ethynyl)-thiol molecular wires that contained diethylaniline at the distal end
(Figure 1.21) [120]. Oligo (phenyl ethynyl) and related conjugated molecular wires
have been shown to allow very rapid electron transport due to the extended
conjugation of p-electron and the rigidity of the molecules [9, 121, 122]. The enzyme
amino acid oxidase, another enzyme with flavin adenine dinucleotide (FAD) as the
redox-active center, was adsorbed onto this interface and the electrochemistry of FAD
in its natural position buried deep within the wild-type enzyme was investigated.
Remarkably, a lower limit of the rate constant of electron transfer was 1000 s�1,
which is consistent with other electron-transfer studies through these types of
molecules [121, 122] but unprecedented for electron transfer to redox enzymes. This
incredibly rapid rate confirms that there is excellent electronic coupling between the
FAD and the electrode despite the molecular wire being 22A

�
long. This excellent

electronic coupling is because the molecular wire is designed to bind directly to the
redox-active center of the enzyme. The diethylaniline at the distal end of themolecular
wire was chosen as it is a known inhibitor of amine oxidase. Thus, the binding of
thediethylaniline terminus in the active site serves to direct themolecularwire close to
the active site; hence enabling efficient electron transfer through the molecular wire
between the electrode and FAD.

Figure 1.21 Molecular wire: rigid oligo(phenyl-ethynyl)-thiol
molecular wires that contained diethylaniline at the distal end.
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The interfacial design used in the study of Hess et al. [118] is not only important
for interfacing electrodes with redox proteins but because it demonstrates three
important recent advances for nanostructuring electrodes that offer unique proper-
ties. These three concepts are (1) using binding moieties on a monolayer surface to
ensure intimate connectivity with biomolecules, (2) using rigid molecules that
extends the capability of nanofabrication on surfaces by allowing coupling to the
interior of nanoscale features and (3) the use of molecular wires in electrochemistry
such that long-distance electron transfer can be exploited for a variety of applications.
We will discuss each of these three features in turn.

1.4.3.1 Nanostructuring Electrodes to Achieve Intimate Connectivity with
Biomolecules
Waldeck and coworkers [123, 124] had previously explored this concept using
alkanethiol SAMs terminated with different moieties at the omega position and
determined the best connectivity to cytochrome c was achieved with pyridine-
terminated SAMs [125]. Armstrong and coworkers have also recently employed a
similar strategy for interfacing graphite electrodes with blue copper oxidase (laccase)
enzymes, where graphite electrodes aremodified with an anthracene diazonium salt
where the diazo group was on the 2 position. The reductive adsorption of aryl
diazonium salts has been shown to produce very stable layers on carbon electro-
des [126–128] and here will give anthracene-modified electrodes (Figure 1.22).
The anthracene molecules were shown to bind the laccase enzymes tightly via the
hydrophobic, p-electron-rich, binding pocket. The resultant laccase-modified elec-
trode showed excellent performance, with the current density for the electrocatalytic
reduction of oxygen at least twice as large as for laccase adsorbed onto unmodified
graphite electrodes. Electroactivity was retained with repeated cycling, indicating
the laccase was strongly attached to the electrode and the electrode demonstrated
long-term stability (catalytic activity being 57% of the original current density after 8
weeks). An important aspect of this electrodemodification was the orientation of the
anthracene on the electrode. If the diazo moiety was on the 1 position, such that the
anthracene was less able to protrude from the electrode surface, no catalytic
enhancement was observed.

1.4.3.2 Nanostructuring Electrodes using Rigid Molecules
The correct orientation and rigidity of the anthracene is also related to the
second important idea in the nanostructuring of the electrode interface used by

Figure 1.22 Anthracene-2-diazonium deposition by an
electrochemical means. (Reproduced by permission of The Royal
Society of Chemistry from [129].)
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Hess et al. [118]; that is the use of rigid molecules to allow surface assembly onto
electrodes that would not be possible with flexible molecules. When using SAMs for
nanofabrication of a surface in a stepwise manner (that is sequentially adding
additional components to the surface one after another rather than forming the
entiremolecular system and then assembling it) the common strategy is to use either
a single component or a mixed SAM of multiple components. Mixed SAMs are used
to allow lateral spacing of the coupling points such that their surface density can be
controlled, which can be particularly important if the material to be assembled onto
the surface has a larger footprint than the individual SAM forming molecules. The
distance of the assembled species from the underlying electrode surface is defined by
the thickness of the SAM. Because of the flexibility of the individual molecules in the
SAM, close packing of molecules is required to define the distance. Hence, if one of
the components is longer than the other species in the SAM then the distance from
the surface is defined by the major component (Figure 1.23). That is, if the shorter
component is the minor component then it will be buried within the SAM [130].
Alternatively, if the longer component is the minor component, its flexibility means
that the distance from the surface is still defined by the shorter component
and connectivity of the SAM to a nanoscale feature is still limited to the exterior
of the material being coupled. Rigid molecules on the other hand can protrude from
the interface as if they are molecular posts (Figure 1.23). Using such molecules the
opportunity exists for connections to be made to the interior of nanomaterials
(Figure 1.23).
In connecting the diethylaniline into the redox-active center of the amine oxidase

in the study byHess et al. [118] the connection is made possible for the connection to
be made to the interior of the enzymes because the molecules were rigid. However,
for this to occur requires sufficient spacing between the molecular wires on the

Figure 1.23 Scheme of long aliphatic molecules to project redox
molecules above the environment (left) and the utilization of rigid
molecules to probe into proteins and project redox molecules
above the SAM surface (right).
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electrode surface to ensure that the enzymes fit over the molecular wires. In the
interfacial design byHess et al. [118] themolecular wires have not been separated by a
diluent but only 75%of the surfacewas reported to be covered by themolecularwires.
The coverage of the enzyme was determined voltammetrically to be only 25% of a
monolayer. This low coverage may in fact reflect the locations on the surface where
there is sufficient space for the enzyme molecules to slide over the rigid molecular
wires or alternatively the surface may be covered by a monolayer of enzyme but
connectivity is not made to all enzymes.
The Gooding group has extended this concept of using rigid �molecular posts� in

the formation of hybrid enzyme–electrode constructs using both oligo (phenyl
ethynyl) molecular wires [131, 132] and norbornylogous (NB) bridges [133, 134]
as minor components in a mixed self-assembled monolayer where the major
component was significantly shorter than the molecular post. In this way, the
molecular posts stand proud above the plane of the SAM with sufficient space
between the posts such that individual posts can connect to sites in the interior of
large biomolecules. This strategy is illustrated in Figure 1.24 for achieving direct
electron transfer to glucose oxidase [132] using a mixed layer of an oligo (phenyl
ethynyl) molecular wire and a benzoic acid diluent, where both molecules on the
surfacewere derived fromaryl diazoniumsalts. The enzyme is allowed to adsorb onto
the interface, whereupon it is anchored to the electrode using standard carbodiimide
coupling. If this coupling procedure is performed then stable peaks in the cyclic
voltammograms attributed to flavin adenine dinucleotide within the protein are
observed with a half-wave potential of �443mV versus Ag|AgCl. Without the

Figure 1.24 Scheme for the use of rigid molecular wires to plug
into enzymes. (Reprinted with permission from Ref. [132].�2007
Elsevier.)
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anchoring step the electrochemistry was observed to be unstable. The rate constant
for electron transfer was calculated to be 78 s�1, which is a massive enhancement
in rate compared with the 1.6 s�1 reported in other studies on direct electron transfer
to wild-type glucose oxidase using graphite electrodes [135] and carbon-nanotube-
modified electrodes [92, 95]. This high rate is because themolecularwire is thought to
penetrate close to the active site via the channel throughwhich the glucose gets to the
active site. The entrance of the active site is approximately 10A

�
in diameter [85],

which is sufficient to allow themolecularwire to at least partially penetrate the protein
towards the active site without denaturing the enzyme. The important aspects of this
studywerefirstly the enzymewas shown to be able to turn over glucose in the absence
of oxygenor any other freely diffusingmediating species,which indicates the enzyme
is being turned over by direct electron transfer, and secondly that enzyme turnover
was occurring at �400mV versus Ag|AgCl. This turnover potential is the most
negative yet recorded for direct electron transfer to glucose oxidase, which has
important consequences for fuel cells where the more cathodic the potential of the
anode the greater the power output.
With regards to interfacial design, the molecular wires on the surface are diluted

using a short carboxy phenyl derivative, which as mentioned above also serves to
anchor the protein to the surface. Changing the ratio of the two components in
solutionwas shown to be able to influence the amount of glucose oxidase interrogated
electrochemically at the electrode surface. The optimal ratio in the assembly solution
was 1 : 30 molecular wire:carboxy phenyl derivative. At this ratio there was a surface
coverage of glucose oxidase, as determined from the voltammetric peaks, of 2.4 pmol
cm�2. This surface coverage is consistent with the coverage of GOx (2.6 pmol cm�2)
on 3-mm diameter GC electrodes determined by radioactive 125I labeling [136] and
this value is only just below the theoreticalmaximumcoverage of amonolayer ofGOx
of between 2.6 and 3.8 pmol cm�2 [137] that was calculated from the crystallographic
size of GOx of 5.5� 7.0� 8.0 nm [85]. Increasing the ratio of molecular wires results
in a decrease in surface coverage that is attributed to the surface density of molecular
wires crowding the interface such that there is insufficient spacing between wires to
allow all the enzymes attached to the surface to fit over a wire and at lower ratios of
molecular wires there are insufficient number of wires to get a complete monolayer
of enzyme immobilized.
As a final aside in this section, it is important to note that carbon-nanotube-

modified electrodeswhere the carbonnanotubes are vertically aligned, the nanotubes
can essentially be exploited in the same basic way as molecular posts. That is, in
essence, what was demonstrated in the examples by the Willner group and the
Gooding group into plugging carbon nanotubes into glucose oxidase. In these cases
the small size and the rigidity of the carbon nanotubes were crucial for the success of
these enzyme-wiring strategies.

1.4.3.3 The use of Molecular Wires in Electrochemistry such that Long-Distance
Electron Transfer can be Exploited for a Variety of Applications
The final aspect of the electrode design in the work by Hess et al. [118] is the use of
molecular wires for modified electrodes for applications other than molecular
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electronics. This was not the first use of molecular wires in such a way that the
concept has been previously demonstrated in the Clinical Microsensors (CMS) DNA
biosensor [138] (Figure 1.25). The self-assembled monolayer used to modify the
electrode to give it selectivity for DNA comprised three components. These were (1)
thiolated DNA molecules to selectively detect complementary strands of DNA in
the sample, (2) a oligoethylene glycol (OEG) -terminated alkanethiol as an antifouling
layer that resists nonspecific binding of DNA and proteins and (3) oligo (pheny-
lethynyl) thiols as the molecular wires to allow electrochemical communications to
the underlying electrode.
Liu and Gooding have adapted this type of interface for protein electrochemistry

and to allow electrochemistry to be performed in biological media without electrode
fouling [131]. As with the interface for probing direct electron transfer to glucose
oxidase by the same workers the self-assembled monolayers were derived from aryl
diazonium salts reductively desorbed onto a glassy-carbon electrode rather than
alkanethiols on gold. The reason for using aryl diazonium salts [128, 139] is that
they formmuchmore stable layers on carbon andmetal surfaces than the alkanethiol

Figure 1.25 Scheme for the use of molecular wires to sense DNA
hybridization where a capture DNA is used to attract the target
DNA and then a signal DNA with ferrocene labels is hybridized to
signal the hybridization event. (Reprinted from [138] J.Mol.Diagn.
2001 3: 74–84 with permission from the American Society for
Investigative Pathology and the Association for Molecular
Pathology.)
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system [128, 140]. Aswith theCMSsystem themolecularwire allows electrochemical
communication with the electrode and the OEG molecules resist nonspecific
adsorption of proteins to the surface. The ability of the interface to ensure proteins
are selectively attached to the molecular wires was shown using horseradish
peroxidase (HRP), a protein to which direct electron transfer can easily be achieved.
The electrochemistry of the heme center shows a close to ideal full width
half-maximum (EFWHM) for the oxidation peak. The close to ideal EFWHM is good
evidence that all the proteins being interrogated electrochemically are in the same
environment, which essentially means the only enzymes that are wired to the
electrode are those covalently attached to the molecular wires.
The crucial aspect of this interface is that the oligoethylene-glycol-terminated

molecules passivate the electrode such that species in solution cannot access the
underlying electrode. Hence, the oligophenylethynyl molecules are absolutely nec-
essary for any electrochemical response. What the antifouling layer and molecular
wire in combination does, however, is to bring the design of electrode interfaces into
the realms of interfaces in optical detection [141] where interactions of proteins with
the surface can be precisely controlled. This has not been previously possible because
in most electrode constructs the electrode interface must be open and accessible to
freely diffusing species such that electrochemical signals can be achieved. The
drawback of allowing electroactive species to diffuse to the electrode surface is that
if any other species in solution are electroactive at the same potential then
they will become interferences. As this interface does not require access of
diffusing species to the electrode surface the interface also serves the function
of preventing these electroactive interferences reaching the electrode and solving this
long-standing problem.
Themonolayer construct in Figure 1.24has already been shown to have advantages

for DNA biosensors [138], protein electrochemistry [131] and immunosensing [142]
but its potential has yet to be touched for performing electrochemistry in complex
biological media such as found in cell-culture media. The important features of this
system for performing electrochemistry in complex media are the highly stable aryl
diazonium salt SAMs, the protein resistance and restriction of electroactive inter-
ferences from accessing the electrode surface. The challenge is to configure the
interface with a biorecognition molecule that can be attached to the molecular wire
that will allow detection of an analyte of interest. This is the challenge we are now
pursuing.
Liu et al. [140] have also used this interface for an electrochemical immunosensor

for small molecules (Figure 1.26). In this sensor, one end of the molecular wire is
attached to ferrocene dimethylamine with a covalent link formed between one of the
amine groups on the ferrocene and the carboxyl group on thewire. To the other amine
is attached the antibody-binding epitope for the antibody, in this proof-of-concept
study the epitope is biotin. Electron transfer can be readily achieved to the ferrocene
molecule but upon antibody binding to this interface, the electrochemical signal is
dramatically reduced.
The immunosensor based on themodulation of electrochemical signals by protein

binding can be used in twomodes. Thefirst is to detect the presence of antibodies in a
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sample. In thismode the biosensing reaction is going from left to right in Figure 1.26.
In this case the sensing interface is comprised of the OEG component and the
molecular wire with the ferrocene attached and an epitope for the target antibody.
If the antibody is present in the sample it will selectively bind to the interface with a
concomitant decrease in ferrocene current. In the second mode for detecting small
molecules the antibody is actually bound to the epitope attached to the end of the
molecular wire such that the attenuation of the electrochemistry has occurred. In the
presence of the small molecular analyte in solution, a competition for the antibody is
created and some of the surface-bound antibody will dissociate from the surface and
an increase in current will be observed. Thus, this sensing system has the ability to
detect both proteins and small molecules in a sample, using immunoreagents,

Figure 1.26 Scheme of immuno-biosensor developed by Liu and
Gooding, exploiting the size of proteins and the space that a
protein takes up to block ion access to the redox probe.
(Reproduced by permission of The Royal Society of Chemistry
from [142].)
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without requiring the user to perform any tasks other than expose the sample to the
sensor. The sensing concept is general for any small molecule so could be applied to
analytes such as drugs or pollutants.
The interfacial design and the presence of the antifouling layer are absolutely vital

for the success of this sensing concept. Evidence has been provided that the
attenuation of the electrochemistry is due to restricting the access of ions to the
ferrocene to balance the charge once the ferrocene is immersed in protein [134, 142].
As a consequence, any nonspecific adsorption of protein to the interface will also
cause an attenuation in electrochemistry. Hence, the antifouling layer is required to
ensure the attenuation of the electrochemistry associated with the presence of
antibodies is due to a specific interaction with the binding epitope on the molecular
wire rather than any nonspecific effects. The ability of this layer to resist nonspecific
adsorption of proteins, as well as preventing electroactive species reaching the
electrode, was demonstrated by Liu and Gooding [131] previously and is demon-
strated in the current paper via controls that show there is little attenuation in the
ferrocene electrochemistry if a different antibody is used or if the biotin epitope is
absent from the interface.

1.5
Switchable Surfaces

1.5.1
Switching Properties of Monolayer Systems

SAMs containing two ormore constituentmolecules provide a practical experimental
system with which to generate model systems to study fundamental aspects of the
interactions of surfaces with biological systems. The primary advantage that SAMs
(especially mixed SAMs) have over other methods of creating organic surfaces
(polymer films, adsorbed proteins) is that the chemical composition of the surface
can bemodified in a deliberatemanner. The other key advantage is the spatial control
that SAMs afford. One of the most dramatic examples of this spatial control is a
reversibly switching surface developed by Langer and coworkers [143, 144]. The basic
idea is shown in Figure 1.27. A gold surface was modified with an alkanethiol SAM
with a labile head group that had a footprint larger than the size of the alkyl chain such
that themolecules could not close pack on the electrode surface. Removal of the labile
headgroup left a hydrophilic mercaptohexadecanoic-acid-modified surface. The
spacing between themolecules on the surface was such that eachmolecule occupied
an area of about 0.67 nm2, whichwas greater in comparison to a close-packed surface
where each molecule occupies an area of 0.29 nm2. The greater spacing between
molecules was necessary to allow room for the mercaptohexadecanoic acid to bend
towards the underlying gold surface. Application of an electrical potential was used to
control the orientation of SAM molecules on a gold electrode surface, which can
reversibly switch the surface between two conformations and hence two properties.
A potential positive of the point of zero charge attracted the negatively charged
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carboxylic acid moieties at the distal end of the SAM to the electrode surface.
The bending of themolecules towards the electrode resulted in the surface changing
frompresenting carboxylic acids to alkyl chains to the exterior, which caused a change
in character of the electrode from hydrophilic to hydrophobic. This change in
orientation altered the wettability of the surface almost instantaneously. A similar
approachwas explored byWillner and coworkers [145, 146] where the distal group on
the SAMwas a dipyridinium species. The essential difference was that the attraction
and repulsion was not purely electrostatic as the distal moiety was also redox active.
Hence, upon switching to a positive potential the distal species was also oxidized and
when switching negatively the redox-active group was reduced. Thus, although still
reversible switching, the Willner study is an example of redox as well as electrostatic
switching.
Redox switching of surface properties has significant potential in cell biology as

it affords the opportunity to conduct mechanistic studies of cell attachment and the
dynamics of how changes to a surface influence cell structural organization and
intracellular signaling. Such studies have important implications for biomaterial
developments. A good example is the demonstration that switchable surfaces based
on SAMs can be used in controlling cell migration [147]. This was achieved using
SAMs, patterned bymicrocontact printing [148]. One set of locations in the SAMwere
terminated in methyl moieties (HS(CH2)17CH3) forming hydrophobic patches to
which cells adsorb. These hydrophobic patches were surrounded by SAM-forming
molecules terminated inoligo(ethyleneglycol) (HS(CH2)(OCH2OCH2)3OH)moieties
that resist the adsorption of proteins and cells from solution. Having allowed the cells
to attach on the hydrophobic regions, and spread to the limits of these regions, it is
then possible to selectively remove the oligo(ethylene glycol) moieties instantly, so the
cells can start to migrate across the surface. The switching is achieved by the

Figure 1.27 Scheme showing the use of charged head groups to
�switch� between hydrophilic and hydrophobic surfaces by
changing the potential applied to the surface. (From [144] J.
Lahann, S. Mitrogotri, T.N. Tran, H. Kaido, J. Sundaram, I.S. Choi,
S. Hoffer, G.A. Somorjai and R. Langer, Science, 299, (2003),
371–374. Reprinted with permission from AAAS.)
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application of a brief voltage pulse to the gold electrode at a potential that removes only
the oligo(ethylene glycol)moieties. This is possible due to the inferior chain packingof
the oligo(ethylene glycol)moieties relative to theHS(CH2)17CH3. The inferior packing
means that there are fewer van der Waals interactions between the alkyl chains.
Consequently, the SAMs in these regions are less stable on the surface and can
therefore be preferentially removed. As soon as the oligo(ethylene glycol) moieties are
removed from the surface, proteins from the culture medium adsorb onto the gold
surface, and generate a surface where cells can spread across. The ability to grow cells
in patterns, and then to release them from these patterns with a simple electrochemi-
cal manipulation, provides the basis for new types of bioassays that make use of
observations of cell motility.
More advanced electrochemical manipulation of cells on surfaces can be achieved

with custom-synthesized switchable molecules. Mrksich and coworkers recent-
ly [149] demonstrated a SAM on gold with a 4-H-benzo[d][1,3] dioxinol terminal
group (Figure 1.28). Subjecting the monolayer to a potential of 900mV versus
Ag|AgCl caused the oxidation of the aromatic ring of the 4-H-benzo[d][1,3]dioxinol
with hydrolysis of the acetal to yield the aldehyde. The resulting aldehyde can be used
for ligand immobilization, with corresponding protein capture or, alternatively, the
surface can be used for studies of cell migration. The latter is demonstrated in the
paper where surfaces were patterned with circular islands of hexadecanethiols to
which fibronectin was adsorbed such that cells would adhere. The rest of the surface
was modified with a mixed SAM as depicted in Figure 1.28 where the 4-H-benzo[d]
[1,3]dioxinal-terminated species was only 2%. Thefibroblast cells used did not spread
in these regions and hence circular patterns of cells were observed. After 4 h of
culturing the cells, a potential of 900mV versus Ag|AgCl was applied to the
monolayer for 10 s. The cells began to migrate from these regions and after 10 h
the circular patterns of cells were no longer evident.
Mrksich and coworkers [150] demonstrated even more sophisticated switchable

surfaces where cells could be sequentially released and reattached. A SAM that

Figure 1.28 Schemeusingpotential cleavablemolecules to switch
the surface chemistry. (Reprintedwith permission fromRef. [149].
� 2004 Wiley-VCH Verlag GmbH & Co. KGaA.)
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incorporated an O-silyl hydroquinone moiety was employed (Figure 1.29). To the
distal end of the molecules a peptide ligand, Arg-Gly-Asp (known as RGD peptide)
was attached. RGD is a ligand for integrin receptors, molecules on the cell surface
thatmediate cell adhesion. TheO-silyl hydroquinone ether is electroactive and allows
for the selective release of the peptide from the substrate. The release is triggered by
applying a potential to the substrate of 550mV versus Ag|AgCl, which oxidizes the
hydroquinone to the corresponding benzoquinone with hydrolysis of the silyl ether.
The resulting benzoquinone group undergoes a selective immobilization reaction
with a diene-tagged peptide by way of a Diels–Alder reaction and therefore, provides
the basis for a second dynamic event. The benzoquinone is redox active and can
be reduced back to the hydroquinone, which prevents immobilization of the
diene-tagged ligand. In this work, Yeo et al. demonstrated that surfaces could be
switched from initially being adhesive to all cells, to release cells and then following
addition of a new ligand to the surface, switching back to being adhesive to cells again.
These types of switchable electrode surfaces have been used to selectively pattern

two different cell populations onto a surface [151] and additionally these surfaces can
selectively release different cells at different applied potentials [152]. However, it is
important to recognize that electrochemically switching a surface from inactive to
conjugation and active to conjugation has been well explored with nitro-terminated
aryl diazonium salts. In such studies, the application where very anodic potential
resulted in a six-electron reduction to an amine [139], to which proteins could be
attached [153–155]. The key difference is that the interaction of the biological
medium with the surface is controlled by the presence of the antifouling
layer. In many ways these electrode surfaces developed by Mrksich and coworkers
[150–152, 156] are very similar to the antifouling surfaces with molecular wires
discussed in Section 1.4.2 [131, 132, 138, 142]. In both cases the electrode is

Figure 1.29 Scheme of sophisticated switchable surfaces where
cells could be sequentially released and reattached. A self-
assembled monolayer, using an O-silyl hydroquinone as the
cleavable molecule, allows for the release and reattachment of
cells onto a surface. (Reprinted with permission from Ref. [150].
�2003 American Chemical Society.)
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effectively passivated by the presence of an antifouling layer and electrochemical
communication is achieved via electron transfer through the organic monolayer to a
redox-active species attached to its surface. The next step in the development of these
electrodes could in fact be the combination of these two concepts, where surfaces
showelectrochemically switchable properties, which control the response of cells and
at the same time the surface could act as a sensing surface andmonitor changes in the
cells biochemically.

1.5.2
Control and Enhancement of Electrochemical Reactions usingMagnetic Nanostructures
on Electrodes

The electrochemically switchable surfaces discussed rely on either a change in
conformation of molecules attached to an electrode surface, or a change in the
actual attached moieties, to give switchable properties. Recent advances in magnetic
nanoparticles, and the modification of these particle surfaces, offers a range of
unique opportunities to switch the properties of electrochemical systems by using
magnetic fields to achieve spatial control over the position of the functionalized
magnetic structures. The aim of spatially manipulating thesemagnetic structures by
altering themagneticfield location or orientation is to allow for the systematic control
of reactions on electrode surfaces.
This concept in the form of �magneto-switching� was pioneered by Willner and

coworkers [132, 157],who demonstrated the ability to reversibly switch �ON� and �OFF�
bioelectrocatalytic reactions by changing the position of an applied magnetic field to
provide vertical spatial control over magnetic particles. In this work, a gold electrode
modified with glucose oxidase was switched �ON� by magnetically attracting 1-mm
magnetite particles modified with N-(ferrocenylmethyl) aminohexanoic acid media-
tors to theelectrode that enabled themediationof theenzymereaction.The application
ofapotential ofE� ¼ 0.31Vvs.SCEcaused theoxidationof the ferrocene to ferricinium
ions,whereupon the ferriciniumcould oxidize the reduced glucose oxidase back to the
catalytically active oxidized form [158]. (Figure 1.30a). The electrode was switched

Figure 1.30 Magneto-switched bioelectrocatalyzed oxidation of
glucose in the presence of relay-functionalizedmagnetic particles.
(Reprinted with permission from Ref. [157]. �2000 American
Chemical Society.)
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�OFF� by repositioning themagnet on top of the cell. This drew the ferrocene-modified
magnetite particles away the electrode such that no ferricinium was produced and
hence prevented the mediation of the enzyme reaction by the mediator-modified
nanoparticles (Figure1.30b). In the samepaper, the concept ofmagneto-switchingwas
also applied to the reduction of NO3

� using N-methyl-N0-(dodecanoic acid)-4,40-
bipyridinium as the redox mediator in the presence of nitrate reductase.
Willner and colleagues [159] extended this idea further to demonstrate lateral

spatial control of magnetic particles that enabled the magneto-switching of the
electrochemical generation of light. In this work, aminonaphthoquinone-modified
magnetite particles were introduced into an electrochemical cell that consisted of a
glass slide, half of which was plated with gold, to give a working electrode with the
other half being nonconducting glass. As before, the electrode reaction was switched
�ON� by positioning amagnet under the gold electrode, which attracted themagnetite
particles onto the electrode. This initiated the electrochemical reduction of
naphthoquinone under oxygen [160] at the applied potential region E <�0.36V to
produce electrogenerated H2O2. TheH2O2 subsequently reacted with luminol in the
presence of horseradish peroxidase to generate 3-amino-phthalate and light,
(lem¼ 425 nm) (Figure 1.31a). The lateral repositioning of the magnetic particles
onto the nonconducting glass plate was achieved by moving the magnet. This
switched �OFF� the electrochemical quinone reduction and hence the light emission
(Figure 1.31B). This novel demonstration revealed the potential use of such systems
as logic �AND� gated elements where light emission occurs only in the presence of a
magnetic field and with an appropriate potential step applied to the electrode.
Wang and coworkers [161] have extended the magneto-switching concept by

demonstrating a number of switchable electrochemical reactions using biomo-
lecules, metallic nanoparticles [162] or functionalized magnetic particles. In the
case of biomolecule modification, Wang and Kawde [161] attached DNA oligo-
nucleotides onto streptavidin-coated magnetic particles. They demonstrated that
by magnetically attracting the DNA-modified particles onto a gold electrode and
by applying a constant anodic current of þ 5 mA over a potential range of 0.6 to
1.2 V, a chronopotentiometric response corresponding to the oxidation of the
guanine moiety (Ep¼ 1.02 V) was observed. The electrochemical reaction was

Figure 1.31 Magneto-triggered biochemiluminescence.
(Reproduced by permission of The Royal Society of Chemistry
from [159].)
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switched �OFF� by magnetically removing the DNA-modified particles. They also
demonstrated lateral spatial control of the particles by moving particles between
two electrodes placed side-by-side and showed the corresponding switching of
chronopotentiometric signals. In this way it is possible to envisage applications
where separate electrochemical reactions on the same particles are sequentially
monitored at different electrodes. Wang and coworkers [162] also demonstrated
the use of Pt/Ru-functionalized nickel particles for the magneto-triggered elec-
trochemical oxidation of methanol and the reduction of oxygen. They showed the
switchability of this system through the reversible appearance and disappearance
of voltammetric peak currents on the cyclic voltammograms, corresponding to the
placement and removal of modified nickel nanoparticles, with no apparent carry
over. The switchable control was shown to facilitate the on-demand switching of
direct-methanol fuel cells. Musameh and Wang [163] also extended the concept of
magneto-switching to carbon nanotubes (CNTs) where they took advantage of the
magnetic and catalytic properties of CNTs without the need for functionalized
magnetic nanoparticles.
Willner and coworkers [164] further advanced the utility of magneto-switching by

demonstrating the dual quantification of two substrates within a sample. In this
work, a gold-coated glass electrode was modified with ferrocene, while magnetic
particles were modified with the electron mediator pyrroloquinoline quinone
(PQQ) and the cofactor aminoethyl-functionalized-NADþ (aNADþ ) as shown in
Figure 1.32. Selective quantification of two substrates, glucose and lactate was
reversibly accomplished by limiting the potential to a range that was appropriate
to activate only one bioelectrocatalytic process. This idea exploits the difference in
redox potentials of PQQ and ferrocene. In the case of lactate detection, this is
switched on magnetically by bringing the nanoparticles with the cofactor for lactate
(NADþ ) into contact with the electrode. Apotential range of�0.36V to þ 0.15Vwas

Figure 1.32 Magneto-switched dual biosensing of glucose and
lactate. (Reprinted with permission from Ref. [164]. �2002
Wiley-VCH Verlag GmbH & Co. KGaA.)
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applied to oxidize PQQ that initiates electron hopping to the electrode when lactate
reduces the NADþ cofactor to NADH in the presence of enzyme lactate dehydroge-
nase (LDH). The NADH is oxidized by PQQ, which results in the formation
of PQQH2 and the regeneration of NADþ (Figure 1.32a). The electrochemical
oxidation of PQQH2 results in the observation of an anodic current.Movement of the
magnet to draw magnetic particles away from the electrode, lactate oxidation was
blocked and the applied potential was set to allow for only the oxidation and resulting
quantification of glucose in the system (Figure 1.32b). Similar to the first example,
magneto-switching using ferrocene-modified magnetic nanoparticles are utilized to
control the accessibility of mediators to the enzymes by movements of a magnet.
A further significant development in the field of magneto-switchable control over

magnetic nanostructures on electrodes was the use of alkyl-chain-functionalized
hydrophobic magnetic particles in a two-phase system to control and switch the
hydrophobic or hydrophilic properties of the electrode surface [165]. This concept
was unique because it allows for dual functions depending on how the concept is
applied. Thefirst function involves utilizing the hydrophobicmagnetic nanoparticles
for blocking of the electrode surface. The nanoparticles form a hydrophobic thin film
on the surface that is not permeable for water-soluble components, thus blocking
aqueous electrochemistry from occurring at the electrode. This was demonstrated by
Willner and coworkers [165] who showed reversible magneto-switching of the
electron transfer of ferrocene at gold electrodes corresponding to the attraction (off)
and withdrawal (on) of hydrophobic nanoparticles to and from the electrode surface.
The second function involves the altering of the electrochemical reaction occurring
on the electrode surface from aqueous-type processes to an organic-phase-type
electrochemistry enabling the electrochemical detection of substrates dissolved
in organic solvents. Willner and coworkers [166] demonstrated this function by
monitoring the cyclic voltammograms of the reduction of cumene hydroperoxide
dissolved in toluene. In this work, cumene hydroperoxide together with hydrophobic
undecanoate-capped magnetite particles were kept away from a microperoxidase-11
(MP) -modified gold electrode immersed in an aqueous environment (Figure 1.33a).
Microperoxidase-11 had previously been found to act as an electrocatalyst for
the reduction of organic peroxides in nonaqueous solutions [167]. Switching of the
position of the applied magnetic field to below the electrode switched �ON� the
reaction by attracting the hydrophobic magnetic particles along with coadsorbed
toluene to the electrode surface. In this way, cumene hydroperoxide dissolved in the
toluene is also brought to the electrode surface, where it is reduced by microper-
oxidase-11 upon the application of a potential of E� ¼�0.7 V (Figure 1.33b).
Willner and coworkers [168] demonstrated the applicability of this method for a

range of applications including the magneto-switching of DNA hybridization and
polymerization for programmed DNA chips, of photocatalytically activated reactions
using CdS nanoparticles for optobioelectronic systems [169], and of quinone oxida-
tion and reduction for �write-read-erase� information storage systems [170].
An exciting advancement of the magneto-switching concept involved the demon-

stration by Wang and coworkers [171] of the ability to use magnetic fields to control
electrochemical reactivity on electrodes in comparison to previous demonstrations
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that were limited to �ON/OFF� switching. This breakthrough introduced the unique
ability of modulating electrocatalytic activity by orienting catalytic nickel nanowires
on electrodes at different angles. In this work, 6-mmnickel nanowires with diameters
of 200 nm were synthesized via membrane template-directed electrodeposition for
the oxidation of methanol and glucose. As nickel is known for its electrocatalytic
action toward aliphatic alcohols, amino acids and carbohydrates [171], no further
modification of the nanowires with mediators were required. Wang and coworkers
demonstrated that electrochemical reactivity could be enhanced incrementally from
a minimum when the nanowires were in the horizontal position on the carbon
substrate (Figure 1.34a), to a maximum when the nanowires were in the vertical
position (Figure 1.34b) by gradually changing the orientation of the appliedmagnetic
field. This ability to tune electrode activitywas attributed to changes inmass transport
of glucose and methanol solutes due to tortuosity effects, as well as blocking effects
that limit solute access to the portion of nickel surface facing the carbon electrodes.
The ability to selectively orientate nanowires on electrode surfaces was applied by

Wang and coworkers [172] to provide on-demand protection for electrochemical
sensors. In this study they showed that passivating the sensor electrode surfaces
when measurements were not being taken could significantly increase the length of
optimal performance of the sensor. Passivating the surface simply involved position-
ing of themagnetic field such that the alkanethiol-coated gold nanowires with a short

Figure 1.33 Magneto-controlled �on�off� switching of
microperoxidase-11-catalyzed reduction of cumene
hydroperoxide in an organic environment. (Reprinted with
permission from Ref. [166]. �2000 American Chemical Society.)
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magnetic nickel segment were oriented in the horizontal position (Figure 1.35). This
protects the electrode surface from fouling by blocking the access of surface-active
materials between measurements. The ability of the nanowires to reversibly change
the operation of the sensor in response to an external stimulus led the authors
to describe them as �adaptive�. The same study also demonstrated that increasing
both alkanethiol chain length and gold/nickel segment length ratio increased the

Figure 1.34 Experimental setup showing the nickel nanowires in a
(A) horizontal and (B) vertical position depending on the
magnetic field orientation. (Reprinted with permission from
Ref. [171]. �2006 American Chemical Society.)

Figure 1.35 On-demand protection of an electrochemical sensor.
Trace analysis of metal (M) analyte in the presence of surface
active compounds (S) using the �active� and �passive� states.
(Reprinted with permission from Ref. [172]. �2006 American
Chemical Society.)
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electrode-fouling resistance. Attractive sensor behavior was also demonstrated with
stripping voltammograms showing well-defined concentration dependence for the
detection of cadmium and significantly enhanced the length of optimal performance
when the electrode was in the �active� state compared with an unmodified gold
electrode.
Further development of adaptive nanowires was carried out by Wang and

coworkers [173] to extend the use of these magnetic structures for control of
biocatalytic processes. In this example, the previously reported two-segment
gold/nickel nanowires were functionalized with glucose oxidase (GOx) to provide
control of biocatalytic oxidation of glucose in combination with a ferrocenemediator
bound onto a gold-coated glass electrode. In this case, magnetic-field-controlled
horizontal orientation of the GOx-modified nanowires allows effective contact
between the enzyme andmediator, resulting in activation of the biocatalytic reaction.
Vertical reorientation of the nanowires leads to reduced contact between the enzyme
and the mediator resulting in reduced glucose oxidation. Importantly, this
study demonstrated for the first time, complete withdrawal of the nanowires
from the electrode surface that blocked activation of GOx, hence switching �OFF�
the reaction.
The ability to modulate electrochemical reactivity and effectively switch �OFF� the

reaction was extended further by Wang and coworkers [174] to control, on-demand,
the separation and detection processes in microfluidic devices. In this work, the
catalytic nickel nanowireswere placed, reoriented and removedon-demand at the exit
of the separation channel of the microfluidic chip, offering unique possibilities for
controlling externally, events inside and outside a microchannel.
Recent work in the area of using magnetic structures on electrodes to control

electrochemical reactions has centered primarily on the search for more effective
materials used for the applications mentioned in this section to improve perfor-
mance. An example of such work includes that of Vasilyev et al. [175] who attempted
to improve the work of Willner and coworkers on logic gates by using very small
(17�2 nm) and monodispered cobalt ferrite (CoFe2O4) nanoparticles that are im-
portant for achieving the aim of reducing the error read-out possibility of logic gates.
Similarly, Zhai et al. [176] extend the ideas of Wang and coworkers by utilizing
nanowires made from the assembly of magnetic iron-oxide particles to show
tunability of the oxidation of glucose by glucose oxidase. Another example is the
work of Jimenez et al. [175] who used magnetic fields to self-assemble conductive
nanowires consisting of Au-shell/CoFe2O4 onto gold electrodes. In this work, these
magnetic structures serve to increase the electrode surface area that results in up to a
�6.5 fold enhancement in electrochemical response for the ferrocene-mediated
oxidation of glucose by glucose oxidase when compared to an unmodified bare gold
electrode.
It is clear that there remain many possibilities for extending the concept of using

magnetic nanostructures on electrodes to control and enhance electrochemical
reactions. It can be envisaged that the coming years should see the improvement
of existing applications along with the exciting emergence of new applications
utilizing the concepts highlighted in this section.
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1.6
Conclusions

Throughout this chapter we have described a range of different concepts from the
literature where electrodes have been modified at the nanoscale to provide the
electrode with unique capabilities. Throughout this chapter there has been emphasis
on the properties relating to biological applications. In the simplest cases, this has
been to increase the surface area for enhanced sensitivity or to provide electrocatalytic
properties to the electrodes. However, nanostructuring electrodes have also enabled
completely new concepts in electrochemistry to be explored, such as the interfacing
of electrodes with proteins, having electrodes that are passivated from a sample
solution such that electrochemical communication is only achieved through molec-
ular wires, producing electrode surfaces with switchable properties or creating
sensors where the spacing between conducting units is used to modulate the
resistance of electrode layers.
Many of these unique properties are only possible because of the spatial control

over the modification of the electrode and hence the emphasis throughout this
chapter has been on control. However, our ability to structure electrodes at the
nanoscale or even molecular level is really only in its infancy and so many new
concepts will be revealed in the near future. To this point we have barely started
considering vertically controlling the structure of electrodes at the molecular level
and our ability to laterally structure electrodes with a high degree of control needs
further development. With the latter in mind, a recent development by Buck and
coworkers [177] is particularly important. In this work they showed, for the first time,
strategies for patterning self-assembled monolayers using self-assembled supramo-
lecular networks that are first assembled onto gold electrodes. What is unique about
this work is that by placing electrodes modified with these networks into an
alkanethiol solution for a short time enables the network to serve as a template for
the alkanethiol deposition (that is the alkanethiol does not remove the network). In
this way, patterns of alkanethiols can be produced, alternately copper patterning by
this method was also demonstrated by the underpotential deposition of copper onto
regions containing the alkanethiol but not the network. One cannot imagine what
possibilities this new method of nanostructuring electrodes, nor many other new
approaches, will bring, however, it is clear that developments will be rapid and
exciting.
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2
Electrochemically Active Polyelectrolyte-Modified Electrodes
Mario Tagliazucchi and Ernesto J. Calvo

2.1
Introduction

A polyelectrolyte solution contains the salt of a polyion, a polymer comprised of
repeating ionized units. In dilute solutions, a substantial fraction of sodium ions are
bound to polyacrylate at concentrations where sodium acetate exhibits only dissoci-
ated ions. Thus counterion binding plays a central role in polyelectrolyte solutions [1].
Close approach of counterions to polyions results in mutual perturbation of the
hydration layers and the description of the electrical potential around polyions
is different to both the Debye–Huckel treatment for soluble ions and the Gouy–
Chapman model for a surface charge distribution, with Manning condensation of
ions around the polyelectrolyte.
Coulombic, van der Waals, entropic and osmotic forces are coupled in a nontrivial

way and give rise to important charge regulation in polyelectrolyte systems. The salt
concentration is also an important factor to define the structure and thermodynamic
properties of polyelectrolyte solutions. In weak polyelectrolytes the ionization equilib-
rium is also coupled to these interactions and thus the pK of ionizable groups depends
on the organization of the interface and differs from that for the isolated molecule.
Polyelectrolyte complexes formed by polyion pairing are of special interest,

including protein–polyelectrolyte interactions such as protein–DNA complexes. A
special case of polyelectrolyte complexes are polyelectrolyte multilayers (PEM) on
surfaces formed by ion pairing, van derWaals interactions and counterion release of
oppositely charged polyelectrolytes [2, 3].
In this chapter we describe the use of polyelectrolytes carrying redox-active centers

on electrode surfaces with particular emphasis on organized layer-by-layer redox
polyelectrolyte multilayers (RPEM). In redox-active polyelectrolyte multilayers the
polyion–polyion intrinsic charge compensation can be broken by ion exchange
driven by the electrochemical oxidation and reduction forming extrinsic polyion-
counterion pairing. In this chapter we describe the structure, dynamics and applica-
tions of these systems.
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2.1.1
Chemically Modified Electrodes

In the last 30 years considerable progress has been made in the development of
�tailor-made� electrode surfaces by chemical modification [4–12] of electrodes sur-
faces with electroactive polymer films. A comprehensive description of electroactive
polymer-modified electrodes can be found in the book edited by M. Lyons [13].
The redox groups can be introduced by coordination, electrostatic binding or

covalent attachment to the polymer backbone.
Many of these systems employ charged polymers or polyelectrolytes that confer on

them particular properties due to the existence of electrical charges in the polymer
structure. Oyama andAnson [14, 15] introduced polyelectrolytes at electrode surfaces
by using poly(vinylpiridine), PVP, and poly-(acrylonitrile) to coordinate metal com-
plexes via the pyridines or nitrile groups pending from the polymer backbone.
Thomas Meyer�s group at North Carolina [16, 17] also employed poly(vinylpyridine)
to coordinate Ru, Os, Re and other transition-metal complexes by generating an open
coordination site on the precursor-metal complex.
Oyama andAnson [18, 19] introduced in1980s ion-exchangepolymers on electrodes

by incorporating redox-active counterions to an electrode modified with polyelectro-
lytes by �electrostatic binding�. The polycation poly(vinylpyridine) (PVP) was used to
bind Fe(CN)6

3/4� [18] and deprotonated poly(acrylic acid) to bind Ru(NH3)6
2/3þ [19].

Other cationic polyelectrolytes besides poly(vinylpyridine) such as poly(lysine) and
several anions with multiple charge like Fe(CN)6

3/4�, IrCl6
3�, Mo(CN)8

4�, and so on
were employed. Among the polyanions, poly(styrene sulfonate), PSS was one of
the first choices with redox-active cations such as Ru(bpy)3

3/2þ and, Co(bpy)3
3þ . Of

special interest is the use of perfluoro sulfonated poly(ethylene), Dupont de Nemours�
Nafion, with fluorocarbon hydrophobic backbone and sulfonates that provide hydro-
philic environment. The groups of Anson, Bard and Martin studied extensively redox
cations by electrostatic binding of Ru(bpy)2, Fe(bpy)3

2þ , Os(bpy)3
2þ , methylviologen,

Co(bpy)3
2þ , Co(terpy)3

2þ , and so on (terpy¼ 2,20: 60200-terpyridine) into Nafion.
The third approach has been to graft the redox couple bymeans of a covalent bond

to the polyelectrolyte backbond as described early in 1965 in the book of Cassidy
and Kun [20]. Several of these systems are charged polymers in at least one oxidation
state, like poly(viologen), poly(vinylferrocene), and so on. Examples of polyelectro-
lytes like polyacrylic acidwith covalently bound viologenwere reported by Fern�andez,
Katz and coworkers [21], hydroquinone [22] and Anson et al. with bound
ferrocene [23].
The existence of charge in these polyelectrolyte-modified electrodes is responsible

for some interesting features of the electrochemical response:

a. The effect of electrolyte concentration on the apparent redox potential of the
redox couple entrapped in a charged matrix. This has been discussed by Anson
and Redepening [24] and by Doblhofer and Vorotyntsev [25] in terms of Donnan
or membrane potential with respect to the reference electrode in the external
solution.
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b. The effect of solution pH on the apparent redox potential for pH-independent
redox couples [21].

c. Ion and solvent exchange between the polyelectrolyte film and the bathing
electrolyte as the redox charge is changed by oxidation and reduction of the
chemically modified electrode. This has been extensively studied by the electro-
chemical quartz crystal microbalance [26–30], by probe-beam deflection [28, 31]
and scanning electrochemical microscopy (SECM) [32].

d. Exchange of ions and solvent between a polyelectrolyte layer at an electrode
surface and the electrolyte solution adjacent to the layer produces swelling/
deswelling and viscoelastic changes of the polymer film by uptake and release of
the solvent with mechanical-work terms contributing to the free energy of the
system.

e. Exclusion of ions of the same charge as those in the polyelectrolyte backbone
and high partition coefficient for counterions depending on the redox state of the
film [25].

f. Diffusion-like propagation of charge due to electron hopping of electrons between
neighboring redox sites by segmental motion. The diffusion coefficients are very
dependent on the concentration of redox sites [13] and the system undergoes a
change of charge-propagationmechanism when the percolation limit is reached at
high concentration [33].

g. Existence of a mixed mechanism of electron hopping due to polymer segmental
motion and physical diffusion of counterions to compensate charge [34].

2.1.2
Redox Hydrogels

Hydrogels are crosslinked polymer networks with entrapped solvent. In the case of
hydrogels containing polyectrolytes, in addition to solvent, ions and salt can be found
in the gel as determined by the Donnan partition. This arises from the exclusion of
ions of the same charge that sets a membrane potential at the gel/external electrolyte
interface.
AdamHeller demonstrated that the electrical communication between the FADH2

prosthetic group in glucose oxidase and electrodes can be facilitated by electrostatic
complexing the negatively charged enzyme in a solution of pH above the isoelectric
point (pI¼ 4.2) with a cationic polyelectrolyte quaternized poly(vinylpyridine) and
poly (vinylpyridine)-Os (bpy)2Cl redox-mediator copolymer [35]. Based on this con-
ceptHeller further introduced a two-component epoxy technique combining glucose
oxidase (GOx) with the redox polycationic mediator crosslinked with a bifunctional
reagent to yield a self-contained biosensor.
Three-dimensional wired enzyme structures, based on crosslinking the redox

polymer chains and binding these to glucose oxidase lysine amines, were subse-
quently designed and syntesized [36, 37]. An example of a polymerization reaction is
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shown in the Figure 2.1. In the resulting network, one pyridine ring in about five
carries an [Os(bpy)2Cl]

lþ /2þ center. A variation of this crosslinking strategy is via the
reaction of a commercially available, water-soluble di-epoxide with the pendant
amine functions on the polymer as well as with amine functions of surface lysines
in the enzyme glucose oxidase [38, 39].
Redox hydrogels provide three-dimensional electron conductivity in a high-water

environment, where the stability of biomolecules such as enzymes is increased.
Electron diffusion in redox hydrogels takes place by collisional self-exchange between
neighboring redox centers through segmental motion of highly flexible polymer
chains. Two extreme limits are: electron hopping and percolation of charge above
certain concentration threshold [33, 40]. It should be mentioned that unprecedented
fast diffusion (Dapp� 5.8� 10�6 cm2 s�1) has been recently reported byMao et al. [41]
for a 13-atomspacer armbetween theOs2þ /3þ redox complex and the polyelectrolyte
backbone complex consistent with the predictions of Blauch and Sav�eant, as dis-
cussed below [33, 40].

2.1.3
Redox Polyelectrolyte Monolayers

A large number of examples of redox polyelectrolyte monolayers have been re-
ported [42]. Anson described the adsorption of poly(acrylic acid) onto glassy carbon
with electrostatic binding of Ru(NH3)6

3þ and Co(NH3)6
3þ ions from solution [43].

Finklea [44] adsorbed poly(4-vinyl-I-methyl-pyridinium methylsulfate) on self-assem-
bled mercapto-undecanoic self-assembled monolayer (SAM) on gold electrodes to

Figure 2.1 Chemical structure of osmium derivatized polyel-
ectrolyte–enzyme system developed by Heller. Taken from Ref. [37].
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form a bilayer structure. Further, adsorption of anionic redox ions such as [Fe(CN)6]
�4,

Cu(EDTA)2�, Cr(EDTA)� and ferrocene carboxylate, Fc-COO� showed redox activity.
In both cases the top layer of these layered polyelectrolyte films contains many ion
sites that can bind redox ions by ion exchange with the electrolyte solution. Homo
polypeptides such as poly(L-lysine) and poly(L-glutamic acid) have been employed
to form layered polyelectrolyte films with Fe(CN)6

3�/4� electrostatically adsorbed onto
ammonium sites in poly(lysine) [45]. Modified electrodes with polyelectrolytes mono-
layers have also been deposited using the Langmuir–Blodgett technique [46–48].
An interesting polyelectrolyte monolayer is redox-functionalized dendrimers

adsorbed on electrodes with multiple redox states. Each dendrimer in this system
is an isolated molecular object of well-defined shape [49, 50]. Cyclic voltammetry in
the megavolt per second range has been used to probe the dynamics of charge
transport that can be related to the morphology of the adsorbed dendrimer (i.e. the
contact angle between the dendrimer and the surface) through a model describing
electron hopping in spherical shells.

2.1.4
Redox Polymer Brushes and Grafted DNA

Linear polymer and polyelectrolyte brushes end-labeled with a redox moiety have
been extensively used by Moiroux, Demaille, Anne and coworkers to probe the
link between the electrochemical response and polymer dynamics. In these systems,
chain motions determine the position of the terminal electroactive groups and
therefore the scan-rate dependence of the experimental current–potential waves.
Ultimately, simple theoretical models can be employed to relate the experiments to
molecular features of the polymer, such as its length and flexibility. It is interesting to
note that polymer dynamics assists charge propagation also in the case of the
polyelectrolyte-modified electrodes discussed above. However, in those systems the
redox sites are randomly distributed alongside the polymer backbone and therefore
chainmotions become convoluted with electron hopping. This situation gives rise to
a voltammetric behavior that is well described in terms of the diffusion of charge in a
homogeneous film characterized by an effective diffusion constant, Dapp [51, 52].
The different experimental systems used to relate the electrochemical response

with chain dynamics are shown in Figure 2.2. Flexible polyethylene glycol (PEG)
chains bearing terminal ferrocene groups have been attached to surfaces (Figure 2.2a)
[54, 55], supramolecular self-assembledmonolayers (Figure 2.2b) [56] andmultilayers
(Figure 2.2c) [201] of immunoglobulins. In addition, a redox enzyme was attached at
the end of the multilayer to study wiring by PEG-Ferrocene (Figure 2.2d) [201]. In all
these systems, diffusion of the terminal ferrocene groups is constrained by the
presence of PEG chains (bound diffusion). When the polymeric tether is modeled
as an harmonic spring, the ferrocene groups follow a Gaussian distribution around
their anchoring point:

CðxÞ ¼ C�exp
�ksprx2

2RT

� �
ð2:1Þ
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where C is the concentration of ferrocene sites at a distance x from the equilibrium
point, R is the gas constant, T is the temperature and kspr is the spring force constant.
This inhomogeneous distribution of redox sites determines the experimental voltam-
metric curve.
Current–potential curveshavealsobeenrecordedforssDNAanddsDNA[58,59,202]

end-labeledwith ferrocenemoieties,which are interesting systems for electrochemical
DNA sensing [60]. The diffusion of terminal ferrocene attached to flexible ssDNA is
faster that the timescale accessible to cyclic voltammetry and therefore thin-layer
behavior is observed.Uponhybridization, the systembecomes stiffer and the propaga-
tion of redox charge is slower. In the case of dsDNA two different models has been
proposedtoexplaintheexpererimental results.Forshortsurface–DNAlinkers,bending
of DNA rods was proposed to be the operating mechanism (Figure 2.2f ) [202], while
rotational diffusion would be responsible for charge transport when long linkers are
used (Figure 2.2g) [59]. Each of the mechanisms presented above has a characteristic
distributionof electroactivegroupsand therefore followsadifferentdiffusionequation.
Recently, pH-responsive redox brushes have been described by Katz and Minko

[61]. It has been shown that the electrochemical response of PVP-Os grafted to ITO
completely disappears when going from pH 4 to pH > 6, which was attributed to film
collapse due to deprotonation of pyridine units. The same effect was not observed for
randomly adsorbed polyelectrolytes.

2.1.5
Layer-by-Layer Polyelectrolyte Multilayers

In 1991 Decher and coworkers introduced a new method to prepare multilayered
thin films by electrostatic interaction between oppositely charged polyelectrolytes
[3, 62, 63]. In this fashion, thin molecular films comprised of charged polymers,

Figure 2.2 Different experimental system used
for probing the relationship between chain
dynamics and electrochemical response.
(a) Ferrocene-labeled polyethylene glycol
(PEG-Fc) attached to a surface. (b) PEG-Fc
attached to an immonoglobulin monolayer.
(c) PEG-Fc attached to an immonoglobulin

multilayer. (d) The same as c, but with an
additional redox enzyme layer. (e) Ferrocene-
labeled ssDNA. (f ) Elastic bending of ferrocene
labeled dsDNA tethered to the surface with a
short linker. (g) Rotational diffusion of ferrocene-
labeled dsDNA tethered to the surface with a long
linker. Taken from Refs. [58, 59, 201, 202].
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proteins, DNA, and so on can be built up by sequential electrostatic adsorption layer-
by-layer simply by alternate immersing a solid substrate in solutions of positively and
negatively charged polyelectrolytes.
The layer-by-layer method allows the thickness and internal structure of redox-

active films to be defined to a degree that cannot be realized with traditional methods
such as spin and dip coating or electropolymerization. Control of the film thickness
with nanometer precision and surface charge, not only on flat surfaces but also on
curved and rough surfaces and even on colloidal particles, can be achieved by
choosing the number of layers, the type of building blocks (which can be almost
anything bearing electrostatic charges) and/or the processing conditions (deposition
pH, salt concentration, etc.).
Electrode preparation by the LbL method is schematized in Figure 2.3 [3, 64]. We

start with a metallic or semiconductor electrode bearing a surface electrical charge
(negative in this case). This surface charge is usually conferred to the substrate
by chemical reaction: charged thiols are used for gold and silver, silanes for ITO and
diazonium salts for carbon surfaces. The electrode is immersed in a solution of an
oppositely charged polyelectrolyte that adsorbs on the surface. If this polyelectrolyte

Figure 2.3 Simple schematic of the layer by layer-deposition
method. The initially negatively charged substrate is immersed in
a solution of a polycation for �15min and rinsed with water.
During this process a polycation layer is adsorbed and therefore
the surface polarity is reversed. The sustrate is now immersed in a
polyanion solution for �15min and rinsed again with water. This
process is repeated after the desired number of layers is achieved.
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carries electrochemically active groups, the polyelectrolyte multilayer (PEM) results
in a chemically modified electrode [65]. Different redox polyelectrolytes that have
been used in PEMs are shown in Figure 2.4. After rinsing, the electrode is dipped in a
solution of a polyelectrolyte bearing opposite charge.During each adsorption step the
surface charge is completely reversed and therefore the adsorption/rising steps can
be repeated the desired number of times with the same or different polyelectrolytes
until the target modified electrode is obtained.
The monotonic increase of immobilized material with the number of deposition

cycles in the LbL technique is what allows control over film thickness on the nano-
metric scale. Film growth in LbL has been very well characterized by several
complementary experimental techniques such as UV-visible spectroscopy [66, 67],
quartz crystal microbalance (QCM) [68–70], X-ray [63] and neutron reflectometry [3],
Fourier transform infrared spectroscopy (FTIR) [71], ellipsometry [68–70], cyclic
voltammetry (CV) [67, 72], electrochemical impedance spectroscopy (EIS) [73],
z-potential [74] and so on. The complement of these techniques can be appreciated,
for example, in the integrated charge in cyclic voltammetry experiments or the redox
capacitance in EIS for redox PEMs: The charge or redox capacitance is not necessarily
that expected for the complete oxidation/reduction of all the redox-active groups that
can be estimated by other techniques because of the experimental timescale and
charge-transport limitations.
Even thought the layer-by-layer method has been originally described for the

alternate adsorption of oppositely charged linear polyelectrolytes [64], the list of
possible building blocks now includes nanoparticles [75, 76], enzymes [77–79],
viruses [80], inorganic clusters [81–86], dendrimers [87, 88], and so on. Following
the work of Hodak et al. [77], several authors proposed the assembly of enzymes and
redox polyelectrolytes to be used as biosensors. Recently, a number of reports have
also included metal nanoparticles or carbon nanotubes in redox PEMs in order to
improve their electrochemical and electrocatalytic properties [89, 90]. At present, the
LbL films based on nonelectrostatic interactions such as hydrogen bonding, covalent
reaction and coordination chemistry, and so on, have been disclosed. Covalent
crosslinking of redox-active films has been proposed as a way to increase electrode
stability [91] and life, but can also cause a decrease in the mobility of redox sites and
thus in redox response [92]. Multilayer films based on coordination chemistry are
usually electroactive due to the presence of transition metals, some of which have a
rich redox chemistry [93].

2.2
Structure

Polyelectrolyte films are comprised of the polyelectrolytes, solvent and ions, the latter
mainly located at the film/solution interface, see below. Solvent content in PEMs can
be aproximately 40% [94, 95], being the actual value dependent onfilmhistory (drying
and reswelling steps) and for dryfilms on environmental humidity [95, 96]. PEMs are
therefore highly swollen structures, but its water content is below that found in
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Figure 2.4 Redox-active building blocks used in
LbL self-assembly. PAH-Os: Osmium pyridil-
bipyridilmodifiedpoly(allylamine) [28, 68, 69, 72,
148, 150–154, 184, 185, 191, 203–205];
PVP-Os: Osmium-bipyridyl-modified
quaternized poly(4-vinylpyridine) [102, 206, 207];
PAH-Fc: Ferrocene-modified polyallylamine [77,
101, 208]; P(CM-Fcx): Poly(vynil ferrocene)
copolymer [224]; PVn: Polyalkylviologens
(PVn, n: number of methylene groups) [67, 104,

209–212]; PXV: Poly(p-xylylenviologen) [211,
212]; PASA: Sulfonated polyaniline [213]
[92, 214, 215]; P3TOPS and P3TOPA: Poly
(alkoxythiophene) derivatives [103];
Co-POM: [Co4(H2O)2P4W30O112]

16�,
Eu-POM: [Eu(H2O)P5W30 O110]

12�

[216] (for other polyoxometallates see
Refs. [81–84, 217]); Cyt. c: Cytochrome c
[92, 214, 215, 218]; PANAM-Fc: poly
(amidoamine) [87, 88].
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hydrogels (60% [97]), probably due to the high electrostatic crosslinking, owing to
intrinsic polyelectrolyte–polyelectrolyte compensation.However, from these values it
can be expected that redox PEMs behave much more like redox hydrogels than
hydrophobic films such as Langmuir–Blodgett films [46–48] or electroprecipitated
poly(vinylferroce) [98].

2.2.1
Polyelectrolye Interpenetration

The inner structure of polyelectrolyte multilayer films has been studied by neutron
and X-ray reflectivity experiments by intercalating deuterated PSS into a nondeut-
erated PSS/PAH assembly [94, 99]. An important lesson from these experiments is
that polyelectrolytes in PEMs do not present well-defined layers but are rather
interpenetrated or fussy systems. As a consequence, polyelectrolyte chains deposited
in an adsorption step are intertwined with those deposited in the three or four
previous adsorption cycles.When polyelectrolytemobility is increased by immersion
inNaCl 0.8M, the interpenetration increaseswith time as the systemevolves towards
a fully mixed state in order to maximize its entropy [100]. From the point of view of
redox PEMs, polyelectrolyte interpenetration is advantageous in the sense that two
layers of a redox polyelectrolyte can be in electrochemical contact even if they are
separated by one or more layers of an electroinactive polyion. For example, electrical
connectivity between a layer of a redox polymer and the electrode is maintained even
when separated by up to 2.5 insulating bilayers [67, 101–103].

2.2.2
Compensation of Polyelectrolyte Charges

Inside PEMs, overlapping Gaussian profiles for positively and negatively charged
chains are predicted to yield an electrostically neutral phase [2]. Schlenoff has
demonstrated complete release of radiolabeled mobile counterions from a PEMupon
adsorptionof anadditional polyelectrolyte layer, suggesting full polyion–polyion charge
compensation (intrinsic compensation) for the as-preparedfilm [104]. Exposing the as-
prepared film to an external electrolyte solution produces the dissociation of some of
these polyion–polyion bonds with the simultaneous incorporation of an anion and
a cation per broken bond to compensate the newly created charges (extrinsic charge
compensation) [105, 106]. It shouldbenoted that in theoriginalworkofSchlenoff [104],
strong polyelectrolytes were used. The presence of acid–base or redox equilibria opens
up new possibilities to achieve extrinsic compensation by protonation/deprotonation
or oxidation/reduction, as is exemplified in Section 2.3.2.

2.2.3
Film Inner Structure

The structure of nanometer-thick PEM films is inhomogeneous along the direction
normal to the electrode due to the presence of the surface. Decher has developed a
qualitative three-zone model to describe the PEM structure [3]. The first zone,
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composed of a few polyelectrolyte layers, is located closest to the substrate and
therefore is more susceptible to its influence. As an example of the influence of the
surface, consider the smaller thickness andmass per bilayer during the first dipping
cycles when compared by the following adsorption steps [3, 107]. Zone II exists
between zone I and the charged region in contactwith the electrolyte, zone III, and, as
previously discussed, it is assumed to be free ofmobile ions. The environment felt by
polyelectrolyte chains in zone III drastically differs from that in zones I and III since
charge compensation is mainly achieved in this case by mobile ions and not by
polyion–polyion compensation. As a consequence, polyelectrolytes in zone III form a
more permeable [108], mobile [109] and swollen layer [110]. Not only does the film
structure depend on the distance from the underlying surface, but also the presence
of an inhomogeneous electric field results from a nonuniform concentration profile
of protons across the multilayer [111]. It has also been shown that the electrostatic
charge in zone III can alter the properties in zones I and II, even for thickmultilayers.
For instance, Granick and Xie have assembled multilayers of the strong polyions
QPVP (quaternized poly(vinylpyridine)) and PSS on top of layers of the weak
polyelectrolyte PMA poly(methyacrylic acid)) and showed that the degree of ioniza-
tion of the carboxylic groups in PMA oscillates between 30% and 80% depending on
the charge of the topmost adsorbed layer [53, 57]. This effect is particularly long
ranged since oscillations continue for films of more than 10 layers.

2.2.4
Effect of the Assembly pH

The ionic strength [3, 112–115] and (for weak polyelectrolytes) the pH [114] of the
assembly solutions play a major role in determining the structure of self-assembled
multilayers. Rubner has shown that dramatic changes in the thickness per bilayer
and surface roughness can be caused by small changes in the adsorption pH [114].
This result has been explained in terms of the lineal charge density of the polyelec-
trolyte chains.Highly charged polyelectrolytes (pH� pKa for polyacids or pH� pKa
for polybases) adopt rod-like conformations to minimize electrostatic energy and
therefore produce thin, smooth and compact films. On the other hand, coiled con-
formations prevail for poorly charged polymers (pH� pKa for polyacids or pH�
pKa for polybases) giving rise to thick, rough andfloppyfilms. The effects of assembly
pH have consequences for the design of PEM-modified electrodes. The most
immediate one is the ability to increase the total redox charge per bilayer by lowering
the charge density of the polyelectrolytes. For example, the redox charge for
PAH-Os3/GOx3 electrodes increases from 5.7mCcm�2 to 148mCcm�2 when the
assembly pHvaries from5.5 to 8.75 (note that thePAH-Os is a polybase and therefore
its charge density decreases with solution pH) [69]. Since PAH-Os is adsorbed in
coiled conformations at high pH, the amount of enzyme that can be immobilized
under such conditions is also higher. As a consequence of the increased redox charge
and enzyme loading, the sensitivity of the electrode is improved: the catalytic current
under glucose saturation increases from 0.025 to 30mCcm�2 between the pH limits
mentioned above. Finally, the assembly pH impacts on the inner composition of the
polyelectrolyte film and can cause an excess of either positive or negative groups. The
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internal ionization degree in as-prepared polyelectrolyte films can be determined by
FTIR and XPS techniques [107]. For example, the ionization degrees of the amino
groups formultilayers prepared at pH8.3 andpH5.5 determined byfitting theXPSN
1s peak are 81 and 97%, respectively. These differences in film composition also have
an impact in the electrochemical response (see Section 2.3.2).

2.2.5
Theoretical Description

While the structure of nonredox polymer and polyelectrolytes thin layers has received
much attention in the past [116, 117], only recently has a molecular theory able to
treat, from a molecular point of view, redox polyelectrolytes adsorbed on electrodes,
been presented [118–120]. The formulation of the theory, its scope, advantages and
limitations will be discussed in detail in Section 2.5.2, and therefore we will limit
ourselves to show here some predictions that are relevant for the understanding
of the structure of polyelectrolyte-modified electrodes. The theory was applied to
study the particular system depicted in Figure 2.5, which consists of a single layer of
PAH-Os adsorbed on a gold surface thiolated with negatively charged mercapto

Figure 2.5 Schematic representation of the
Au/MPS/PAH-Os/solution interface modeled in
Refs. [118–120] using the molecular theory for
modified polyelectrolyte electrodes described in
Section 2.5. The red arrows indicate the chemical
equilibria considered by the theory. The redox
polymer, PAH-Os (see Figure 2.4), is divided into
the poly(allyl-amine) backbone (depicted as blue
and light blue solid lines) and the pyridine–
bipyridine osmium complexes. Each osmium
complex is in redox equilibrium with the gold
substrate and, depending on its potential, can be
in an oxidized Os(III) (red spheres) or in a
reduced Os(II) (blue sphere) state. The allyl-
amine units can be in a positively charged
protonated state (plus signs on the polymer

backbone lines) or in a neutral deprotonated
state, which are related by an acid–base
equilibrium. The self-assembled layer of a
mercapto-propane sulfonate, MPS, is covalently
adsorbed on top of the gold substrate (depicted
as a yellow layer covering the electrode). The
sulfonate groups in MPS are in acid–base
equilibrium with protons in solution and thus
could be in a protonated or in a deprotonated
state. The polymer-modified electrode is
immersed in an aqueous electrolyte solution
containing salt ions, protons and hydroxyls in
thermodynamic equilibrium which a bulk
solution. The normal direction from the
electrode is denoted by z and has its origin on the
metal surface. Taken from Ref. [118].
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propylsufonate,MPS. The polymerhas twoparts (see structure in Figure 2.4), namely
a polymeric backbone comprised of repeating allyl-amine units and the anchored
redox sites. The amino groups in the polymer backbone and the sulfonate groups in
the thiol molecules participate in their respective acid–base equilibria and can be
either charged or neutral. The redox sites participate in a redox equilibrium and
can exist as Os(II) or Os(III). The modified electrode is immersed in an aqueous
electrolyte solution containing salt ions, protons and hydroxyls ions. Despite the
molecular complexity of the problem, the molecular theory is able to predict the
structure,molecular organization and electrochemical behavior of this system taking
into account all the molecular details, namely the size, conformations, charge and
shape of all the species in the interface as well as the molecular interaction between
them and the presence of the chemical equilibria.
The density profile of PAH-Os predicted by the theory is shown in Figure 2.6a in

terms of the fraction of the available volume occupied by the polymer (volume

Figure 2.6 (a) Volume-fraction profiles for the
polymer backbone (full line), the redox sites
(dashed line), and the whole redox polymer
(dot-dashed line) predicted by the molecular
theory (Section 2.5) for a single layer of PAH-Os
on a thiolated gold electrode. (salt

concentration¼ 0.1M, pH¼ 3). The shaded
region (z< 0.5 nm) is occupied by the thiol layer.
(b) Charge-density profile for each of the charged
molecular species considered by the theory.
Inset: local pH vs. distance from the electrode.
Taken from Ref. [118].
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fraction). The polymer adopts a compact distribution on the surface in order to
maximize polymer–polymer and polymer–surface van derWaals interactionswith an
average volume fraction of approximately 0.3. This left �70% of the volume for the
electrolyte solution, which is in qualitative agreement with the picture of a highly
swollen systempresented above forPEMs andhydrogels. The polymer density profile
also shows a long tail that reaches approximately 12 nm from the surface, which is
consistent with a population of dangling segments adopting extended conformations
to minimize electrostatic repulsions. Calculations show that these tails are much
more responsive to changes in solution pHand ionic strength than the compact layer
on the surface. The total density profile shown in Figure 2.6A can be split into two
components corresponding to the osmium sites and the polymer backbone. An
interestingfinding is that the bulky osmiumcomplexes are excluded from the surface
by the small and flexible polymer chains. From the profile in Figure 2.6A, we can
calculate a theoretically predicted average thickness that can be qualitatively com-
pared with ellipsometric measuments. For example, the in-situ ellipsometric thick-
ness for a completely reduced layer on PAH-Os on Au/MPS immersed in a 0.2M
KNO3 pH7.3 buffer solutionwasmeasured to be 1.5 nm [73] in good agreement with
the predicted value of 1.2 nm in the same conditions. Based on this result and the
very good agreement that exists between the predicted and measured voltammetric
behavior in solutions of different pHs and ionic strength, we are confident in
the ability of the theory to provide the structural information discussed in this
section, which would otherwise be very difficult or impossible to determine from
experiments.
In Figure 2.6B the density profiles for the polymer components and the mobile

ions are shown in terms of charge concentrations (charges per unit volume). The
figure shows a large excess of cations inside the thiol layer (z < 0.5 nm, where z is the
distance from the surface, see Figure 2.5) to compensate for the large charge arising
from the sulfonate groups fromMPS. In the polymer region, 0.5 nm< z < 2.5 nm, the
positive charges of osmium sites and amino groups are mainly compensated by an
excess of anions.
Finally, for large z both the concentration of anions and cations reach their bulk

values. The curves for protons and hydroxyl ions are not distinguishable due to their
very low concentration, but the pH (defined as�log[Hþ ]) in the inset of Figure 2.6B
shows dramatic changes in the local concentration of protons larger than 3 orders of
magnitude within 1 nm.
We will now focus our attention on the electrostatic potential profile, Figure 2.7.

The electrostatic potential and the lateral osmotic pressure are the interactionfields in
the theory that self-consistently determine (and are determined by) the concentration
of all the molecular species in the system. Figure 2.7 shows that the electrostatic
potential is positive on the surface as a result of the applied potential on themetal. The
sharp drop observed in the thiol layer is caused by its negative charge. The potential
changes its sign again in the polymer region as a consequence of the charges in the
polymer and finally decays, following a long tail of positive potential that reflects the
dangling polymer tails. It is interesting to note that the inversion of the electrostatic
potential of the initially negatively charged surface by the polymer layer would allow a
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second layer of a negatively charged polyelectrolyte to be adsorbed, and therefore is
the first step towards the construction of a PEM by multiple adsorption points.
An interesting consequence of the highly nonuniform electrostatic potential and

distribution of the molecular species is that the local activity coefficients of the
chemical species taking part in chemical equilibria depend on their exact location at
the interface. As an example, Figure 2.8 shows that the oxidation fraction of the
osmium sites is a nonuniform function of the distance to the electrode. The
consequences of this finding for the electrochemical response will be discussed in
Section 2.3.4.

Figure 2.8 Fractionof oxidized redox sites (solid line, left axis) and
osmium site volume fraction (dashed line, right axis) as a function
of the distance from the electrode at E¼E0os(II)/os(III) calculatedwith
the molecular theory for the same conditions as Figure 2.6. Taken
from Ref. [118].

Figure 2.7 The electrostatic potential as a function of the distance
from the metal (full line, left axis) calculated for a Au/MPS/PAH-
Os electrode with the PAH-Os molecular model for the same
conditions as Figure 2.6. Taken from Ref. [118].
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2.3
Electrochemical Response

2.3.1
Ideal Response

Thin-film ideal orNernstian behavior is the starting point to explain the voltammetric
behavior of polyelectrolyte-modified electrodes. This condition is fulfilled when (i)
the timescale of the experiment is slower than the characteristic timescale for charge
transport (l2/Dapp, with l thefilm thickness) in thefilm, that is all redoxwithin thefilm
are in electrochemical equilibriumat any time, (ii) the activity of redox sites is equal to
their concentration and (iii) all couples have the same redox potential. For these
conditions, anodic and cathodic current–potential waves are mirror images (zero
peak splitting) and current is proportional to the scan rate [121]. Under this regime,
there exists an analytical expression for the current–potential curve:

i ¼ idl þ F2vGOs

RT

exp F
RT

� �ðE�Eo0 Þ� �
1þ exp F

RT

� �ðE�Eo0 Þ� �2 ð2:2Þ

whereGOs is the total osmiumsurface coverage, v is the scan rate and idl is the double-
layer charging current. Note that it is not possible to obtain kinetic information from
experiments performed under this regime. Figure 2.9 shows a voltammogram for a
PAH-Os/PVS-modified electrode in experimental conditions closely corresponding
to an ideal behavior.

Figure 2.9 Cyclic voltammetry of (PAH-Os)4(PVS)4(PAH-Os) in
0.2M KNO3, 20mM TRIS buffer of pH 7.4 (points). Ideal
voltammetry behavior is observed. Curve: best fit to reversible
thin-layer voltammetric equation 2.2. Best fit to Equation 2.2 is
shown in solid line. Taken from Ref. [153].
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2.3.2
Peak Position and Donnan Potential

Due to the presence of interactions, the apparent redox potential of a redox couple
inside a polyelectrolyte film can differ from that of the isolated redox couple in solution
(i.e. the standard formal redox potential) [121]. In otherwords, the free energy required
to oxidize a mole of redox sites in the film differs from that needed in solution. One
particular case is when these interations have an origin in the presence of immobile
electrostatically chargedgroups in thepolymerphase.Under suchconditions, there is a
potential difference between this phase and the solution (reference electrode in the
electrolyte), known as the Donnan or membrane potential that contributes to the
apparent potential of the redox couple. The presence of the Donnan potential in redox
polyelectrolyte systems was demonstrated for the first time by Anson [24, 122].
Considering only this contribution to peak position, we can write:

E1=2
app ¼ E0 þDfDONNAN ð2:3Þ

where E1=2
app is the apparent redox potential measured, for example, by cyclic voltam-

metry, E0 is the standard redox potential of the redox couple and DfDONNAN is the
Donnan potential given by [25, 107]:

DfD ¼ RT
F

ln
CF þðC2

F þ 4C2
SÞ1=2

2CS

" #
ð2:4Þ

whereCS is the bulk salt concentration andCF is the concentration of immobile charge
inside the film.
Equation 2.4 shows that the Donnan potential strongly depends on salt concen-

tration. This can be explained as follows: when the concentration of immobile
charges inside the film is larger than the electrolyte concentration, salt ions of the
same charge as the immobile groups are excluded from the film, while those of equal
charge are incorporated to maintain electroneutrality (see Figure 2.10). The film is
said to be permselective to the latter ions. One can think of the Donnan potential as
the electrostatic potential difference required to maintain this imbalance in the
concentration of mobile ions. In Equation 2.4 CF> 0 implies positive Donnan
potentials and anion permselectivity, whereas CF < 0 yields negative Donnan poten-
tials and cation permselectivity. At the other limit, when the electrolyte concentration
is larger than the concentration of immobile charges in the film, the concentration of
mobile ions is similar in the film and the solution and thus the Donnan potential
vanishes (Donnan breakdown).
We can now combine Equations 2.3 and 2.4:

E1=2
app ¼ E0 þ RT

F
ln

CF þðC2
F þ 4C2

SÞ1=2
2CS

" #
ð2:5Þ

Equation 2.5 provides a way to determine the concentration and sign of immobile
charges inside the film and also to probe whether the peak shift is caused by the
presence of an interfacial potential or an alternative explanation is required. As an
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Figure 2.10 Scheme showing theDonnanpartition ofmobile ions
between the solution and a polymeric phase bearing an excess of
negative charges. While positive ions are incorporated in the film
to mantain electroneutrality, negative ions are excluded from it.
This situation give rise to an interfacial potential (Donnan
potential) at the interface.

Figure 2.11 Cyclic voltammograms of (PAH-Os)4(PVS)4PAH-Os
multilayer modified Au electrode self-assembled from PVS and
PAH-Os solutions of pH 8.3 andmeasured in pH 7.3 solutions of
different KNO3 concentration: 8, 40, 137, 481, 932 and 1500mM.
Sweep rate 0.025mV s�1. Taken from Ref. [107].
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example in Figure 2.11 we show cyclic voltammperograms for a PAH-Os/PVS
multilayer at different salt concentrations showing the peak shift due to the presence
of interfacial potential.
Owing to the presence of both positive and negative polyions in PEM, the polarity

of net immobile charge can be controlled at will by the choice of the outmost layer and
the relationship between assembly and testing solution pHs [107]. Note that three
approximations are used when applying Equation 2.5 to analyze LbL systems. First,
the distribution of noncompensated immobile charges in PEM is inhomogeneous
andmainly located infilm/electrolyte interface (Decher�s zone III), thusCF should be
regarded as an effective averaged concentration of charges. Second, we assume
that the ionization degree of pH-dependent groups does not depend on external salt
concentration. Third, during film oxidation and reduction charges are created and
destroyed in the film, we neglect these changes in CF.
Figure 2.12 shows theCF values resulting from fitting peak potentialsmeasured in

CVas a function of ionic strength with Equation 2.5 for PAH-Os/PVS films finished
either in positive or negative polyions and assembled and tested at different pHs.
Interestingly, not always do films finished in PVS have CF < 0 and films capped with
PAH-Os have CF> 0, which means that uncompensated charges at the electrolyte/
film interface are not the only contribution to CF. The other contribution arises from

Figure 2.12 Concentration of immobile charges in the Donnan
model (CF), obtained by fitting cyclic voltammetry peak positions
to Equation 2.5. Experiments were performed for (PAH-
Os)4(PVS)4PAH-Os (black bars, positively charged capping layer)
and (PAH-Os)5(PVS)5 (grey bars, negatively charged capping
layer) self-assembled multilayers at different assebly and testing
pHs. Taken from Ref. [107].
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the acid–base equilibrium of amino groups in PAH-Os. During self-assembly,
unprotonated amino groups do not participate in polyion–polyion pairing and
therefore can be protonated if the electrochemical experiment is performed in acid
conditions. Furthermore, if the electrochemical experiments are carried out in basic
conditions, unprotonation of amines produce an excess of sulfonates. The fraction of
protonated amines in the freshly prepared films depends on the assembly pH, as was
proved by FTIR and XPS spectroscopies (see Section 2.2.5). The concentration of
immobile charge, CF, is ruled by the relationship between the assembly solution pH
and the testing solution pH. Based on Figure 2.12 we elaborated these simple and
general rules to determine the type of ion-permselectivity for LbL films:

(i) If the testing solution pH < self-assembling solution pH, protonation of the PAH
amines occurs,DfDONNAN andCFare positive and the film is an anion exchanger.

(ii) If the testing solution pH > self-assembling solution pH, the amines in the film
become deprotonated, DfDONNAN and CF are negative and the film is a cation
exchanger.

(iii) Finally, if the testing solution pH� self-assembling solution pH, the degree of
protonation of amines in the film remains unchanged and DfDONNAN andCF are
positive or negative depending on the polarity of the outmost layer.

Manipulation of theDonnan potential in randompolymer-modified electrodes can
also be achieved. In the case of cast redox polyelectrolyte-modified electrodes one can
control ion permselectivity by mixing the redox polymer with an oppositely charged
polyelectrolyte in an appropriate ratio beforefilm casting [123]. The same strategy can
be followed in electropolymerized films by mixing the electroactive monomer with
one of opposite charge [124].
One of the main assumptions of the Donnan partition model is that two well-

defined phases (polymer and solution) exist and the electrostatic potential presents a
sharp transition between them. This approximation is fulfilledwhen the typical decay
length of the electrostatic potential (Debye length) is much shorter than the film
thickness. The other limiting situation is that where all the redox sites are located in a
plane and thus the Debye length is larger than the film thickness. This situation can
be described by the surface potential model:

DfS ¼ 2RT
F

arcsinh
sM

8csere0kT½ 	1=2
 !

ð2:6Þ

whereDfS is the surface–solution potential difference andsM is the charge density of
the surface.
We shall now consider what happens when the film thickness is of the order of the

Debye length. In such a situation, no analytical expressions can be derived and
numerical calculations should be used [125]. The real situation could be even more
complicated, since an ill-defined film thickness can exist, like the example in
Figure 2.6. We can use the molecular theory to obtain a self-consistently determined
electrostatic potential profile across the interface as was shown in Figure 2.7 (see
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Sections 2.2.5 and 2.5). This potential distribution has an influence in the predicted
current–potential curves and finally in the peak potential vs. concentration plots. In
Figure 2.13 we show the comparison between the predicted and measured peak
potential vs. concentration plots for a single PAH-Os layer on a thiolated gold
electrode and pH 3.
The data in Figure 2.13 can be fitted to Equations 2.5 or 2.6 to analyze by means of

the molecular theory whether these limiting cases are applicable. We can compare,
for example, the best-fitted value of DfS in Equation 2.6 (3.02mCcm�2) with that
obtained by summing the charge density of the negative MPS and the positively
charged PAH-Os. This calculation for a fully ionized thiol layer results in a surface
charge (�7.14mCcm�2) that does not correspond to the fitted value. However, if we
consider the protonation of sulfonate groups predicted by the theory (which is a
consequence of charge regulation [118]) then the fitted value agrees with the expected
one (3.18mCcm�2).
Themolecular theory can also be used to examine in detail the coupling that exists

between redox and acid–base equilibrium in the film [119]. A manifestation of this
coupling is the dependence of the apparent redox potential of the couple with the
solution pH, even for a pH-independent redox couple such as the osmium pyridine–
bypyridine complex. This effect, discussed above for multilayer films, were also
measured for a single layer PAH-Os. In Figure 2.14, the experimental results are
comparedwith the prediction of themolecular theory. This figure shows two regions:
for pH < 10 the number of positive charges in the film (given by the amines and the
osmium complexes) remains constant and so does the peak potential. For 10 < pH
< 12 deprotonation of amines with increasing pH leads to a decrease of peak
potential. We expect at pH> 12, all the amines to become neutral and the peak
position should be pH independent again. Note that this mechanism resembles

Figure 2.13 Plots of peak potential position vs. salt concentration
in the bulk solution determined from the experimental and
theoretical redox waves for pH= 3. Taken from Ref. [118].
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the behavior of 1e�/1Hþ couples [126], with the difference that here we have an
electrostatic coupling between the pH-independent redox couple and the pH-depen-
dent electroinactive acid–base group in the polyelectrolyte.

2.3.3
Coupling Between the Acid–Base and Redox Equilibria

Besides the dependence of peak potential with solution pH, there is other evidence of
the acid–base and redox coupling, namely the prediction of amine deprotonation
during film oxidation. Deprotonation is a response to the creation of Os(III) sites that
increment the concentration of positive charges in the film. This is an example of
charge regulation: a chemical equilibrium at the interface is displaced as the system
tries to reduce its electrostatic charge.
It is interesting to find out the optimal conditions for the coupling between redox

and acid–base equilibria. To do that, we will look at the variation of the average
charged fraction upon oxidation Doxh fci, defined as

Doxh fci ¼ h fciðE ¼ 0:6 VÞ�h fciðE ¼ 0:0 VÞ ð2:7Þ

In this equation h fci is the average fraction of charged amino groups in the film.
Figure 2.15a shows howDoxh fci depends on the electrolyte composition and bulk pH.
The maximum effect is observed at high pH and low salt concentration. The latter
condition can be explained considering that at high salt concentrations, the system
prefers to compensate newly created charges by counterion uptake rather than by
displacing a chemical equilibrium. In Figure 2.15b we observed the pH dependence

Figure 2.14 Comparison between theoretical and experimental
(v¼ 0.025 V/s) voltammetric peak potential for electrolyte
solutions of different pH (prepared from 1mMNaOH andHNO3

solutions containing 4mM NaNO3). Two different sets of
experimental data are presented. Taken from Ref [119].
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of Doxh fci for fixed low salt concentration (Csalt¼ 0.12M) and different ratios of
osmium sites to allylamine units (including the situation of a nonredox film). We
observe that the coupling is optimum when the solution pH is close to the apparent
pKa (�11). This figure also shows that coupling between acid–base and redox
equilibria is strongly favored by higher osmium concentrations.

2.3.4
Peak Width

For a 1e� couple, the Nernstian behavior predicts a peak full width at half-height
(FWHH) of 90.6mV. Real peak FWHH usually differs from that value. This

Figure 2.15 (a) Variation in the average fraction
of charged amino groups from the fully reduced
(E¼ 0.0 V) to the fully oxidized (E¼ 0.6 V) state
(defined by Equation 2.7) calculated for solutions
of different the pH and ionic strength.
(b) Change in the average fraction of protonated

amino groups during film oxidation as a
function of solution pH for PAH-Os chains with
different fraction of osmium sites to polymer
segments. Calculations were performed at
I¼ 0.12M. Taken from Ref. [119].
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observation has been explained by two different phenomenological models, pro-
posed by Brown and Anson [127] and by Albery et al. [128]. The former assumes that
due to the presence of lateral interactions between oxidized and reduced sites the free
energy for oxidation depends on the fraction of oxidized sites:

E ¼ E00 þ RT
F

ln
fOx

1�fOx

� �
�RT

F
GfOxr ð2:8Þ

where E00 is the standard redox potential of the couple, fOx is the fraction of oxidized
sites, G is the total redox site coverage and r is an interaction parameter (equal
to rO þ rR in Anson�s original work). In other words, the apparent potential of the
couple (E00�RTF�1 GfOxr) depends on the electrode potential. On the other hand,
Albery�s model considers that not all the redox sites in the film have the same
redox potential, but a Gaussian distribution of apparent redox potential exists. Both
models rely on a fitting parameter: r in the case of Brown and Anson and the width
of the Gaussian distribution in Albery�s model. Other models predict peak
broadening such as that of Smith andWhite for the interfacial potential distribution
in monolayer-coated electrodes [129] and Redepenning�s model that takes into
account the effect of charges created during a potential scan in the Donnan
potential [130].
The molecular theory described in Section 2.5 is able to quantitatively predict

FWHH for a single layer of PAH-Os on an electrode without the need for using
adjustablefitting parameters (seeFigure 2.16). It is interesting to note that themodels
of Brown and Anson and Albery (as well as the Donnan partition model for peak
position) are limiting cases of the molecular theory, therefore the fitting parameters
of these simpler models are predicted by the theory. For example, in Figure 2.8 we

Figure 2.16 Peak width vs. salt concentration in the bulk solution
determined from the experimental and theoretical redox waves in
the same conditions of Figure 2.13. Taken from Ref. [118].
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show an inhomogeneous fraction of oxidized osmium groups as a function of their
distance to the electrode surface, which implies a z-dependent distribution of
apparent redox potentials, which is conceptually equivalent to Albery�s model. In
addition, we can calculate the potential dependence of the average Os(III)/Os(II)
apparent formal potential in the film defined as [120]:

E0
app ¼ E�RT

F
ln

hfOxi
1�hfOxi
� �

ð2:9Þ

where hfOxi is the z-averaged oxidation fraction at an electrode potentialEpredicted by
the molecular theory. In Figure 2.17 we show that the apparent formal potential
predicted by the theory depends on the osmium-site oxidation fraction in the film, in
line with the explanation of peak broadening based on lateral interactions.

2.3.5
Nonreversible Electrochemistry: Charge Transport

When the characteristic time for charge diffusion is lower than the experiment
timescale, not all the redox sites in the film can be oxidized/reduced. From experi-
ments performed under these conditions, an apparent diffusion coefficient for
charge propagation, Dapp, can be obtained. In early work choroamperometry and
chronocoulometry were used tomeasureDapp for both electrostatically [131, 225] and
covalently bound [132, 133] redox couples. Laviron showed that similar information
can be obtained fromcyclic voltammetry experiments by recording the peak potential
and current as a function of the potential scan rate [134, 135]. Electrochemical
impedance spectroscopy (EIS) has also been employed to probe charge transport in
polymer and polyelectrolyte-modified electrodes [71, 73, 131, 136–138]. Themethods

Figure 2.17 Formal Os(III)/Os(II) redox potential as a function of
the average fraction of oxidized osmium sites for Csalt¼ 1mM
(dashed lines) or 1.2M (solid line). From the slope it is possible to
predict the lateral interaction parameters in Brown and Anson
model, Equation 2.8. Taken from Ref. [120].
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described above require a balance of the flux of ions in and out of thefilm tomaintain
charge electroneutrality during redox switching. This process can be the rate-
limiting step and therefore must be considered in the analysis of transient
responses [34, 139]. The limitation was solved by Murray using steady-state
techniques, where a time-independent gradient of the fraction of oxidized and
reduced states is forced and therefore counterion flow is not required. In the steady
state, sandwich [140] andmicroband electrode configurations [141] were employed.
In the former, a gold layer was evaporated on a redox polymer film deposited on a
conductive substrate, thus providing a second electrode. In the microband elec-
trode, on the other hand, the polymer is deposited across the gap between two
metallic band electrode contacts. In both cases, the current that flows across the
system is given by:

i ¼ nFCADappd
�1 ð2:10Þ

where d is microband separation or the film thickness in the sandwich-electrode
configuration, and C is the concentration of redox-active groups.
From a theoretical point of view, charge propagation in films containing space-

distributed redox centers can be achieved either by the physical displacement of the
sites or by the transference (hopping) of electrons from neighboring reduced to
oxidized sites or by the combination of both processes. In the case of free diffusing
couples immobilized in oppositely charged polyelectrolytes, both processes occur
and an apparent diffusion coefficient can be defined and measured [136, 142, 143]:

Dapp ¼ DPhys þDe ð2:11Þ
with Dphys the constant for physical diffusion and De the diffusion constant for the
electron-hopping process. For an immobile assembly of redox centers:

De ¼ kexCEd2

6
ð2:12Þ

where kex is the bimolecular rate constant for electron self-exchange, d is the center-
to-center separation during self-exchange andCE is the concentration of redox sites.
The concentration dependence De in polyelectrolytes with freely diffusible redox
centers has been addressed by Buttry and Anson [225], using the redox couples [Co
(bpy)6]

n (with n¼ 2þ /þ or 3þ /þ 2). Since the couple [Co(bpy)6]
3þ /2þ has a very

low electron exchange rate constant, it was possible to identify from the measured
values ofDapp as a function of the redox concentration the contributions fromDphys

and De�. Another method to separate the contributions to Dapp based on perme-
ation studies was proposed by White, Leddy and Bard [131].
In the case of redox sites covalently bound to a polymer backbone, when only De

contributes to charge transport, Equation 2.12 has systematically failed to explain the
dependence of Dapp with the concentration of redox sites. Blauch and Sav�eant have
shown that for completely immobile centers, charge transport is basically a percola-
tion process: random distribution of isolated clusters of electrochemically connected
sites [33, 40]. Only by dynamic rearrangements can these clusters become in contact
and charge transport occur, giving rise to the concept of bound diffusion where each
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site in the polymeric structure moves around its equilibrium position. To a first
approximation, this motion can be regarded as harmonic, so we write:

Dapp ¼ kbimðd2 þ 3l2ÞC�

6
ð2:13Þ

where kbim is the bimolecular activation-limited rate constant for electron hopping
kbim ¼ kexkD

ðkex þ kDÞ, kD is the diffusion limited bimolecular rate constant and d is the
distance between adjacent redox centers in the film, while l represents the mean
displacement of a redox center out of its equilibrium position. This distance can be
related to an imaginary spring l¼ (2kBT/fs)

1/2, where kB is the Boltzmann constant,
T the temperature, and fs is the spring force constant. While in this model, physical
displacement of electroactive groups is not important as a long-range conducting
mechanism, it is crucial to assist the electron-hopping process. Sav�eant and Blauch
further investigated the bound diffusion model using both analytical methods and
Monte Carlo simulations. Long linkers between the polymer and the electroactive
groups can dramatically help by allowing the redox sites to explore larger spatial
regions around their equilibrium positions. Experimental validation of this model
was achieved by Mano and Heller, who synthesized a redox polymer bearing a
long 13-atom spacer [41] that presents an unprecedented diffusion coefficient of
5.8� 10�6 cm2 s�1, which is more than five orders of magnitude higher that those
typically reported for redox polymers and very close to that of a freely diffusing
molecule.
The simple models discussed above have shed light on the mechanism of charge

transport, experimental observations are usually complicated by the effect of ex-
perimental variables on the structure and composition of the polymeric matrix. For
example crosslinking of polymer films (which is often employed to improve film
stability) partially or completely hinders charge transport [52] due to the slowdown of
segmentalmotions and the consequent failure of redox sites to come close enough to
allow an electron-transfer event. On the other hand, charge propagation can be
improved by film swelling giving rise to more flexible structures [144].
Another important aspect is the effect of solution composition, that is, mobile ions

and solvent. It has been demonstrated that some ions are able to ionically crosslink
polymer films, decreasing the charge diffusion coefficient [145, 146, 148]. We have
observed dramatic specific ionic effects, which can reduced Dapp from 1.8� 10�10

cm2 s�1 in chloride solutions to 6.6� 10�15 cm2 s�1 in perchlorate electrolyte [148].
Experiments in solution contating both Cl� and ClO4

� showed that the effect arises
from the presence of ClO4

� and not by the absence of Cl�, supporting the ionic
crosslink hypothesis. A similar mechanism has been proposed to explain the more
irreversible shape of voltammperograms for PAH-Os/PVS films assembled at low
pH (pH3.5–5.5)when compared to those assembled at high pH (pH8.3). Since PAH-
Os/PVSfilms assembled at lower pHare thinner than those obtained at high pH (See
Section 2.2.5), diffusion limitations are expected to occur first for the latter. The only
possible explanation for the experimental results is therefore that the apparent
electron-hopping diffusion coefficient decreases with the assembly pH. We ascribed
this effect to the slowdown of segmental motions (and hence to the mobility of redox
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sites) by the compact structure expected for films assembled at low pH, compared to
the rather floppy films obtained at higher pH.

2.4
Dynamics of Solvent and Ion Exchange

For each electron that flows across the polymer/electrode interface during the
electrochemical oxidation of the redox sites in film, one positive charge is created.
Tomaintain electroneutrality, the systemcan (i) incorporate anions or release cations,
with the subsequent solvent uptake or release to keep the osmotic balance or (ii)
protonate/unprotonate acid–base groups present in the film. The prevailing operat-
ing mechanism will be that which leads to a final state of minimal free energy. For
instance, the Donnan potential model can be used to decide whether anions or
cations or both would be exchanged during redox switching. Solvent exchange and
coupling with acid–base equilibria can also be predicted, but require a more
sophisticated molecular theory [119]. In addition, to determine which of these
processes are likely to occur for each system we will also discuss in this section
the rate at which they take place, that is, the dynamics of solvent and ion exchange.

2.4.1
Ion Exchange

As was mentioned before, charge compensation during oxidation in redox polyelec-
trolyte systems can be achieved by anion uptake or cation release. For example, for a
PAH-Os/PVS-modified electrode, we can write:

½PAH�OsðIIÞþPVS�	poly þA�
aq !½PAH�OsðIIIÞ2þPVS�A�	poly þ e�

ð2:14Þ

½PAH�OsðIIÞþCþ :2PVS�	poly !½PAH�OsðIIIÞ2þ 2PVS�	poly þCþ þ e�

ð2:15Þ
Different in-situ techniques provide information on ion exchange. Probe-beam

deflection (PBD) measures how the refractive-index gradients in the solution
adjacent to the electrode/electrolyte interface changes due to ionic fluxes [149]. In
this technique, positive deflections indicate theflux of ions towards the electrode, and
therefore for anodic potential jumps itmeans anion uptake. Cation release gives rise,
under these conditions, to a negative deflection. This technique provided direct
evidence of ion exchange in PAH-Os/PSS multilayers [150]. PBD oxidation transi-
tents (Figure 2.18) show the presence of a positive peak due to anion uptake, but also a
negative prepeak originated in the release of cations. Due to the difference in
diffusion of proton and chloride, fitting the transitents in Figure 2.18 to the PBD
analytical expressions, yields the ratio of exchanged anions to exchanged cations
(Csanion/Cscation), which gave 4.2 for positively capped multilayers and 1.4 for
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negatively capped ones. As expected, anion exchange contributes more to charge
compensation for positively cappedfilms than for thosewith a negative topmost layer.
Note also that anion exchange is themain charge-compensationmechanism even for
negatively capped films. We can explain this result considering the rules of ion
exchange described in Section 2.3.2, since the testing solution (HCl 10mM) is more
acid that the assembly solutions.
Ion exchange in LbL films has been also studied using radiolabeled 45Ca2þ

ions [104] by Schlenoff and coworkers. In that case, poly(butylviologen)/PSS multi-
layers showed the exchange of Ca2þ in a stoichometric ratio with the charge passed
through the electrode, an indication of cation permselectivity.

Figure 2.18 Probe-beam deflection oxidation transients for (a)
positively capped (PAH-Os)15(PSS)14 and (b) negatively capped
(PAH-Os)15(PSS)15 in 0.01M HCl. Anion uptake/cation release
appears as a positive/negative PBD signal. Taken from Ref. [150].
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2.4.2
Solvent Exchange

An electrochemical quartz crystal microbalance (EQCM) is able to measure in-situ
charges infilmmass and viscoelasticity [148, 151, 153]. An important characteristic of
this technique is that the exchanged mass during redox switching has contributions
fromboth ions and solvent. EQCMexperiments for PAH-Os/PVS andPAH-Os/GOx
systems indicate mass gain during oxidation and loss during reduction. The amount
of exchanged mass can only be explained by water fluxes that are well above ionic
hydratation [148, 153] (around 30 water molecules per electron, see Table 2.1). In the
case of cation permeselective films, this water flux is suggested to mask the release
of cations [107]. Further molecular evidence of water uptake/release during the
anodic/catodic scans has been obtained by observing the associated water IR band at
3450 cm�1 by subtractively normalized interfacial Fourier transform infrared spec-
troscopy (SNIFTIRS) [153, 154].
Indirect evidence for solvent exchange can also be gained by in-situ ellipsometry.

This technique can provide information of film thickness and optical properties as a
function of the electrode potential. Figure 2.19 shows that the film swells during
oxidation and shrinks during reduction, in agreement with EQCM measurements.
A decrease in the refractive index from1.42 to 1.38 during oxidation also supports the
uptake of water, which has a refractive index of 1.33.

2.4.3
Specific Ionic Effects

We have studied the electrochemical behavior and redox-driven mass changes for
PAH-Os/PVSfilms immersed in solutions of salts with a common anion and different
cations and a common cation and different anions [148]. The electrochemical and

Table 2.1 Results from CV, EIS and EQCM measurements for
(PAH-Os5)/(PVS4) electrode in 10mM solutions of different 1 : 1
electrolytes.

Electrolyte
Qox

lC cm�2
E1/2
V�1

(Ep
ox�Ep

red)
V�1 Dm/Dq1 g C�1

Dmgmol�1

(·103) Dapp/cm
2 s�1

NaCl 19.2 0.365 0.027 64
 9 615
 90 1.8 · 10�10

Common
cation

NaF 20.7 0.374 0.036 72
 9 692
 90
NaNO3 21.1 0.359 0.025 19
 9 185
 90
NaBF4 18.9 0.378 0.031 20
 9 195
 90
NaClO4 17.5 0.343 0.041 6
 9 58
 90 6.6 · 10�15

Common
anion

CsCl 18.7 0.364 0.025 58
9 564
 90
LiCl 19.8 0.369 0.028 62
 9 596
 90
HCl 17.2 0.394 0.034 69
v9 662
 90

Qox: CV anodic peak charge, E1/2: average peak potential, Eox
p �Ered

p : peak separation, Dm/Dq:
exchanged mass to redox charge ratio for complete film oxidation, Dm/Dmol exchanged mass per
mole of electrons and Dapp: apparent diffusion coefficient measured by EIS.
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EQCM experiments are summarized in Table 2.1, which shows the CV anodic
peak charge (Qox), the average peak potential (E1/2), peak separation ðEox

p �Ered
p Þ, the

exchanged mass to redox charge ratio for complete film oxidation (Dm/Dq), the
exchanged mass per mole of electrons (Dm/Dmol) and apparent diffusion coefficient
measured by EIS (Dapp). Table 2.1 shows some important results previously discussed,
namely the inhibition effect of ClO4

� on charge propagation, whichmakes voltammo-
gramsmore irreversible for solutionscontaining this anion; the shift ofpeakposition in
HCl solution due to changes in the Donnan potential induced by amine protonation;
and the exchanged molar masses under permselective conditions, larger than the
molecularmasses of the salt ions, indicatingwater exchange. There are also two salient
featuresarising fromspecific ioniceffects.First,Table2.1shows that thecationhas little
effect on the solvent and ion exchange (EQCM data), while large differences in molar
massesofexchangedspecieswereobservedfordifferentanions.Thiscouldberelatedto

Figure 2.19 Ellipsometric thickness (a) and refraction index (b) as
a function of electrode potential for a (PAH-Os)7(GOx)7
multilayer. Scan rate: 5mV s�1. Taken from Ref. [68].
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the anion permselectivity present in the films used in the study [107, 148]. Second, the
exchanged molar masses for the anions follow a well-known Hoiffmeinster series,
ordered by the exchanged mass, we have: F� >Cl� >NO3� >BF4��ClO4

�. We
ascribe thiseffect to the formationofpolymer–anion ionpairs for themorehydrophobic
anions, which leads to electrostatic crosslinking, and thus constrains film swelling.

2.4.4
Break-In

During continuous redox cycling, the first cycle usually differs from the following
ones. This effect is referred as break-in. In poly(vinylferrocene), PVF, films this has
been related to the incorporation of solvent and ions into the film, decreasing its
resistivity [132]. This effect has been observed for several polyelectrolyte and polymer-
modified electrodes, for example, polyaniline [155].
Break-in condition effects of this type has also been observed in redox PEMs. For

example, the first voltammogram of a series always shows a larger anodic to cathodic
peak separation than the subsequent ones [153]. We have performed in-situ EQCM
studies applying a square-wave perturbation to the electrode potential, the resulting
mass transients are shown in Figure 2.20a. As was discussed above, the mass
increases during oxidation and reduces after reduction. However, for the freshly
prepared films, the mass exchanged during the oxidation process is smaller than
during reduction and therefore QCM signal increases with successive cycles. After
�12 cycles a steady state is achieved and now themass incorporated during oxidation
is exactly the same as that of the released during reduction. Thefilm canbe reverted to
its original state after switching off the perturbation and holding the electrode at a
reductive negative potential for �1 h (Figure 2.20b).
The increase in film mass observed by EQCM during the break-in could be

originated by the accumulation of water, mobile ions or both. We used SNIFTIRS
to show that the water content in the film increases during cycling [153]. The role of
mobile ions has been addressed for the first time by Schlenoff et al. using radiolabeled
45Ca2þ ions. These cations flowed into poly(butylviologen)/PSS multilayers during
the cathodic scan, but during the oxidation a small fraction was not expelled. As a
consequence, an increase in Ca2þ content occurred for the following cycles [104]. The
authors suggested that anionuptake occurs during reduction in the sameproportion to
the fraction of Ca2þ that was retained in the film in order to the assure charge
compensation. Probe-beam deflection (PBD) has also shown differences both in the
deflection signal and the electrical current transients between the first and successive
oxidation–reduction cycles for freshly prepared PAH-Os/PSS films inHCl 10mM [28]
(panelA inFigure 2.22). Both thePBDsignal and the electrode current showadecrease
with the number of cycles. Thisdecrease in redox current is clearly not causedby loss of
electroactive material since, as happens with filmmass in EQCM, the electrochemical
response is recovered after holding the system at a reducing potential for a rest period
(panels B–D in Figure 2.22). A possible explanation for this decay in the current could
be the effect known as charge trapping [156], where potential cycling causes some
reduced or oxidized sites to become isolated and therefore unable to contribute further
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to the redox charge. Figure 2.22 also shows that the electrochemical response for the
electrode rested at a negative potential decays when redox cycling is restarted, which
suggest a secondary break-in effect.

2.5
Molecular Description of Redox Polyelectrolyte-Modified Electrodes

2.5.1
Formulation of the Molecular Theory

In Sections 2.2 and 2.3 we have anticipated some results from the molecular theory
for polyelectrolyte-modified electrodes. We will briefly discuss here the formulation

Figure 2.20 EQCM gravimetric response of (PAH-Os)15(PSS)14
multilayer in 10mM NaCl for continuous perturbation with a
square-wave potential of frequency 0.5min�1 and potential limits
of 0.1 and 0.6 V. (a) First cycle (b) Electrode mass transient after
switching off to 0.10 V. Taken from Ref. [153].
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of the theory, which is based in the molecular theory developed by Szleifer and
coworkers. For an indepth analysis the reader is referred to the original refer-
ences [118–120].
The system under analysis, a single layer of PAH-Os adsorbed on a thiol-modified

gold electrode, has been shown in Figure 2.5. Figure 2.23 is an explicative chart
included to assist the reader to follow the steps required to formulate and solve the
theory. We start by writing down the free energy of the system as a function of
densities of all the mobile species in the system (solvent, protons, hydroxyl ions and
salt ions), the probabilities of all possible conformations for polymer chains, the
electrostatic potential and the degrees of protonation and oxidation for acid–base and
redox groups, respectively. We write this free energy as

F ¼ �TSw;mix�TSA;mix�TSC;mix�TSHþ ;mix�TSOH�;mix�TSpol�TSMPS

�TSNH2=NHþ
3
�TSSO�

3 =HSO3
�TSOsðIIIÞ=OsðIIÞ þ Fe� þFvdW þFElec

þFP-S þ F0 þFmC þFmA

ð2:16Þ
Equation 2.16 contains contributions from the translational entropy of the mobile

species, the conformational entropy of polymer chains, the free energy associated
with the different chemical equilibria in the system, the polymer-polymer and
polymer–surface van der Waals (vdW) interaction energies, the electrostatic interac-
tion energies and the repulsive interactions between all the different molecular
species. The expressions for each of these terms are shown in Table 2.2, while the
definition of the symbols is given in Appendix. Note that in Table 2.2, the densities,

Figure 2.21 FT-IRRAS spectra for theH2Oband 1648 cm�1 (PAH-
Os(II))15(PSS)15. Numbers indicate the oxidation–reduction cycle
number. Taken from Ref. [153].
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the electrostatic potential and ionization and oxidation fractions are functions only of
the distance from the electrode surface, z (see Figure 2.5). This is because we use a
mean-field approximation in the x-y plane and consider only inhomogeneities in the
z-direction. While this is not required by the theory, it greatly simplifies solving the
equations.Wenowperforma functionalminimization of the free energy considering
two constraints: the global electroneutrality and the packing constraint, which
accounts for repulsive interactions (see Table 2.2). This process provides us with
an expression for the density profile of mobile ions and solvent molecules, ri(z); the

Figure 2.22 Chronoamperometric current transients (dotted
lines) and probe-beam deflection transients (solid lines) during
the oxidation-reduction cycles of (PAH-Os)15(PSS)14 PEM film in
10mM HCl solution. Panels A–D show consecutive
oxidation–reduction steps with a wait time of 180 s at the end of
each train in the reduced state. Taken from Ref. [28].
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probability distribution function for the polymer, P(a); the protonation fraction of
amines and sulfonates, fc(z) and fc,MPS(z); the osmium oxidation degree, fOs(z) and
y(z) the distance-dependent electrostatic potential.
The density profiles for mobile species are:

rwðzÞvw ¼ rbulkw vwexpð�vwb½pðzÞ�pbulk	Þ ð2:17Þ

riðzÞvw ¼ rbulki vwexpð�vib½pðzÞ�pbulk	�qib½yðzÞ�ybulk	Þ ð2:18Þ
where b¼ 1/kBT is the inverse absolute temperature, p(z) is a Lagrange multiplier
associated with the packing constraint, which can be regarded as a lateral osmotic
pressure [117] and vw is the molecular volume of the solvent. In Equation 2.18, i¼A,
C,Hþ orOH� for solvent, protons, hydroxyl ions and salt ions and vi (z) and qi are the
molecular volume and charge of the species I, respectively.
The probability of having a polymer chain in conformation a is given by

PPðaÞ ¼ 1
x
exp �

ð
nPðz;aÞ½lnðfcðzÞÞþ qNHþ

3
byðzÞ	dzþ

�

�
ð
nOsðz;aÞ½qOsðIIÞbyðzÞþ lnð1�fOsðzÞÞ	dz�bUPSðaÞ

�
ð
½vPðz;aÞþ vOsðz;aÞ	 bpðzÞþ

ð
bcð z�z0jÞðhfPðz0Þiþ hfOsðz0ÞiÞdz0j 	dzg

	
ð2:19Þ

Figure 2.23 Flow chart showing the steps involved in writing
down and solving the molecular theory. Taken from Ref. [120].
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Table 2.2 Contributions to the system free energy considered by
the molecular theory for poleyelectrolyte modified electrodes,
Equation 2.16.

Terms of the free energy

Term in eq.
Contribution to the free
energy Expression

Si;mix

AkB
Translational entropy of
mobile ions and water
molecules (i: A, C, OH�,
Hþ, w)

� Ð riðzÞ½lnðriðzÞvwÞ�1	dz

Spol
AkB

Conformational entropies of
polymer chains

�NP

A

X
a
PPðaÞlnPPðaÞ

" #

SMPS

AkB
Conformational entropies of
thiol molecules

�NMPS

A

X
g
PMPSðgÞlnPMPSðgÞ

" #

SNH2=NHþ
3

AkB
Amine acid–base
equilibrium mixing entropy

� Ð hnPðZÞi½ fcðzÞlnðfcðzÞÞ
þ ð1�fcðzÞÞlnð1�fcðzÞÞ	dz

SSO�
3 =HSO3

AkB
Sulfonate acid–base
equilibrium mixing entropy

� Ð hnMPSðzÞi½ fc;MPSðzÞlnðfc;MPSðzÞÞ
þ ð1�fc;MPSðzÞÞlnð1�fc;MPSðzÞÞ	dz

SOsðIIIÞ=OsðIIÞ
AkB

Osmium redox equilibrium
mixing entropy

� Ð hnOsðzÞi½ fOsðzÞlnðfOsðzÞÞ
þ ð1�fOsðzÞÞlnð1�fOsðzÞÞ	dz

bFe�
A

Electrical work to achieve the
final redox state of the system
from electrons in the
environment.

Eabs
eq bjej Ð hnOsðzÞi½1�fOsðzÞ	dz

bFvdW
A

van der Waals (vdW)
polymer–polymer
interactions

ð ð
bcðjz�z0jÞ

2
hfOsðzÞiþ hfPðzÞi½ 	 hfOsðz0Þi½

þ hfPðz0Þi	dzdz0

bFElec
A

Coulombic interactions b
Ð hrQðzÞiyðzÞ� 1

2 eðzÞðrzyðzÞÞ2
h i

dz

bFP-S
A

van der Waals (vdW)
polymer–surface interactions

NP

A

X
a
PPðaÞbUPSðaÞ

" #

bF0
A

Standard chemical potentials
ðm0

i Þ for those species
participating in chemical
equilibria

Ð hnPðzÞið fcðzÞbm0
NHþ

3
þð1�fcðzÞÞbm0

NH2
Þdz

þ Ð hnMPSðzÞið fc;MPSðzÞbm0
SO�

3þð1�fc;MPSðzÞÞbm0
HSO3

Þdz
þ Ð hnOsðzÞið fOsðzÞbm0

OsðIIIÞ
þ ð1�fOsðzÞÞbm0

OsðIIÞÞdz
þ Ð

m0
Hþ rHþ ðzÞdzþ Ð

m0
OH�rOH� ðzÞdz

bFmi
A

Chemical potentials of
anions (i¼A) and cations
(i¼C)

�bmi

Ð
riðzÞdz

(Continued)
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where ni(z,a) and vi(z,a) are the number and volume of allylamine segments or
osmium sites (i¼P, Os, respectively) that a PAH-Os chain in conformation a has at
z, UPS(a) is the polymer–surface interaction energy for a chain in conformation
bc(|z� z0|) is a distance-dependent van der Waals interaction parameter [63], x is a
normalization constant and hfi(z)i is the average volume fraction of species i at z.
In Equations 2.17–2.19, the Boltzmann factor contains contributions arising from

the different interactions considered by the molecular theory. For example, p(z) and
y(z) represent the repulsive and electrostatic interaction fields at z. It should be
stressed that these fields are unknowns for the theory and that they depend on the
distribution of all the different species across the film, that is, Equations 2.17–2.19.
This has two consequences. First, a self-consistent solving process must be used,
whichmeans that simplicity is sacrificed in the theory in order to study the system in
all its molecular complexity. Second, their interactions in the system are highly
coupled and nonlocal [157].
For the acid–base equilibriumof the allyl-amines and thiol groups, the equilibrium

constants are given by:

K0
b ¼ exp �bDG0

c

� � ¼ rOH�ðzÞfcðzÞ
1�fcðzÞ expðvOH�b pðzÞ�pbulk

� �Þ ð2:20Þ

K0
a;MPS ¼ exp �bDG0

c;MPS

h i
¼ rHþ ðzÞfc;MPSðzÞ

1�fc;MPSðzÞ expðvHþ b pðzÞ�pbulk
� �Þ

ð2:21Þ
In this expression, K0

b is the thermodynamic equilibrium constant, which can be
multiplied by NA=rbulkw (with NA equal to Avogadro�s number) to obtain the com-
monly used equilibrium constants based on the molar bulk concentration reference
state. It is important to note that the exponential term in the right-hand side of
Equations 2.20 and 2.21 is an activity coefficient term. This term depends on the
interaction field p(z), which is nonlocal and therefore it couples with all the inter-
actions and chemical equilibria in all regions of the film.
A generalized Nernst equation for this redox couple is also provided by the theory

Eabs
eq ¼ E0;abs

OsðIIIÞ=OsðIIÞ þ
RT
F

ln� fOsðzÞ
1�fOsðzÞ
� �

þ ðqox�qredÞ
jej yðzÞ ð2:22Þ

where Eabs
eq is the electrode potential and E0;abs

OsðIIÞ=OsðIIIÞ is the standard thermodynamic
redox potential in the absolute scale. Here again, the nonlocal effect is hidden in the

Table 2.2 (Continued)

Minimization constraints

Constraint Expression

Global electroneutrality
Ð hrQðzÞidzþsM ¼ 0

Packing constraint
P

ihfiðzÞi ¼ 1

94j 2 Electrochemically Active Polyelectrolyte-Modified Electrodes



fact that bothy(z) and fOs(z) are strongly coupledwith the other interactionfields at all
distances from the surfaces.
Finally, the extremum of the free energy with respect toy(z) yields the generalized

Poisson–Boltzmann (GPB) equation for electrostatics

rðeðzÞryðzÞÞ ¼ �hrQðzÞi ð2:23Þ

where e(z) is the local dielectric constant and hrQ(z)i is the total average charge at
distance z from the metal electrode.
We nowhave a set of integral-differential equations given by Equations 2.17 to 2.23

and the packing constraint in Table 2.2. We need to feed this system with the
molecular information of the particular system: size, charge, charge distribution, and
conformations of all the participating species, the strength of the interactions, that is,
the van der Waals coefficients and the standard free energy for the appropriate
acid–base and redox reactions. Table 2.3 summarizes this information. We also need
the experimental conditions, that is bulk salt concentration, pH, electrode potential
and surface coverage of polymer chains and thiol molecules.
The numerical solution of the theory provides us with the complete picture of the

interface, namely the functionsy(z),ri (z),p(z),P(a), fc(z), fc, MPS (z) and fOs(z). These
functions can also be used to calculate the equilibriumelectrochemistry. To do thiswe
solve the theory for increasing electrode potentials and calculate the redox and

Table 2.3 Molecular model used in the molecular theory for gold/MPS/PAH-Os/electrolyte system.

Solution species

Specie Electrostatic charge qi Molecular volume, vi

Water 0 30Å3

Cation þ1 33.5Å3

Anion �1 33.5Å3

Proton þ1 30Å3

Hydroxyl ions �1 30Å3

Grafted species
Specie Electrostatic

charge qi

Molecular
(segment)
volume, vi

Equilibrium
constant

Surface
density
(mol cm�2)

Polymer segment
(allyl-amine)

þ1 (NH3
þ) 113Å3 pKb¼ 11.0 3.5 · 10�10

0 (NH2)
Thiol molecule �1 (SO3

�) 580Å3 pKa¼ 0.0 4.6 · 10�10

0 (HSO3)
Redox site (osmium
complex)

þ2 (OsIII) 1770Å3 E0
OsðIIIÞ=OsðIIÞ ¼

0:265 V
ðvs:Ag=AgClÞ

2.65· 10�11

þ1 (OsII)
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nonredox contributions to the electrode capacitance by rewriting as:

Credox ¼ F
qGOsðIIIÞ
qEabs

eq
¼ F

q
Ð hnOsðzÞifOsðzÞdz

qEabs
eq

ð2:24Þ

Cnon-redox ¼ qsM

qEabs
eq

¼
q �eð0Þ qyqz ð0Þ

 �

qEabs
eq

ð2:25Þ

where GOs(III) is the surface concentration of Os(III) and sM the charge in the metal.
The total capacitance is given by the sum of Credox and Cnon-redox. We can use
Equations 2.24 and 2.25 to calculate current potential waves and from them, the peak
potentials (Figures 2.13 and 2.14) and widths (Figure 2.16) for different conditions,
which are in excellent agreement with the experiments.

2.5.2
Comparison with Phenomenological Models, Advantages and Limitations

Froma survey of the literature in chemicallymodified electrodes [13], one can identify
simple phenomenological models that have been very successful for the analysis of a
particular aspect of the experimental data. Suchmodels are, for instance, theDonnan
partition model [24, 122], the Laviron [158], Albery [159] and Anson models [127]
to account for the nonideal peak width, the Smith and White model for the
interfacial potential distribution [129], and so on. Most of these models contain
one or more adjustable parameters that give some partial information about the
system. For example, the lateral interactionmodel proposed by Anson [127] provides
a value for the lateral interactions between oxidized and reduced sites, but does not
explain the origin of the interactions, neither does it predict how they depend on the
experimental conditions or the polymer structure. In addition, none of these models
provide information on the interfacial structure.
The molecular theory presented above seeks to provide, from a first-principles

calculation an all-in-one description of the electrochemical, thermodynamic and
structural properties of the system, some of which cannot be accessed from the
experiments. As an example, the theory can predict the density profile for the redox
polymer and its components (Figure 2.6), the electrostatic potential profile across the
interface (Figure 2.7), the fraction of protonated amino groups or oxidized osmium
sites at different positions from the surface (Figure 2.8), and so on for any given
experimental condition. Providing that the molecular model is known, it requires
nonadjustable parameters and therefore it is a predictive theory. Since the models
mentioned in the previous paragraph canbe considered limiting cases of the theory, it
can be used to test their validity under limiting cases or to predict their parameters
(see Reference [120] Sections 2.3.2 and 2.3.4). The price of these advantages is a
complexity that exceeds simpler models, but it is necessary to obtain a complete
picture of these complicated systems (which cannot be accessed nowadays through
molecular simulations due their size). The main limitation of the current formula-
tion of the theory is that it is an equilibrium theory and therefore only accounts for the
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equilibrium electrochemistry (low scan rate). This limitation would be overcome in
the future by coupling the theory to a generalized diffusion approach [160].

2.6
Applications

We will discuss here applications of polyelectrolyte-modified electrodes, with partic-
ular emphasis on layer-by-layer self-assembled redox polyelectrolytemultilayers. The
method offers a series of advantages over traditional technologies to construct
integrated electrochemical devices with technological applications in biosensors,
electrochromic, electrocatalysis, corrosion prevention, nanofiltration, fuel-cell mem-
branes, and so on.
Unique features of the LbL films are flexibility in the design, control over film

composition, structure, thickness, surface charge and the almost endless list of
building blocks that can be used. Themethod is also environmentally friendly since it
does not require the use of nonaqueous solvents and can be applied to substrates of
any shape and size, allowing deposition of polymers fromaqueous solutions in a cost-
effective technology. The latter characteristic made it very appealing for the modifi-
cation of large-area electrodematerials commonly used in electrochemistry. The long
assembly times that are probably the main limitation of the technique, have been
eliminated by using spin- [161], spray- [162] or electrophoretic-assisted deposi-
tion [163, 164]. Table 2.4 presents a summary of some of the proposed applications
for redox-active PEMs. Excellent reviews can be found in the literature covering the
applications of PEMs to other technologies [3, 165–169].

2.6.1
Amperometric Enzymatic Electrodes

The aim of electrochemical biosensors is the molecular recognition of a target
biomolecule and the generation of an optical or electrical signal by transducing the
concentration of an analyte into an amperommetric or potentiommetric signal. The
use of redox polyelectrolytes as electron relays in enzymatic electrodes was first
proposed by Heller, who wired GOx with a cationic polyelectrolyte quaternized poly
(vinylpyridine) and poly (vinylpyridine)-Os (bpy)2Cl redox-mediator copolymer [35].
While the first-generation biosensors relied on detecting the H2O2 generated during
oxygen reduction by the enzyme [170], in an immobilizedmediator system, the redox
sites in the polymer �wires� the enzyme to the electrode. The latter strategy solves two
important drawbacks of first-generation sensors, namely the interference from
electroactive species and the signal dependence on the partial O2 pressure [171,
172]. In addition, the use of covalently bound couples rules out the leaching of toxic
species into the solution, allowing in-vivo measurements.
Structurally well-defined enzyme electrodes wired by redox polymers have been

constructed using different interactions, such as antigen–antibody [173–175] or
avidin–biotin [176–181]. Hodak et al. described for the first time the layer-by-layer
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Table 2.4 Applications of PEM-modified electrodes.

Application Polycation Polyanion Ref.

Amperometric
glucose
biosensors

Ferrocene-modified
polyallylamine (PAH-Fc)

Glucose oxidase (GOx) [77]

Osmium-pyridil-bipyridyl-
modified Polyallylamine
(PAH-Os)

Glucose oxidase (GOx) [68, 69, 151,
184, 185, 191,
203–205]

Nitrite sensor Osmium-bipyridyl-modified
quaternized poly(4-vinylpyri-
dine) (PVP-Os)

PSS or poly[aniline-co-N-
(3-sulfopropyl)aniline
(PAPSH)

[206]

Ascorbic acid
sensor

Osmium (4,40-dimethyl-2,20-
bipyridil)-modified poly(vynil
imidazole)

Citrate-capped gold
nanoparticles

[207]

Fructose, H2O2

and methanol
sensors

Osmium-bipyridyl-modified
quaternized poly(4-vinylpyri-
dine) (PVP-Os)

Fructose dehydrigenase
(FDH), Horseradish
peroxidase (HRP) or alcohol
oxidase

[102]

Superoxide
sensor

Cytochrome c (cyt. c) Poly(anilinesulfonic acid)
(PASA)

[92, 214, 215]

Nitrate sensor Viologen-functionalized
polyvinylpyridinium (PV)

Nitrate reductase [189]

Electrochromic
devices

Poly(butanyl viologen) (PBV) PSS [67, 104, 209]

poly(diallyldimethylammo-
nium chloride) (PDDA)

Poly(alkoxythiophene)
derivatives (P3TOPS and
P3TOPA)

[103]

Positive charged water-
soluble polythiophenes

Negative charged water-
soluble polythiophenes

[220–222]

Poly(diallyldimethylammo-
nium chloride) (PDDA)

Iron hexacyanoferrate
(Prussian Blue)

[29, 63]

or polyethylene amine (PEI)
Linear poly(ethylene amine)
(LPEI) PEDOT:PSS PANI [196]
Polyaniline (PANI) poly(2-acrylamido-methane-

2-propanesulfonic acid)
PAMPS

LPEI Ruthenium Purple [197]
PAH Polyoxometallates [85, 86, 198]

Photochromic/
electrochromic
devices

Poly(diallyldimethylammo-
nium chloride) (PDDA)

Sodium decatungstate [223]

Electrocatalytic
devices

Poly(allyl-amine) (PAH) Wheel-shaped (Mo36 and
Mo46); crown-shaped
(Mo54); sphere-shaped
Mo8V2O28.7H2O

[81–84]
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self-assembly of a redox polymer (ferrocene-derivatized PAH) and an enzyme
(GOx) to yield a totally immobilized multilayer biosensor [77]. The sensitivity of
the biosensor to glucose increases with the number of layers, as shown in
Figure 2.24 [77, 182]. Several papers employing similar strategies followed that
initial report, involving in general redox polymers based on osmiumcomplexes [182–
186] or ferrocenes [187, 188] (see Figure 2.4). Polyviologen has also been used to wire
nitrite reductase, due its negative redox potential close to �0.5 V [189].
The LbL methods have been also used to prepare spatially ordered bienzymatic

electrodes, two examples are shown in Figure 2.25. In the first one, glucose is
aerobically oxidized by GOx in the outer layers to produce hydrogen peroxide that
is thereafter reduced by soybean peroxidase (SBP) wired to the electrode with
PAH-Os [182]. This system responds both to H2O2 and to glucose, but in the

Figure 2.24 Diagrams of bienzymatic spatially ordered electrodes
built using the LbL method. SBP: Soybean peroxidase, GOx:
Glucose oxidase, GDH glucose dehydrogenase.

Table 2.5 Data for the oxidation ofGOx(FADH2) by ferrocenium in
different enzyme electrodes (taken from [147].)

Enzyme–mediator system k/M�1 s�1

GOx soln.þ FcMeOH soln. 1.2· 107

GOx immob. biotinþFcMeOH soln. 1.2· 107

GOx immob. biotinþPEGFc soln. 2.2· 105

GOx immob. biotinþPEGFc attached 1.6· 106

GOx immob. IgGþPEGFc soln. 6.0· 105

GOx immob. IgGþPEGFc attached 1.0· 104
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latter case the electrochemical signal can be suppressed by thoroughly eliminating
the dissolved oxygen using Ar bubbling. A similar system has been proposed for
methanol quantification replacing the GOx by alcohol dehydrogenase, which other-
wise cannot be directly wired by the redox polymer [190]. The second example
consists of a PAH-Os/GOx glucose sensor coatedwith a layer glucose dehydrogenase
(GDH) that reduces gluconic acid back to glucose in presence ofb-NADH2. This extra
layer recycles glucose, producing the amplification of the catalytic current to more
than double the value recorded in absence of b -NADH2 [182].
The major part of the reports discussed above provides only a qualitative descrip-

tion of the catalytic response, but the LbL method provides a unique opportunity
to quantify this response in terms of enzyme kinetics and electron-hopping diffusion
models. For example, Hodak et al. [77] demonstrated that only a fraction of the
enzymes are wired by the polymer. A study comprising films with only one GOx and
one PAH-Os layer assembled in different order on cysteamine, MPS andMPS/PAH
substrates [184] has shown a maximum fraction of �wired enzymes� of 30% for the
maximum ratio of mediator-to-enzyme, [Os]/[GOx]� 100, while the bimolecular
FADH2 oxidation rate constant remained almost the same, about 5–8� 103M�1 s�1

in all cases. This result suggests that thewiring efficiency depends on the ability of the
tethered redox groups to reach the FADsite at the enzymeby segmentalmotion of the
polymer chains. In other experiments, an activeGOx layerwas assembled in different
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Figure 2.25 Dependence of the catalytic current for the oxidation
of b-D-glucose mediated by the redox polyelectrolyte film for
different number of GOx layers self-assembled with (PAH-
Os)n(GOx)m (n¼m¼ 2, 4, 6). Taken from [182].
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positions in a FAD-free GOx (Apo-GOx)/PAH-Os multilayer (Figure 2.26a). The
electrocatalytic response of these systems (Figure 2.26b) decreases as the enzyme
active layer is moved out from the surface, following a diffusion-like law [191].
Limitations in charge transport through themultilayer are therefore other important
issues that could affect the fraction of wired enzymes. It is interesting to note that this
kind of experiment is not possible with conventional ramdom films or hydrogels.
A quantitative model for the electrocatalyitic response of enzymatic amperometric

biosensors requires consideration of the diffusion of all the involved species and
the kinetics of the redox–enzyme catalytic cycle, as is depicted in Figure 2.27.

Figure 2.26 (a) Scheme for an electrostatically self-assembled
multilayer (PAHOs)4(Apo-GOx)3(GOx) electrode. (b) Catalytic
current response to b-d-glucose concentration for self-assembled
nanostructured thin films of PAH-Os/GOx/(PAH-Os/(ApoGOx)3
and (PAH-Os/ApoGOx)3/PAH-Os/GOx, where ApoGOx is FAD-
free glucose oxidase. Taken from Ref. [219].
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This kinetic-diffusion problem in the steady state can be described by the coupled
second-order differential equations:

DM
d2mðx; tÞ

dx2
¼ kkcatm s eS

k sðKMS þ sÞþ kcats
ð2:26Þ

DS
d2sðx; tÞ
dx2

¼ kkcatm s eS
k mðKMS þ sÞþ kcats

ð2:27Þ

wherem and s are the concentration of the oxidized mediator and the substrate, DM

and DS are the respective diffusion coefficients, kcat is the rate constant for dissocia-
tion of the enzyme–substrate complex, KMS is the Michaelis constant and k is the
second-order rate constant for the reaction between the enzyme and themediator, eS
is the total enzyme concentration, (see Figure 2.27).
Equations 2.26 and 2.27 cannot be solved analytically except for a series of limiting

cases considered by Bartlett and Pratt [147, 192]. Since fine control of film thickness
and organization can be achieved with LbL self-assembled enzyme polyelectrolyte
multilayers, these different cases of the kinetic case-diagram for amperometric
enzyme electrodes could be tested [147]. For the enzyme multilayer with entrapped
mediator in themediator-limited kinetics (enzyme–mediator reaction rate-determin-
ing step), two kinetic cases deserve consideration in this system: in both cases I and II,
there is no substrate dependence since the kinetics are mediator limited and the
current is potential dependent, since the mediator concentration is potential depen-
dent. Since diffusion is fast as compared to enzyme kinetics, mediator and substrate
are both approximately at their bulk concentrations throughout the film in case I.
The current is first order in both mediator and enzyme concentration and k, the
enzyme reoxidation rate. It increases linearly with film thickness since there is no

Figure 2.27 Double catalytic cycle that gives rise
to the current in the presence of b-D-glucose.
GOx(FAD) oxidizes the enzyme substrate
b-D-glucose to yield the reduced form of the
enzyme GOx(FADH2) that is then reoxidized by
the osmiumpolymermediator PAH-Os(III). This
process yields PAH-Os(II). Electrons should
diffuse to the electrode surface by electron

hoppingbetween adjacent osmiumredox sites in
the polymer film and finally the osmium sites in
contact with the electrode generate of an
amperometric catalytic anodic current. kcat: rate
constant for dissociation of enzyme–substrate
complex, KMS: Michaelis constant, k: second-
order rate constant for the reaction between the
enzyme and the mediator. Taken from Ref. [69].
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substrate polarization. On increasing the rate of mediator–enzyme reaction or the
film thickness) we cross the border from case I to II

II ¼ nFAaemSkeSL ð2:28Þ

where mS is the total concentration of the redox mediator, ae is 1=ð1þ exp
½�ðE�E0ÞnF=RT 	Þ, L is the thickness of the film.
In case II, the mediator is exhausted within the film before reaching the outside.

The reaction occurs only in a first-order layer and the current becomes independent
of film thickness, half-order in enzyme concentration, k andDM (mediator diffusion
coefficient within the film).

III ¼ nFAaemSðDMkeSÞ1=2 ð2:29Þ

In case V for the enzyme–substrate limiting case, the current is independent of
mediator concentration and thus of the potential, while there is a Michaelis–Menten
dependence on substrate concentration. Case V is similar to case I since the con-
centrations of both substrate and mediator remain almost constant throughout the
film, while in case IV the substrate is depleted and never reaches the electrode surface

IV ¼ nFALeSkcatKSsbulk
KMSþKSsbulk

ð2:30Þ

where KS is the partition coefficient for the substrate and sbulk is the substrate bulk
concentration.
A special case of the thin-film approximation considers that the substrate can

diffuse within the film with negligible depletion. This corresponds to both Case V
(unsaturated enzyme), Case I (saturated enzyme) and the border between them. A
thin film is the only situation where we can fit experimental data to a theoretical
calibration curve for the whole range of glucose concentrations with:

I ¼ nFALeSkcat
1þ kcat

km þ KMS
sbulk

ð2:31Þ

In the boundary between cases I and V, which corresponds to E1=2 ¼ Eo0 , and the
half-wave potential shifts with the substrate concentration

exp �ðE1=2�E0ÞF
RT

	 �
¼ kmSKMS

kcatsbulk
þ kmS

kcat
�1 ð2:32Þ

As a consequence, the half-wave potential of the catalytic waves E1/2 in glucose
solutions shifts to more negative values with respect to the formal standard redox
potentialof theOs(III)/Os(II) redoxcouple,Eo0 .Thiscorresponds to the transitionfrom
the enzyme–substrate rate-determining step to the enzyme–mediator control [147,
193] (i.e. cases I and V in the kinetic case diagram) and is shown in Figure 2.28 taken
from Ref. [186]. From the slope and the intercept the value KMS¼ 19mM can be
obtained. This trend has also been shown by Bartlett and Pratt [147] and Sav�eant and
coworkers [194] forglucoseoxidase,andAndreau etal. forhorseradishperoxidase [195].
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The boundary between cases I-II has been explored by Flexer et al. [69] with LbL
self-assembled GOx multilayers and poly(bipyridine-pyridine) redox polymer (PAH-
Os). Figure 2.29 shows the catalytic response in excess glucose as a function of the
number of self-assembled polymer–enzymebilayers. For thefirst bilayers (thinfilms)
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Figure 2.28 Diagnostic plot of Equation 2.32 taken from Ref. [147].

Figure 2.29 Plot of catalytic current for layer-by-layer self-
assembled GOx and PAH-Os at 0.55 V in 60mM glucose for
increasing film ellipsometric thickness. Lines indicate limiting
cases I and II. Taken from Ref. [147].
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the current increases proportionally with the number of enzyme layers as expected
for case I. However, for thicker enzyme films the catalytic current is no longer
proportional to the film thickness and reaches a plateau when the conditions for
Case II are reached. The boundary condition between Cases I and II appears
at L ¼ ðDM=keSÞ1=2and this critical thickness is reached after some ten dipping
cycles or 770 nm in Figure 2.29 for DM¼ 1.2� 10�9 cm2 s�1, k¼ 2� 104M�1 s�1,
eS¼ 5� 10�4M.

2.6.2
Electrochromic Devices

Electrochromic materials are electroactive compounds whose visible spectra depend
on the oxidation state. Possible applications are smart windows, displays, mirrors,
and so on. Among the most important performance aspects in electrochromic
materials, the reversibility and lifetime of the material to repeated cycles, the time
of response (usually in order of seconds), the colors of the oxidized/reduced forms
and the change in absorbance upon redox switching (contrast) are of interest.
The first demonstration of a PEMwith electrochromic properties was disclosed by

Schlenoff and coworkers [66], using poly(butanylviologen)/PSSfilms.While thisfilm
exhibited strong electrochromic response, it still required the use of an outer
electrolyte solution. DeLongchamp and Hammond disclosed for the first time a
solid-state device comprised of two electrochromic PEM-modified ITO electrodes
separated by a 200-mm thick poly(2-acrylamido-methane-2-propanesulfonic acid),
proton-conducting PAMPS membrane (see Figure 2.30) [196]. Both PEMs used in

Figure 2.30 Scheme of a solid electrochromic device. The device
can operate with two electrochromic films as shown or with an
electrochromic and an ion-storage film.
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this work were electrochromic and present complementary color: the PEDOT-
PSS/LPEI anode is blue in the reduced state and pale blue in the oxidized form,
while the PANI/PAMPS cathode is pale yellow in the reduced form and green in the
(emeraldine) oxidized form.
The ability of the LbL method to accurately control film thickness through the

number of layers is an important consideration for device design. For instance,
Figure 2.31 shows that films bearing a large number of layers have high contrast but
slow response, whereas the opposite is true for thin multilayers. DeLongchamp and
Hammond reported one of the highest contrast for PEM-based devices of 82.1% [196]
using PXV/PEDOT-PSS. Very recently, an impressive contrast of 84% was reported
by Jain et al. [197]. The authors used Ruthenium Purple crystals and LPEI to build
high-constrast solid-state devices with fast subsecond response times. Similar
electrochromic hybrid inorganic/polymeric materials based on Prussian Blue [196],
POMs [85, 86, 198], WO3 [199, 200] and MnO2 [200] have been reported in the
literature.

2.7
Conclusions

Electrode surfaces can be modified by redox polyelectrolytes via a sol-gel process,
yielding random redox hydrogels or by layer-by-layer self-assembly of different redox
and nonredox polyelectrolytes by alternate electrostatic adsorption from solutions
containing the polyelectrolytes to produce highly organized redox-active ultrathin
multilayers.

Figure 2.31 Effect of film thickness on the absorbance response
of a PXV/PEDOT:PSS films bearing (a) 20; (b) 30; (c) 40; (d) 50
and (e) 60 bilayers. Square-wave potential between 0.5 V and
�0.9 V and a period of 20 s was employed. Taken from [196].
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The polyelectrolyte-modified electrodes show characteristic features such as
Donnan permselectivity, ion and solvent exchange during redox switching, swelling
and viscoelastic changes associated with changes in the redox state, electron-
hopping-bound diffusion by segmental motion of polyelectrolyte chains carrying
the redox moieties, counterion diffusion, and so on.
The LbL strategy to chemically modify electrodes with redox polyelectrolyte films

has become an important tool for the fabrication of devices and electrodes with
important future applications in biosensors, electrochromic devices, electrocatalysts,
corrosion-resistant coatings, and so on.
Hybrid inorganic–organic–biological components can easily be built into highly

organizedfilms onmaterials surfaces of any shape and composition, with advantages
over other layered coatings such as Langmuir–Blodgett films for real applications.
The unique ability of these LbL redox multilayer systems with control of film

thickness on the nanometer scale, the composition and thickness of each alternate
layer separately as well as the surface charge by choice of the topmost layer brings
about design and tailored properties of devices with important applications.
These featureswill not only result in new industrial applications but in newways to

investigate mechanisms of charge and mass transport following molecular recogni-
tion, and ion and solvent exchange during redox switching that would otherwise be
impossible with random hydrogels built with the same polyelectrolyte component
building blocks. Modern computational techniques allow a molecular description of
these complex systems where nonlocal coupling of different interaction fields
determine the film properties.
Emerging new technologies such as spray deposition of alternate polyelectro-

lyte layers in LbL multilayers will reduce the deposition time to 1 s per layer,
which will open up possibilities of real applications in electrochemical science
and technology.

Appendix: List of abbreviations

NP/A number of polymer chains per unit area
NMPS/A number of thiol molecules per unit area
b inverse temperature, (kB.T )

�1.
kB Boltzmann constant
e elemental charge
F Faraday constant
K0
a;MPS Thermodynamic equilibrium constant for amine deprotonation

K0
b;MPS Thermodynamic equilibrium constant for thiol sulfonate

protonation
E0;abs
OsðIIÞ=OsðIIIÞ Standard reduction potential for the Os(II)/Os(III) couple in

PAH-Os
vi molecular volume of the species i (i¼w, Hþ , OH-, C, A for

water molecules, proton, hydroxyls, cations and anions
respectively)
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qi charge of the species i in units of elemental charge
ri (z) number density of species i at z
fi(z) volume fraction of the species i at z
PP(a) probability of having a polymer chain in the conformation a
PMPS(g) probability of having a thiol chain in conformation g
fc(z) fraction of charged amino groups at z
hfci average fraction of charged amino groups
Doxhfci change in the average fraction of charged amino groups

upon oxidation
fc,MPS(z) fraction of charged sulfonate groups at z
hfc,MPS i average fraction of charged sulfonate groups
Doxhfc,MPS i change in the average fraction of charged sulfonate groups

upon oxidation
hzi average film thickness
Doxhzi change in the average film thickness upon oxidation
fOs(z) fraction of oxidized osmium sites at z
nP(z, a) number of polymer allyl-amine segments that a chain in

conformation a has at z
nOs(z, a) number of osmium sites that a chain in conformation a has at z
vP(z, a) volume occupied at z by polymer segments for a chain in

conformation a
vOs(z, a) volume occupied at z by the redox sites for chain in conformationa
hnP (z)i average density of polymer segments at z,

P
a PPðaÞnPðz;aÞ

hnMPS(z)i average density of thiols at z
hnOs (z)i average density of redox sites at z,

P
a PPðaÞnOsðz;aÞ

hfP (z)i average volume fraction occupied by the polymer backbone at z,P
a PPðaÞvPðz;aÞ

hfMPS (z)i average volume fraction occupied by the thiol at z
hfOs (z)i average volume fraction of osmium sites at z,

P
a PPðaÞvOsðz;aÞ

Eabs
eq electrode potential of the metal in the absolute scale

E electrode potential against Ag/AgCl reference electrode
yM Electrostatic charge on the metal
Credox Electrode redox capacitance
Cnon-redox Electrode non-redox capacitance
c(|z – z0|) distance dependent vdW interaction parameter
y (z) (outer) electrostatic potential at z
e (z) z-dependent dielectric coefficient
hrQ(z)i average density of charges at z
Ups(a) van der Waals interaction energy between the surface and

a polymer chain in conformation a
m0
i standard chemical potential for the species i participating in

a chemical equilibrium
mi chemical potential for a mobile species i
p(z) Lagrange multiplier enforcing the packing constraint at z

(lateral osmotic pressure)
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l Lagrange multiplier assuring global electroneutrality (additive
constant to the electrostatic potential)

x normalization constant assuring SaP(a)¼ 1
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3
Electrochemistry on Carbon-Nanotube-Modified Surfaces
María Jos�e Esplandiu

3.1
Introduction

Carbon has become awidely used and practical electrodematerial due to its desirable
properties for electrochemical applications. Available in a variety of structures,
carbon electrodes provide, in general, good electrical conductivity, high thermal
and mechanical stability, a wide operable potential window with slow oxidation
kinetics and in many cases electrocatalytical activity. Apart from that, they are
recognized as versatile and easily handled materials. Thus, carbon in the form of
glassy carbon, black carbon, carbon fibers, powdered graphite, pyrolytic graphite and
highly ordered pyrolytic graphite (HOPG), has played for a long time an important
role in solid electrode development, also favored by its rich surface chemistry which
has been exploited to influence surface reactivity [1, 2]. However, the appearance
of the allotrope form of carbon nanotubes (CNT) has enhanced these properties
and propelled in an unprecedented way its electrochemical and electroanalytical
applications [2–19].
Apart from the promising electrochemical properties that will be exhaustively

discussed through this chapter, carbon nanotubes have become a hot research topic
due to their outstanding electronic, mechanical, thermal, optical and chemical
properties and their biocompatibility. Near- and long-term innovative applications
can be foreseen including nanoelectronic and nanoelectromechanical devices, field
emitters, probes, sensors and actuators as well as novel materials for mechanical
reinforcement, fuel cells, batteries, energy storage, (bio)chemical separation, purifi-
cation and catalysis [20].
In this chapter, we will focus on CNTs as advanced materials for the design of

electrochemical devices. The next section will be devoted to review the structure,
electronic, chemical and electrochemical properties of CNTs. Section 3.3 will
comprise an overview of the synthesis, purification and (bio)functionalization
of CNT, as well as the modification of substrates with CNT. In Section 3.4,
we will address the electrochemical applications of functionalized CNT electrodes
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as sensors, biosensors, electrochemical actuators and harvesting devices. The
chapter will be closed with an outlook in which we will discuss the highlights of
CNTs in the electrochemical field as well as the limitations, unsettled issues or
challenges to be solved in relation to the implementation of CNT devices.

3.2
Structure and Properties of Carbon Nanotubes

3.2.1
Structure and Electronic Properties

The graphene layers have become the starting point to explain the structure of carbon
nanotubes. Single-walled carbon nanotubes (SWNTs) can be described as graphene
sheets rolled up in different ways. Indeed, the appearance of a closed cage in CNTs
can be easily rationalized by considering the presence of high-energy dangling
bonds at the boundaries of a finite graphene layer. The total energy of a certain
number of carbon atoms in a graphene layer can be reduced by promoting the
formation of a closed structure that eliminates the dangling bonds, even at the
expense of increasing the strain energy.
The way the graphene sheet is wrapped up can be described by a pair of indices

(n,m) that define the chiral vector, ~C ¼ n~a1 þm~a2, in which~a1 and~a2 are the basis
vectors of the hexagonal graphene lattice [20–25] (Figure 3.1). Three different types of
nanotube structures can be generated by rolling up the graphene layer: zigzag
(m¼ 0), armchair (n¼m) and chiral nanotubes (n, m). Although CNTs are closely

Figure 3.1 (a) Roll-up of a graphene sheet leading to
three different types of SWNTs. Reprinted with permission
from Ref. [25]. Copyright Wiley-VCH Verlag. (b) Different
structures of multiwalled CNTs.
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related to 2D graphene, the tube curvature and the quantum confinement in the
circumferential direction of the nanotube bring about the unique properties that
make CNTs different from graphene. One of these unusual properties is the
electronic conductivity that strongly depends on the chirality and CNT diameter.
CNTs can exhibit singular electronic band structures and can show metallic
and semiconducting behavior. As a general rule, n.m tubes with n–m being an
integer multiple of 3 are metallic, while the remaining tubes are semiconducting.
The bandgap of semiconducting tubes can be approximated by the relation
Eg ¼ 0:8 eV=d, with d being the diameter of the nanotube [26, 27]. Therefore,
the bigger the diameter, the more metallic behavior is found. Moreover, carbon
nanotubes can exhibit a ballistic flow of electrons with electron mean-free paths
of several micrometers, and are capable of conducting very large current densi-
ties [28–30]. For instance, carbon nanotubes have been shown to withstand current
densities up to 109 A/cm2, a density that is about 2–3 orders ofmagnitude larger than
in metals such as Al or Cu.
One of the key points when considering the electrochemical reactivity of carbon

electrodes lies on the density of electronic states (DOS) that can considerably vary
for different carbon materials [2]. In general, graphitic materials exhibit lower
conductivity compared with metals partly due to a lower DOS. Thus, ideal three-
dimensional crystalline graphite such as highly oriented pyrolytic graphite (HOPG)
exhibits a small overlap between the valence and conduction bands resulting in a low
DOS at the Fermi level. HOPG is considered a semimetal; however, disorder in the
graphitic lattice can provide defect states at the Fermi level, increasing DOS and the
metallic behavior [2]. In turn, carbon nanotubes have a variety of DOS distributions
that depends on the tube diameter [26, 27, 31, 32]. As an example, Figure 3.2
illustrates the density of states (DOS) for two SWNTs of different diameter, one being

Figure 3.2 Nearest-neighbor tight-binding
calculation of the density of electronic states
(DOS) as a function of energy for a graphene
sheet (black), a metallic (9,0) SWNT (blue),
and a semiconducting (10,0) SWNT (red).
g0¼ 2.7 eV is the nearest-neighbor interaction

energy. ehf is the half-filling energy, defined as the
energy at which all bonding orbitals are filled and
all antibonding orbitals are empty, yielding
exactly one occupied p-orbital per carbon atom.
Adapted with permission from Ref. [33].
Copyright, 2006, American Chemical Society.
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metallic and the other semiconducting. The band diagram is characterized by the
Van Hove singularities typical of a one-dimensional conductor that are a conse-
quence of the size-dependent quantization of the electronic wavefunctions around
the circumference. SWNTs have a rather low density of electronic states per unit
energy around the Fermi level. This causes the average energy spacing between
adjacent states to be much larger than that in common metals. Semiconducting
SWNTs have no electronic states in the bandgap region, while metallic SWNTs have
a nonzeroDOS at the gap. For comparison, the figure also illustrates the symmetrical
DOS for an individual layer of graphene, which is distinct from the 3D graphite in
the fact that graphene is considered a zero-gap semiconductor with the DOS per unit
area vanishing at the Fermi level [33].
The bonding in CNT is basically sp2, however, the circular curvature, apart

form yielding quantum confinement and quantized conductance, also causes s–p
rehybridization, an effect that is stronger as the CNT diameter decreases [34–36].
In such cases, three s bonds are slightly out of plane and for compensation the p
orbitals aremore delocalized outside the tube. The electron-cloud distortion induced
by the curvature, which yields a rich p-electron conjugation outside the tube, can
make CNT more electrochemically active and electrically and thermally more
conductive (Figure 3.3). Moreover, the latter fact, together with the combination of
size, structure and topology, confer nanotubes with remarkable mechanical proper-
ties such as high stability, strength and stiffness together with low density and elastic

Figure 3.3 Bonding structures for different carbon materials:
(a) diamond, (b) graphite, (c) carbon nanotubes and
(d) fullerenes. Scheme of the pyramidalization angle (qp) in
deformed sp2 bonding in comparison with a trigonal structure.
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deformability. That is a big differencewith respect to graphite inwhich the sp2 hybrid
orbital form three in-plane s bonds with an out-of-plane p orbital.
In addition to the s–p rehybridization, the high surface area and the presence

of potential topological defects (pentagons or heptagons, edges, etc.) that induce
local perturbations in the electronic structure constitute key points for chemical,
electrochemical and biochemical reactivity. Thus, molecular adsorption, doping and
charge transfer can be more facilitated if compared with its analog graphite.
So far, we have considered CNTs formed by a single graphene wall (SWNT) with

diameters ranging generally from 0.4 nm up to 1.5 nm and with an important
diversity in electronic conductivity, from semiconducting to metallic behavior.
However, CNTs can also be made by multiple graphene layers disposed in different
arrangements. Such structures, known as multiwalled carbon nanotubes (MWNTs),
typically have diameters in the range of 2–100 nm and metallic behavior. This is
due to the fact that theDOS forMWNTs exhibits no gap and no significant features as
a result of the average of the different graphene layer contributions. MWNTs can
appear as several concentric tubesfitted one inside the other (hollowMWNTs) orwith
the graphene planes forming an angle with respect to the axis of the tube (herring-
bone or bamboo MWNTs), see schemes in Figure 3.1. The bamboo-like tubes differ
from the herringbone ones in that some of the graphene layers are periodically closed
along the length of the tube forming compartments. The main difference between
the hollow morphology and the herringbone and bamboo ones lies on the high
density of terminating edge planes that contain the last twomorphological variations
of MWNTs.

3.2.2
Chemical Properties

CNTs provide a high specific surface system that together with the s–p rehybridiza-
tion and the presence of structural defects facilitate different chemical processes
such as (bio)chemical derivatization, intercalation, molecular adsorption, doping,
charge transfer, and so on [34–40]. These characteristics are being considerably
exploited for different applications such as biochemical and chemical sensing,
energy storage or separation techniques. For instance, a semiconducting CNTplaced
as a channel in a field effect transistor configuration can be used for electronic (bio)
sensing, where the (bio)molecular adsorption on CNTcan lead, among other effects,
to charge transfer and doping on the CNT that is reflected in a strong modulation in
the electronic conductivity of the tube. Such devices hold promise as ultrasensitive
sensors at the single-molecule level. A recent study has demonstrated that these
devices are even able to detect single-electron transfers [41].
A good understanding of the chemical properties of CNTs is mandatory for

enhancing the efficiency of practical devices and also for comprehending related
fundamental processes such as their electrochemistry. In the following, we will
address the chemical reactivity of CNTs and in Section 3.3.3, the different (bio)
chemical functionalization procedures that can be performed for applications, will be
discussed in more detail.
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Although graphite, fullerene and carbon nanotubes are built from the same basic
element, the chemical reactivity is substantially different among them. The chemical
reactivity is higher for a CNT than for a graphene layer, but lower if compared with
fullerene [34, 37]. Such behavior can be closely related to the surface curvature of the
carbon structure [34–39]. The reactivity of fullerenes is mainly due to the high strain
generated by the spherical geometry that affects the pyramidalization angle qp among
carbon bonds that is defined as the difference between the s–p orbital angle and
90� [37]. qp is a quantitativemeasure of the curvature at a tri-coordinated carbon atom.
As illustrated by Figure 3.3, this angle quantifies the deviation of a carbon atom from
the plane passing through the three adjacent carbon atoms. The higher the qp, the
more reactive the species is. In a pure sp2 hybridization (trigonal, graphene), qp¼ 0.
Fullerenes have a qp of 11.6� due to 2D curved structure that results in sp2-sp3 or s–p
mixing, as discussed above withCNTs (Figure 3.3). In this case, reactions that lead to a
strain relief are enhanced, such as the ones related to the addition chemistry [34–39].
In the case of CNTs, the strain appears as a consequence not only of the curvature-

induced pyramidalization but also from p orbital misalignment between adjacent
pairs of conjugated carbon atoms that favors the chemical reactivity of the CNT
walls as compared to that of flat graphene layers [37]. Furthermore, since pyrami-
dalization angles and p-orbital misalignment angles of CNTs scale inversely with the
diameter of the tubes, a differentiation is expected between the reactivity of carbon
nanotubes of different diameters. A higher surface reactivity with decreasing
diameter is thus expected [38].
The reactivity of different graphitic carbon allotropes is also characterized by

having chemical anisotropy. Taking as a reference, for instance, the layered structure
of HOPG, it is known that its basal plane is more inert than the highly reactive edges
(edge HOPG) that contain unsatisfied valences or dangling bonds prone to reaction
with oxygen or water [2]. Such anisotropy is also observed in adsorption processes.
The same anisotropy in the chemical reactivity can be considered on CNT, since the
walls behave differently from the ends, which can be either capped or justfinishing in
terminal edges [25, 39, 42, 43]. The chemical reactivity is increased at the capped ends
(due to the presence for instance of pentagons) or at the edges of an open nanotube,
which become the more reactive sites of the CNT irrespective of its diameter. Such
anisotropy in the chemical reactivity will also have strong implications from the point
of view of electrochemistry, and will be approached in the next sections.
Although, as mentioned before, the CNTends exhibit a higher chemical reactivity

than the walls, the presence of local defects on the walls also constitutes efficient
reactive sites. For instance, when CNTs are subjected to oxidative acid treatment, the
local generation of carboxylic, ketones, alcohols and ester groups leads to active
sites that can be profited for (bio)molecular anchoring [16, 39, 42–44]. Such acid
treatments also open theCNTcapped ends, bringing about an increase of oxygen-rich
terminal groups. Figure 3.4 depicts a general overview of the different oxygen
functionalities that can appear at the edges of CNTs [2, 35]. Such defects together
with the reactivity associated with the generated strain from the curvature and
p misalignment are very important for the attachment of a wide diversity of
molecules. In this context, it is expected that the chemical reactivity is increased
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in MWNTs with a higher density of reactive edges, with the favored structures being
the bamboo or herringbone CNTs.

3.2.3
Electrochemical Properties

In general, the electrochemical performance of carbon materials is basically
determined by the electronic properties, and given its interfacial character, by the
surface structure and surface chemistry (i.e. surface terminal functional groups or
adsorption processes) [1, 2]. Such features will affect the electrode kinetics, potential
limits, background currents and the interaction with molecules in solution [2]. From
the point of view of electroanalysis, the remarkable benefits of CNT-modified
electrodes have been widely praised, including low detection limits, increased
sensitivity, decreased overpotentials and resistance to surface fouling [5, 9, 11, 17].
The electronic properties of CNTs, and especially their band structure, in terms

of DOS, is very important for the interfacial electron transfer between a redox
system in solution and the carbon electrode. There should be a correlation between
the density of electronic states and electron-transfer reactivity. As expected, the
electron-transfer kinetics is faster when there is a high density of electronic states
with energy values in the range of donor and acceptor levels in the redox system [2].
Conventionalmetals (Pt, Au, etc.) have a large DOS in the electrochemical potential
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Figure 3.4 Different oxygenated functionalities that can appear at CNT edges.
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window, whereas carbon electrodes have a considerably lower DOS (especially in
the case of HOPG) that can be incremented by the introduction of disorder. For
instance, the low DOS of HOPG can be reflected in a remarkably low double-layer
capacitance when the basal plane is considered [1, 2]. Interestingly, SWNTs have
additionally a nontrivial variety of diameter-dependent DOS distributions and, as a
consequence, a very rich electrochemical behavior is expected. As an illustration
Figure 3.5 shows the DOS of a semiconducting SWNT together with the energy
states of the redox system in solution [33]. In that scheme, the oxidation in the redox
system occurs when the empty states of the electrode match the filled levels of the
redox system (Wred). SWNTs of different diameters will yield different rate con-
stants due to the structure-dependent variations in the DOS and that could be
tracked by electrochemistry [33]. The theory predicts that semiconducting or
metallic SWNT band structure together with their distinct van Hove singularities
could be resolved in voltammetry, in a manner analogous to scanning tunneling
spectroscopy [33]. The experimental handicap for such an observation lies in the
fact that, until now, it is not possible to synthesize CNTs with the same structure.
Even if one wants to probe the electrochemical reactivity correlation with DOS of
individual SWNTs, the isolation process of a given nanotube is rather difficult. So
far, electrochemical studies involve ensembles of CNTs with mixed diameters and

Figure 3.5 Energy diagram showing the
energy overlap of the electronic states of
electrode and solution under consideration.
Dark shaded areas indicate occupied
electronic states, and light shaded areas
indicate unoccupied electronic states.
The left-hand side shows the electrode states
represented by the density of electronic states
of a semiconducting SWNT. The right-hand
side shows the redox states in solution

represented by the Gaussian distributions
of occupied reduced states, Wred(2), and
unoccupied oxidized states, Wox(2), centered
around the standard energy of the redox couple
2o. The oxidation reaction is illustrated with the
arrow, indicating the electron transfer from an
occupied redox state in solution to a vacant state
on the electrode. Reprinted with permission
from Ref. [33]. Copyright, 2006, American
Chemical Society.
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therefore a mixture of DOS distribution fingerprints and rate constants. Only an
averaged correlation can thus be obtained between DOS and electrochemical
reactivity. The same averaged electrochemical characteristics are provided by
MWNT electrodes since they are formed with graphene sheets of different
structures and with averaged rate constants.
We have mentioned the chemical anisotropy characteristic of graphitic materials,

which is alsopresent in their electronicproperties. For instance, it iswell known that in
the layered structure of HOPG, the electronic conductivity in the plane parallel to the
graphene layers (basal plane) is about four orders of magnitude lower than in the
perpendicular one (edge plane) [1]. The basal plane of HOPG is atomically ordered,
withhigher electronic resistance and is chemicallymore inert than edge-planeHOPG.
Such anisotropy also influences the electrochemical behavior inducing an electro-
chemical anisotropy. It has been demonstrated that in graphite, the basal plane
exhibits slow electron-transfer kinetics, whereas the reactive edge sites increase the
electron-transfer rate. For instance, McCreery and coworkers have reported a ko for
a Fe(CN)6

3�/4� redox system smaller than 10�6 cm/s in the case of basal HOPG and
around 0.06–0.10 cm/s in the case of edge HOPG [1]. The same electrochemical
anisotropyhas been attributed toCNTs.Theopen ends of carbonnanotubes have been
likened to the edge planes of HOPG, whereas the tube walls are suggested to have
similar electrochemical properties to those of basal HOPG [3, 7, 8, 45, 46]. It has also
been demonstrated that defective sites (either in the form of edge sites or other type of
defects) can even be counted on individual single CNTs by selective electrochemical
metal deposition on such defective points at very low overpotentials. These findings
only show the increased electrochemical reactivity of such defective sites that can be
discriminated when working with small electrochemical driving forces [47].
Electrochemical experiments with carbon nanotube electrodes showed en-

hanced electron-transfer reactivity (increased redox currents and reduced peak
separations in the voltammetry that enables lower detection limits and enhanced
sensitivity) compared to other electrode materials for a variety of systems [48–54].
These features have impelled some research groups to label CNTs as electrocata-
lytical materials. However, Compton and coworkers have further investigated and
compared the electrochemical response of CNT-modified electrodes with edge-
plane graphite substrates for different redox systems (NADH, catecholamines,
etc.) [3, 7, 8, 55–57]. Figure 3.6 shows the typical electrochemical response that was
found when comparing CNT-modified electrodes, edge-plane and basal-plane
pyrolytic graphite electrodes. Basal pyrolytic graphite exhibits higher peak separa-
tions (which depends on the surface edge-defect density) and consequently lower
electron-transfer rates [7]. However, edge-plane pyrolytic graphite electrodes and
carbon-nanotube-modified substrates show smaller and similar peak separation
corresponding to fast electron-transfer kinetics. Such afinding only demystified the
claim that CNTs provide novel electrochemical attributes such as those electro-
catalytical effects [3, 7, 8, 10]. Indeed, CNTs can exhibit electrocatalytic effects but in
the same way as can be found on edge pyrolytic graphite systems. This only
reinforces the idea that the edge-plane-like sites (like the ones at the open ends of
nanotubes) are the ones responsible for such electrocatalytic behavior. Thus, from
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the electrochemical point of view, CNTsystems have similar properties to edge-plane
graphite, but the extra advantage comes from the nanometer size that can also be
manipulated to design novel electrode architectures [10, 58] or for signal-amplification
purposes [5, 9, 59]. Related to the latter issue, CNT systems exhibit a high effective
surface area that is beneficial not only for enhancing electrochemical currents of
diffusing electroactive species but also for allowing the load of high-density electro-
chemical active (bio)molecules that can improve electrochemical signals. Examples of
the effect of such dimensional advantage can be found in the electrochemical
investigation of DNA, where signal enhancement was achieved when using CNT-
modified substrates compared to glassy carbon. Itwasproposed thatCNTs could cause
the double-helix DNA to unwrap, exposing the redox sites right next to the site of
electron transfer [60]. Another example related to the fact that CNTs are versatile
materials for the design of unusual electrode configurations can be provided by the
SWNT-modified electrodes with the nanotubes disposed in an upright configuration,
which, due to the nanometer size, they can establish excellent wiring to the redox
center of metalloproteins favoring the direct electron-transfer process [45, 61]. More
discussion about these issues can be found in the next sections.
It is important to point out that not all redox systems will exhibit electrocatalytic

activity when probed on high-density edge CNTelectrodes or edge pyrolytic graphite.
Such phenomenon depends on the particular mechanism of the redox system [2].
It is important to recall that among the redox species there are some of them whose

Figure 3.6 (a) Schematic representation of the layered structure
of HOPG with the indication of the different edge and basal
planes. (b) Voltammetric response of Fe(CN)6

3�/4� using basal-
plane, edge-plane pyrolytic graphite and CNT electrodes. (c)
Scheme of a MWNT on an electrode surface showing the edge
plane and basal plane like sites. Reprinted with permission from
Ref. [64]. Copyright, 2006, Wiley-VCH Verlag.
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electrochemical behavior only depends on the carbonDOS but keep insensitive to the
surface structure/morphology or chemistry [1, 2]. This is the caseofmanyouter sphere
redox species like Ru(NH3)6

2þ /3þ or ferrocene. Normally, electrocatalytic effects
are relevant on redox systems that involve specific chemical interactions with the
electrodes and are very dependent on the surface structure and surface oxygen
functionalities [1, 2]. In general, the examples mentioned before, on which
an electrocatalytical behavior was observed, correlated with redox species that are
very sensitive to the surface characteristics such as NADH, O2, catecholamines,
Fe(CN)6

3�/4�. Moreover, at this point it is important to recall the relevance of surface
oxygen functionalities on electrocatalysis processes. Itwasmentioned before that edge
defect sites or unsatisfied valence are prone to react with oxygen and water.
Suchmoieties can play an important role in electrocatalytical processes by enhancing
the electron-transfer kinetics and also the adsorption. Some investigations in
Fe(CN)6

3�/4� redox systems with CNTs have reported controversial results in the
literature [62, 63]. McCreery and coworkers have found that the Fe(CN)6

3�/4� redox
couple is sensitive to carbon surface structure but insensitive to carbon surface
oxides [1, 2]. However, when such investigations were extended to CNTs, Gooding
and coworkers [63] and other groups [4, 6] have found that oxygen functionalities in
SWNTs increased the charge-transfer kinetics of the Fe(CN)6

3�/4� redox system. For a
moredetaileddiscussionof theeffect of redox systemsoncarbonelectrodes, the reader
is referred to the nice work ofMcCreery and coworkers ([1, 2] and references therein).
It is important to clarify that there have been, in the literature, some examples

of electrochemical processes on CNT-modified electrodes on which an apparent
electrocatalytic process associated to the CNTs seems to take place (that is from the
edge-plane-like sites) where in fact that was not the case. An example is the apparent
electrocatalytic oxidation of hydrazine atMWNTelectrodes [64, 65]. Such electrochem-
ical behavior has been demonstrated to be a consequence of iron impurities contained
in the CNTs that were responsible for the observed electrocatalytic effects (Figure 3.7).
Therefore, caution is needed when reporting catalytic effects of CNTs under a given
redox systemanda careful comparisonwith, for instance, edgeHOPGismandatory to
make sure that the CNTs are the responsible for the electrochemical enhancement.
Another relevant factor affecting the electrochemical performance of carbon

nanotubes is adsorption. As was pointed out, CNTs exhibit high specific surface
area that can develop high polarizability and additionally oxygen functionalities that
can contributewith permanent dipoles [2]. Both effects can inducedipole interactions
with adsorbates and favor the adsorption, which can be assisted by other interactions
such as hydrophobic ones. Adsorbates can strongly alter the electron-transfer
rates and the electrocatalytical activity. Positive effects can be found with the
adsorption of some metalloproteins on CNTs that facilitates the electron exchange
between the redox core and the carbon electrode and allows electrocatalytic activity
to be monitored. Negative aspects are found when impurities are adsorbed on CNT
substrates decreasing dramatically the electrochemical performance of the electro-
des. In that case, activation procedures have been developed for removing such
impurities. More precisely, surface preparation, as briefly discussed later on, is very
important for the electrochemical performance on CNT electrodes.
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To summarize, one can say that the electrochemical performance of CNTelectrodes
is correlated to the DOS of the CNTelectrode with energies close to the redox formal
potential of the solution species. The electron transfer and adsorption reactivity of
CNTelectrodes is remarkably dependent on the density of edge sites/defects that are
the more reactive sites for that process, increasing considerably the electron-transfer
rate. Additionally, surface oxygen functionalities can exert a big influence on the
electrode kinetics. However, not all redox systems respond in the same way to the
surface characteristics or can have electrocatalytical activity. This is very dependent on
their own redox mechanism.Moreover, the high surface area and the nanometer size
are the key factors in the electrochemical performance of the carbon nanotubes.

3.3
Towards the Design of CNT-Modified Electrodes

3.3.1
Synthesis of CNTs

Even though an overwhelming number of CNT applications is currently being
pursued, there is a long list of unsolved fundamental issues in the carbon-nanotube

Figure 3.7 (a) Voltammetric response of (A)
bambooMWNTsand (B) high-purity catalyst free
MWNTs in a solution containing 1 mM
hydrazine in PBS. (b) Typical transmission
electron image ofMWNTs inwhich an ironmetal
particle sheathed by graphene layers is observed.
Such impurities can lead tomisinterpretations in

the electrochemical CNT response, (c)
transmission electron image of high-purity
catalyst-free MWNTs that were used for
acquiring the electrochemical response of
curve (B). Figures 3.7(a) and (c) have been
reprinted with permission from Ref. [65].
Copyright, 2007, American Chemical Society.
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growth mechanism that make CNT production with defined characteristics and
properties rather challenging. For instance, one unfulfilled aspiration is the control
over nanotube chirality, diameter and lengths. Such lack of control added to the
difficulties in CNT purification and processing are responsible for the high disper-
sion of results and performance of CNT devices. That is a very crucial point in the
carbon nanotube research and a lot of effort should be invested in trying to settle
such fundamental and very important issues.
Carbon nanotubes can be producedmainly by three differentmethods: electric arc

discharge, laser ablation [66] and chemical vapor deposition (CVD) [67]. Arc-dis-
charge and laser ablation rely on the condensation of carbon atoms generated from
evaporation of solid carbon sources. These methods have the disadvantages of high
operating temperatures, close to the melting temperature of graphite, together with
the production of highly entangled CNT bundles that are difficult to purify, manipu-
late and assemble for building addressable structures. However, both methods
provide high-quality CNTs with very few defects. The third method, based on CVD,
operates at considerably lower temperatures with the handicap of bringing about
more defective CNTs than in the case of the othermethodologies. However, CVDhas
the advantage that CNTs can be grown directly on a substrate or wafer, thus
facilitating device integration. In this case, the formation of tubes occurs as a result
of thermal decomposition of a liquid- or gas-phase carbon source on a catalyst surface
(typically Fe, Co or Ni nanoparticles). The growing interest in the CVD process lies in
the greater possibilities of this method for successful synthesis of individual SWNTs
and also aligned SWNTs or MWNTs with more controllable diameter and length.
The growth direction of nanotubes can be controlled by the gas flow or by applying
electricfields (plasma-enhancedCVD) [67]. ControllingCNTgrowthwithCVDyields
more organized CNT that can be readily integrated into addressable structures for
fundamental characterization and potential applications.

3.3.2
CNT Purification Methods

As a result of CNT synthesis, catalyst metal nanoparticles (iron, cobalt, nickel)
together with amorphous carbon and fullerenes are unavoidably present in the CNT
soot.
Asmentioned before, the lack of a good purification protocol can also constitute an

important issue that hampers the applications. Therefore, an exhaustive pretreat-
ment or purification process is required. Usually, purification consists of multistep
purification procedures. Amorphous carbon removal can be achieved by heating the
CNT material in air at temperatures below the CNT decomposition. Additionally,
chemical treatments that can oxidize and dissolve the catalyst particles and the
amorphous carbon can be performed. Many of these procedures rely on the use
of either concentrated HNO3 reflux with H2SO4 or HCl, or hydrogen peroxide
reflux [68, 69]. Such treatments can eliminate a large amount of residual metal
particles and other impurities. However, and even after prolonged washing treat-
ments, metal catalyst can be still detected on CNTsamples [70, 71]. The difficulties in
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removing the catalyst have been ascribed to the fact that in some cases the particles
are sheathed and protected by graphene sheets. As mentioned before, Compton and
coworkers have reported that such metal impurities on CNT can cause electrocata-
lysis on some electroactive species, as in the case of the hydrazine oxidation [64, 65].
They observed such behavior even though a superwashing purification procedure on
the CNTwas performed where it is assumed that at this stage the metal particles are
passivated with graphitic layers. Figure 3.7 shows the electrochemical response
of hydrazine on purified CNTs but still with some metal impurities present and on
CNTs that were synthesized via a free-catalyst method. The figure clearly shows the
electrocatalytic activity provided by the graphene-sheathed metal impurities. In that
case, the hydrazine is not in close contact with the metal impurity, so it is not fully
clear how the metal electrocatalysis is taken place. One plausible explanation may be
related with the possibility that the metal impurity might induce changes in the
electronic band structure of the CNT by adding additional energy states that might
enhance the electron-transfer kinetics. Therefore, when probing a redox system
using a CNTelectrode, caution has to be taken in order to interpret the electrochemi-
cal results and a thorough characterization of the purified samples is mandatory in
order to evaluate to what extent metal impurities influence the electrochemical
performance.

3.3.3
Chemical and Biochemical Functionalization

The chemical and biochemical modification of CNTs possesses special interest
because it opens the door to the achievement of novel hybrid systems for functional
devices by combining the unique properties of CNTs with those resulting from
functionalization, with for instance complexing agents, fluorescent and electroactive
groups, (bio)catalysts, or biomolecules, (proteins, carbohydrates, nucleic acids, etc.).
Chemical modification turns out to be one of the key issues for the development of
selective electrochemical (bio)sensors for (bio)recognition or catalyst materials to be
used in energy-storage devices. Moreover, chemical modification also helps to
overcome one of the drawbacks for CNT applications that is the difficulty of
dispersing them in solvents, especially in aqueous media. As-produced CNTs are
tightly bundled in ropes (through Van der Waals interactions) that make them
insoluble in aqueous and organic solvents, thus compromising their processability.
Additionally, and taking into account the lack of control over CNT size and chirality
during synthesis, chemical modification is becoming a very useful tool for post-
produced CNT sorting.
The chemical modification of CNTs can be endohedral (inside the cavity of the

tube) or exohedral [42]. There are some examples in the literature that have
demonstrated the filling of CNTs with fullerenes, biomolecules (proteins, DNA),
metals and oxides that have been driven inside by capillary pressure [39, 42, 72–78].
However, in this section we will focus on exohedral functionalization, taking place
just at the external walls of the tubes. Both covalent (chemical-bond formation) and
noncovalent (physiadsorption) functionlizations can be carried out. In the following
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subsections wewill briefly discuss some selected examples dealing with both types of
modifications.
For electrochemical devices, such functionalization schemes can be performed

either before or after the CNTs are assembled on the electrodes.

3.3.3.1 Covalent Modification
As mentioned before, the CNT ends (either capped or as open edge ends) are
chemically more reactive than the CNT walls. When the ends are open, the
unsatisfied valence bonds become very reactive in the presence of water or oxygen
and normally they are found enriched in oxygenated functionalities. Additionally,
the capped ends can be opened and enriched with oxygenated species by oxidizing
treatments with chemical agents (i.e. HNO3), oxygen plasma or electrochemical
anodization. These treatments can also introduce oxidized points in the side-
walls [42]. Among the oxygenated functionalities, one of special interest is the
carboxylic group. These �COOH residues constitute useful sites for further
chemical functionalization through amide or ester bonds. The scheme in Figure 3.8
shows the covalent bonding of primary amine molecules through amide bonds
facilitated by the carbodiimide chemistry which is aided by activated reagents such
as N-hydroxysuccinimide (NHS) and dicyclohexylcarbodiimide (DCC) for organic
solvents or EDAC (1-ethyl-3(3Dymethyl amino propyl carbodiimide hydrochloride)
and sulfo NHS (N-hydroxysulfo-succinimide) for aqueous coupling [16, 25, 37, 44].
Amines can also be coupled to carboxyl groups activated with SOCl2. Ester linkages
taken place by reacting the carboxyl -residues with alcohol functionalities are also
shown in Figure 3.8 [25, 44]. The amide formation is being widely used for the
anchoring of proteins, amine-terminated oligonucleotides, ion receptors, gold
nanoparticles functionalized with aminethiols, polycationic electrolytes such as
poly(ethyleneimine), and so on.
On the other hand, and as discussed before, the chemical reactivity of CNT

sidewalls increases with the tube curvature (i.e. decrease of the tube diameter), due to
the increase of the pyramidalization angle and greater strain energy per atom [37, 38].
Such pyramidalization of the CNTatoms causes the exohedral lobes of the orbitals to
be larger than their endohedral counterparts. The reactivity of the surface is thus
enhanced by the pronounced exposure of the hybrid orbitals from the exterior, which
favors the orbital overlap with incoming reactants [38].
Accordingly, many reactions can be performed on the sidewalls of the CNTs,

such as halogenation, hydrogenation, radical, electrophilic and nucleophilic addi-
tions, and so on [25, 37, 39, 42–44]. Exhaustively explored examples are the nitrene
cycloaddition, the 1,3-dipolar cycloaddition reaction (with azomethinylides), radical
additions using diazonium salts or radical addition of aromatic/phenyl primary
amines. The aryl diazonium reduction can be performed by electrochemical means
by forming a phenyl radical (by the extrusion ofN2) that couples to a double bond [44].
Similarly, electrochemical oxidation of aromatic or aliphatic primary amines yields an
amine radical that can be added to the double bond on the carbon surface. The direct
covalent attachment of functional moieties to the sidewalls strongly enhances the
solubility of the nanotubes in solvents and can also be tailored for different
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applications (for instance, in medical chemistry, solar energy conversion, and
selective recognition of chemical species) [44].
The covalent reaction of CNTs with polymers is another important example

because the long polymer chains also help to dissolve the tubes in a wide range
of solvents (organic or aqueous ones). There are two main methodologies for the
covalent attachment of polymeric substances to the surface of nanotubes, which are
defined as �grafting to� and �grafting from� methods [44]. The former relies on the
synthesis of a polymer with a specific molecular weight. Subsequently, this polymer
chain is attached to the graphitic surface of CNT (i.e. polystyrene coupling). The
�grafting from� method is based on the covalent immobilization of the polymer
precursors on the surface of the nanotubes and subsequent propagation of the
polymerization in the presence of monomeric species. Examples of the latter
procedure comprise the in-situ polymerization of polyvinylpyridine, polystyrenesul-
fonate, poly(methyl methacrylate), polyaniline, and so on [44]. Electrochemistry can
also be used for polymerization via the formation of radical organic species by

Figure 3.8 Scheme showing the more common
covalent reactions at the CNT edge/defects and at
the CNT sidewalls. The figure also shows the
typical defects in a SWNT: (a) five- or seven-
membered rings in the C network, instead of the
normal six-membered ring, leads to a bend
in the tube, (b) sp3-hybridized defects

(R¼H and OH), (c) carbon network damaged
by oxidative conditions, which leaves a hole
lined with �COOH groups, and (d) open end
of the SWNT, terminated with oxygenated species
such as�COOHgroups. The last figure has been
reprinted with permission from Ref. [42].
Copyright, 2002, Wiley-VCH Verlag.
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electron transfer between the CNT and the monomer. With such polymer coatings,
the surface properties of the CNTs can be tailored from highly polar to hydrophobic.

3.3.3.2 Noncovalent Modification
Covalent modification yields a very stable and effective derivatization. However,
some drawbacks can emerge when pursuing applications, especially with SWNTs.
A high density of reactive sites or covalently functionalized points can lead to a loss
of the CNT conjugation network with the consequent degradation of the CNT
mechanical and electronic properties.
The large aromatic and hydrophobic character of CNTs make them ideal surfaces

for noncovalent interaction with molecules via Van der Waals, p-stacking or hydro-
phobic forces [39, 44].
There aremanyexamples in the literatureof thenoncovalent binding of amphiphilic

agents on CNTs that have promoted CNT disentanglement and made them water
soluble andbiocompatible. Examples of suchagents are someorganic ionic surfactants
such as sodium dodecyl sulfate or dodecylbenzene sulfonate. Other examples include
polyaromatic compounds suchaspyreneswithhydrophilic functional groups, proteins
or polymers (polyethyleneglycol, triton, tween 20, polyvinylpyrrolidine, polystyrene
sulfonate, DNA, RNA, polysaccharides, etc.) that coat or wrap the nanotube in such a
way that the more hydrophobic part interacts with the CNT surface, whereas the
hydrophilic region faces the aqueousmedium.An illustration is depicted inFigure 3.9.
Some of these polymers have also been used as blocking agents of nonspecific binding
of proteins in the development of biosensors (PEG, tween 20, triton-100).
A variety of these physisorbed molecules were used as anchor points for

covalent immobilization in a so-called hybrid approach [16]. That is the case of
bifunctional pyrenes (i.e. 1-pyrenebutanoic acid succinimidyl ester, pyrenemaleimide)
or polymers with terminal amine/carboxylic groups that have been used to covalently
immobilize proteins, functionalized oligonucleotides, and so on, (Figure 3.9) [43, 44].

3.3.3.3 Chemical Modification for CNT Sorting
As already pointed out, chemical modification is currently being used for CNT
sorting. The separation of semiconducting and metallic nanotubes is crucial for
many applications, such as those based on field effect transistor devices. Dielec-
trophoresis based on inducing a dipole moment on CNT has been used for this
purpose [79]; different migrations can be obtained depending on whether the CNT is
metallic or semiconductor.However, CNTs can also be separated by chemicalmeans.
For instance, it has been found that octadecylamine (ODA) selectively stabilizes
semiconductor nanotubes [80]. Another important example of chiral selectivity in
CNT functionalization is the case of diazonium salts [81, 82]. These reagents form a
covalent aryl bond only with metallic carbon nanotubes, leading to the exclusion of
semiconducting nanotubes. The selective reactivity was attributed to the availability
of electrons near the Fermi level to stabilize a charge-transfer transition state
preceding bond formation with the diazonium salt. Raman spectroscopy is an ideal
technique for probing these selective interactions. Similarly, the preferential charge-
transfer complex formation of bromine with metallic CNTs allowed their separation

3.3 Towards the Design of CNT-Modified Electrodes j133



from semiconducting CNTs [83]. Other examples are free-base porphyrins that have
been shown to specifically bind to semiconducting SWNTs [84]. The mechanism of
the porphyrin-selective binding has not yet been fully understood, but a speculation
has been made that the semiconducting SWNT is like a conjugated macromolecule
with the nanotube surface properties similar to those found in radical ion pairs, thus
providing interactions with the free-base porphyrin molecules. Wrapping SWNTs
with single-strandedDNAwas found to be sequence dependent. The electrostatics of
the DNA/SWNT hybrid depends on the tube diameter and electronic properties,
enabling nanotube separation by anion-exchange chromatography [85].
Separation of SWNTs based on chirality and diameter with surfactants has also

been evidenced by density-gradient ultracentrifugation [86]. Finally, a recent study
has demonstrated the separation of semiconductingnanotubes frommetallic ones by
chemical interaction of the former with attached amine-terminated silanemolecules
assembled on a silicon wafer. In a separate experiment, metallic nanotubes were also

Figure 3.9 Schematic representation of the
typical noncovalent CNT functionalizations and
the hybrid approach by using pyrene linkers. The
figure also shows transmission electron images
of SWNTmodified with streptavidin labeled with
10 nm gold nanoparticles that were covalently
coupled to pyrene linkers that were stacked on

the CNT surface (a). Their biorecognition with
biotin, also labeledwith 5-nmgold nanoparticles,
is observed in (b) by the appearance of paired
nanoparticles. Before the incubation with biotin,
the streptavidin-modified SWNTs were
passivated with polyethylenglycol (PEG) to avoid
nonspecific adsorption of the biotin.
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shown to bind selectively with phenyl-terminated silane molecules on the SiO2

surface [87].

3.3.3.4 Chemical Doping, Intercalation and Artificial Defects
CNTs can be easily doped by noncovalent means via molecular adsorption, an aspect
that has been considerably exploited to develop ultrasensitive field effect transistor
sensors [88–91]. However, substitutional doping with B and N to confer p and n
character to the CNTs has also been carried out [92]. Such doped systems can bemore
susceptible to react with donors or acceptors molecules (depending on the doping)
allowing the chemically reactivity to increase.
Intercalation of species into the CNT structure has also been performed. For

instance, the intercalation of lithium in CNTs [93, 94] is one attractive topic due to the
potential applications in electrochemical energy storage in lithium batteries. Edge-
plane defects turn out to be very important for such processes [95].
Carbon nanotubes inevitably contain defects, whose extent depends on the

fabrication method but also on the CNTpost-treatments. As already seen, oxidizing
treatments, such as acid, plasma or electrochemical, can introduce defects that play
an important role in the electrochemical performance of CNT electrodes. For
instance, Collins and coworkers have published an interesting way to introduce
very controlled functionalization points or defects on individual SWNTs by electro-
chemical means [96]. Other methodologies to introduce artificial defects comprise
argon, hydrogen and electron irradiation. Under this context, a number of recent
works have appeared with the goal of tailoring the electrochemical behavior of CNT
surfaces by the controlled introduction of defects [97, 98].

3.3.4
CNT Deposition on Electrode Surfaces

In order to guarantee an efficient performance of the CNT-based electrochemical
devices, attention has to be paid not only to CNTsynthesis and purification but also to
the way that the CNT electrode is built up. There have been many studies in the
literature dealing with CNTdispersions either on conducting substrates or forming
composites. In this subsection we will address the different carbon-nanotube
deposition techniques and carbon-nanotube arrangements on different electrode
surfaces.
We will discuss, on the one hand, the spaghetti-like CNTelectrodes on conductive

surfaces or randomly dispersed in a polymer matrix; and on the other hand, CNT
arrays grown in situ on substrates with large-scale control of location and orientation.
Finally, individual CNT electrodes will be briefly discussed. Figure 3.10 illustrates
these different CNT electrode arrangements.

3.3.4.1 Randomly Dispersed CNTs
CNTs tend to aggregate in all kinds of aqueous and organic solutions due to the
Van derWaals forces between them. This brings difficulties inmaking homogeneous
CNT surfaces and constitutes a drawback for applications. Current studies on CNT
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electrodes have shown a significant dispersion in the results. One of the major
discrepancies can be attributed to the different configurations into which CNTs are
assembled. Most of the electrochemical studies reported in the literature deal with
CNTs randomly dispersed onto a substrate electrode or by confining the CNTs on
a substrate with polymers. These kind of configurations can be a simplemethodology
for practical electrochemical studies but it turns out to be not very suitable for
fundamental electrochemical studies since the random configuration of the CNTs
onto the electrodes essentially causes difficulties in determining the contributions
of the ends and the sidewall of the nanotubes to the electrochemical properties of
the CNTs.

CNT conductive surface modification Both SWNTs and MWNTs can be deposited
directly from a CNT dispersion as a random network or thin film on conventional
electrodes. From the point of view of their construction such electrodes are very easy
to prepare but they may suffer from mechanical instability, thus limiting their
application.
A typical electrode substrate for building up nonoriented CNT films is glassy

carbon. The modification of glassy carbon is currently done by casting drops of
purified CNTs dispersed either in organic or aqueous solvents and allowing the
electrode to dry [99–101]. Glassy carbon provides a hydrophobic surface that
considerably stabilizes the CNT films. Another carbon substrate widely employed
by Compton and coworkers is the basal plane pyrolytic graphite [3, 7, 8]. In this case,
carbon nanotubes were abrasively immobilized onto basal pyrolytic graphite elec-
trodes by gently rubbing the electrode surface with a fine-quality filter paper
containing CNTs.
An important number of publications have recognized the differences in the

electrochemical reactivity between the CNT-modified electrodes and the control
electrodes (glassy carbon or basal pyrolytic graphite treated in the same way but
without CNTs) that is attributed to the high specific surface area of the CNTs and
to the differences in their surface chemistries (higher density of electroactive
reactive sites given by defects or edges) [3, 7, 8, 54, 99, 100]. Asmentioned previously,
Compton and coworkers have clearly pointed out the key role of CNT edges and
showed that CNTs were no more electrocatalytic than the edge planes of pyrolytic

Figure 3.10 Illustration of different CNT electrode configurations:
(a) randomly dispersed on a surface, (b) vertically aligned CNTs,
(c) randomly dispersed CNT composites, (d) oriented CNTs
embedded in a polymer matrix, (e) individual CNT electrode.
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graphite [3, 7, 8]. The electrochemical importance of the edge planes has also been
supported by Gooding and coworkers. They have shown evidence of the improved
electrochemical reactivity of bamboo-like CNTs dispersed on glassy carbon as
compared to SWNT-modified electrodes by probing the oxidation of guanine and
adenine bases (Figure 3.11) [101].
However, in some cases and even more when the CNT layer is too thin, the

underlying glassy carbon or basal pyrolytic graphite electrodes have been found to
give some interferences in the electrochemical response. An illustrative example is
shown in Figure 3.12 [56]. On the other hand, very thick 3DCNTfilms can contribute
with large capacitive background currents due to the large surface area that can
hamper electroanalytical applications, as often occur when using the highly porous
bucky paper [102, 103]. In such CNTpapers, formed basically by filtration of purified
SWNTs, a small faradaic signal can be lost in the high capacitive currents. However,
high CNT surface area is beneficial for energy storage or electrochemical actuator
applications.
Gold or Pt electrodes have also been used as conducting supports for developing

CNT-modified electrodes. Although an enhanced electrochemical response can be
evidenced, the CNT films (when casting from a CNTdispersion) are not very stable
on such hydrophilic surfaces and tend to be removed in contact with aqueousmedia,
a problem that can be solved by covalentCNTattachment to the gold surface.Gooding
and coworkers have also used randomly dispersed CNT-modified gold electrodes to
show the importance of the density of active sites by using electrodes modified with
different CNT lengths [63]. They found that the shorter the nanotubeswere, themore
rapid was the electron-transfer kinetics of the nanotube-modified electrode because
of the greater contribution of the ends. In such studies they also claimed the

Figure 3.11 Differential pulse voltammograms
(DPVs) for guanine at bare glassy carbon, SWNT
modified glassy carbon and bamboo-modified
glassy carbon. DNA conc, 0.4mgmL�1, (b) the
corresponding DPV plots observed in (a) but with
backgroundsubtraction.Thesignalgeneratedfrom

the bamboo CNTs is much higher than the signal
generated from bare or SWNT-modified glassy
carbon.Notice the appearance of the guanine peak
for bare glassy carbon after background
subtraction. Reprinted with permission from
Ref. [101]. Copyright, 2005, Elsevier.
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importance of oxygenated species at the CNT edges for facilitating the electron-
transfer process. Indium tin oxide (ITO) has also been used as supporting electrode
for CNT dispersion [104]. Such modified substrates combine the low background
current of the ITO with the enhanced electrochemical properties of the CNTs. At the
same time ITO is a very interesting CNT electrode support due to its optical
transparency that can be exploited for undertaking electrochemical/optical studies.

CNT randomly dispersed composites Many soft and rigid composites of carbon
nanotubes have been reported [17]. The first carbon-nanotube-modified electrode
was made from a carbon-nanotube paste using bromoform as an organic binder
(though other binders are currently used for the paste formation, i.e.mineral oil) [105].
In this first application, the electrochemistry of dopamine was proved and a reversible
behaviorwas found tooccurat lowpotentialswith ratesof electron transfermuch faster
than those observed for graphite electrodes. Carbon-nanotube paste electrodes share
the advantages of the classical carbon paste electrode (CPE) such as the feasibility to
incorporate different substances, low background current, chemical inertness and an
easy renewal nature [106, 107]. The added value with CNTs comes from the enhance-
ment of the electron-transfer reactions due to the already discussed mechanisms.
Nafion, an insulator perfluorinated ionomer, has also been successfully used for

preparing CNT-based electrodes [108, 109]. It results in a goodmaterial for confining
CNTs on an electrode substrate and also has capabilities of CNT solubilization and
ion-exchange properties.
Other nanocomposite CNT electrodes have been reported by mixing CNTs with

granular Teflon [48], chistosan [110], polystyrene [111], polysulfone [112] and epoxy
[103, 113] or by incorporating them into a silicate gel matrix [13, 114].
Composites with certain structural organization have been developed by approach-

ing the self-assembly concept [13]. Electrostatic matching can be used to coat CNTs
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Figure 3.12 Cyclic voltammetric response of
(a) abrasively modified MWNT basal pyrolytic
graphite (bppg) and (b) film modified MWNTs
on bppg electrodes in a pH 7.4 phosphate
buffer solution containing 1.2mM NADH.
All scans are 25, 50, 75, 100 and 150mV/s.

The interference response of the bppg by
the appearance of a second peak at higher
anodic potentials can be observed in (a).
Reprinted with permission from Ref. [56].
Copyright, 2005, The Royal Society of
Chemistry.
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with layers of oppositely charged polyelectrolytes. Accordingly, the fabrication of
CNT-based films using the layer-by-layer method (LBL) has gained interest because
of its simplicity and the wide choice of materials. For example, multilayer films of
MWNTs have been homogenously and stably assembled on glassy carbon using the
LBL method based on electrostatic interaction between negatively charged MWNTs
and positively charged chitosan [115].
Apart from the insulating polymeric matrices, conductive polymers such as

polypyrrole and polyaniline have been used as nanocomposite electrodes by chemical
or electrochemical polymerization [13, 17, 116, 117]. Such materials provide high
conductivity and stability. However, the use of insulating polymers can be more
advantageous than the conductive polymers when employed in cyclic voltammetry.
This is because the former electrodes exhibit a more discernible response for the
redox species from the low-charging faradaic current, compared with the latter.
CNTs–nanoparticles composites have also been exploited for electrochemical

sensing applications [17, 118, 119]. Incorporation of metal and oxide nanoparticles
has been demonstrated to enhance the electrocatalytical efficiency. A wide range of
particles have been used (Pt, Pd, Co, FeCo alloy, Co, Cu, Ag, Cu) and in some cases
such CNT/nanoparticles have been combined together with charged polymers [17].
Recently, the electrochemical performance of different rigid carbon-nanotube/

epoxy composites was characterized. In particular, the electrochemical behavior of
composites made of bamboo-like, single- and multiwalled carbon nanotubes of
different diameters was studied, and compared with reference materials such as
analog graphite composites and HOPG (basal and edge) as illustrated in
Figure 3.13a [103]. The composites were prepared with the same weight ratio. The
analysis was focused on the electron-transfer rate constants and charge-transfer
resistances determined by cyclic voltammetry and impedance spectroscopy. The
results suggested that the density of edges is the main parameter controlling the
good electrochemical performance of the composite transducers. Specifically, a clear
trend was found in these composites: the smaller the CNT diameter (i.e. higher
density of CNTs in the composite and hence greater density of edge sites) the higher
the rate-transfer constant, the higher the peak current and the smaller the charge
resistance. In fact, the bamboo-like CNT composites were the ones showing the
fastest electron-transfer rate and the smallest charge resistance due to their intrinsi-
cally high density of graphitic edges (Figure 3.13b). The electrochemical performance
of theCNTcompositeswas better than that of the graphite composite and lay between
the basal and edgeHOPG, but closer to the edge one in response. Figure 3.13c shows
the electron-transfer rates calculated from voltammetry. A remarkable characteristic
of the CNTcomposites was a good signal-to-noise ratio (sensitivity) due to relatively
low background currents provided by the epoxy matrix [103].
Among soft organic matrices for electrochemical applications, polysulfone (PSf)

appears as a suitable and not very exploited candidate with very attractive properties
includingaremarkable stability athigh temperaturesandextremepHconditions [112].
Also recognized was the flexibility of such composites, the good adhesion with the
carbon material and the versatility and easiness for a wide range of (bio)molecule
trapping using a simple phase-inversion process for its fabrication. These CNT/PSf
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nanocomposites constitute a very promisingmaterial for electrochemical and electro-
analytical purposes with an enhanced electrochemical response as compared to that of
its homologue graphite/PSf. It has been observed that carbon nanotubes are wrapped
by the polymer resulting in a network with a remarkable specific surface area, which
facilitates (bio)molecule trapping and stabilization [120]. Raman spectroscopy studies
evidenced a higher density of structural defects as compared to the analog graphite
composite, which can also enhance the electrochemical performance [120]. These

Figure 3.13 (a) Values of charge-transfer resistance of different
systems based on carbon, using the redox probe Fe(CN)6

3�/4�.
(b) Nyquist plot of different carbon nanotube composites in the
presence of the redox couple. (c) Table with the electron-transfer
rate constants calculated from cyclic voltammetry data by using
Nicholson method. Adapted with permission from Ref. [103].
Copyright, 2008, Elsevier.
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nanocomposites have been recognized for their practical use as good candidates for
screen-printed electrodes in (bio)analysis assays.
Summarizing, one can conclude that irrespective of the nature and the way

in which the composite is built up, these matrices are important for providing
robustness to the CNTplatform and at the same time for facilitating the component
trapping that is quite advantageous for many applications such as biosensing.

3.3.4.2 Oriented CNT Electrodes
For a thorough understanding of the fundamental CNT electrochemistry, many
applications require well-organized and oriented carbon-nanotube arrays. For in-
stance, the upright CNT configurations can provide a high density of oriented
electroreactive edges facilitating, on the one hand, the electron-transfer process,
and on the other hand, the covalent linkage of molecules. There are two major
approaches for obtaining oriented CNTs: by self-assembly procedures, and by in-situ
CVDgrowth of alignedCNTswith plasma enhancement. A schematic representation
of such procedures is depicted in Figure 3.14.

Oriented CNT self-assembly route The self-assembly approach relies on the align-
ment of short SWNTs that were cut by oxidative treatments and ultrasonication [43,
45, 58, 61, 63, 121–126]. The main issue to control is the length of the cut CNT that
should be quite homogeneous for guaranteeing a well-ordered assembly.
Many groups have reported the assembly of shortened SWNTs in an orthogonal

orientation on a gold electrode via surface reactions (thiolation and carbodiimide
chemistry as shown in Figure 3.14) [45, 58, 63, 122–124]. Such chemically assembled
SWNTs can work as nanoelectrode arrays. Gooding and coworkers compared the
electrochemical performance of the upright CNT arrangement with respect to
randomly dispersed nanotubes on a cysteamine-modified gold electrode in the
presence of Fe(CN)6

3�/4. They found peak-to-peak potential separations of 105mV
for the randomly dispersed SWNTs, whereas the peak separation for the aligned
SWNTs was about 72mV. This difference revealed that the aligned SWNTs show
better electrochemical properties than those randomly dispersed, as shown in

Figure 3.14 Different configurations of vertically aligned CNTs
either by in-situ growth of CNTs from plasma enhanced CVD or
CNT self-assembly through surface reactions on gold or silicon
substrates.
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Figure 3.15 [63]. The table in Figure 3.15 also shows enhanced electron transfer rates
for ferrocene attatched on aligned SWNTs as compared to ferrocene attatched on
randomly dispersed SWNTs [124]. Moreover, such vertically aligned SWNTs act as
molecular wires that allow efficient electrical communication between the underly-
ing electrode and the redox enzymes [45, 123, 127].
Other groups have achieved CNT forest assemblies by electrostatic SWNT–COO�/

Fe3þ interactions also starting with shortened CNTs. The assembly process
involves sequential substrate dipping in dilute Nafion and aqueous FeCl3 solutions
followed by DMF-assisted precipitation of the nafion-adsorbed Fe3þ to produce thin
FeO(OH)/FeOCl nanocrystals. Subsequent immersion into a DMF disperse nano-
tube suspension produces the forest assembly that is driven by acid–base neutrali-
zation [12, 61, 121].
The silicon substrate constitutes a very interesting support for facilitating the

integration inmicroelectronicdevices. Theelectrochemical andelectroanalyticalfields
cangainremarkablebenefits fromthesilicon-basedminiaturizationdevices,especially
if arraysofmetal electrodes canbe fabricated.Anunderstandingof theelectrochemical
properties of CNTs directly attached to silicon is thus essential for their potential
application in developing silicon-based electrochemical or (bio)electrochemical

Figure 3.15 (a) Cyclic voltammetry of
SWNT-modified electrodes where the tubes
were cut for 2 h and either randomly
dispersed or vertically aligned. CVs are
recorded relative to an Ag/AgCl reference
electrode in 1mM K3Fe(CN)6 in a
background electrolyte of 0.05M KH2PO4 and
0.05M KCl at pH 7.0 at 100mV/s. The y-axis
shows the current normalized to the anodic peak

current. Reprinted with permission from
Ref. [63]. Copyright, 2005, The Royal Society of
Chemistry. (b) Table showing the transfer-rate
constants for aligned or randomly dispersed
CNTs functionalized with ferrocene groups.
The nanotubes were subjected to 6 h of
cutting time in both cases. Adapted from
Ref. [124] with permission. Copyright, 2007,
Elsevier.
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sensors and ultra-microelectrode arrays. Therefore, following the same idea reported
for SWNTassemblies oriented through surface reactions, some groups have reported
new approaches for organizing vertically aligned shortened SWNTs onto highly doped
silicon surfaces. [125, 126]. The ordered CNT assembly was made by the surface
condensation reaction with hydroxyl-terminated silicon, or with ethyl undeconate
monolayers (Figure3.14) [125,126].Agoodelectrochemical reversibility andenhanced
conductivity was found in the case of the SWNTs–SiO2 structure. Such electrode
configurations hold promise for the fabrication and development of silicon-based
electrochemical and (bio)electrochemical sensors, solar cells and nanoelectronic
devices.

In-situ growth of orientedCNT films In this approach,alignedCNTsaregrowndirectly
onto an electrode surface (i.e. Si coated with a Cr film) by using plasma-enhanced
CVD [4, 6, 102, 128].Meyyappan and coworkers have exploited suchmethodology and
have developed vertical 3D CNTensembles with different CNTdensity embedded or
not in an insulating matrix (SiO2) [4, 6, 102]. The different steps for achieving a
passivated CNTensemble are illustrated in Figure 3.16. As already mentioned, these
upright CNT configurations can enhance the electron-transfer kinetics and also the

Figure 3.16 Different steps in the fabrication of MWNT
nanoelectrode arrays. (a) metal film deposition, (b) catalyst
deposition, (c) plasma-enhanced chemical vapor deposition for
CNT growth, (d) dielectric encapsulation with SiO2, (e)
planarization with a chemical mechanical polishing to expose the
ends of the carbon nanotubes, (f) electrochemical
characterization. Readapted from Ref. [6].
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chemical reactivity for covalentmoleculeanchorage.However, thesearrays canprovide
more benefits from the electroanalytical point of view if the geometrical disposition of
theCNTs can be controlled in order tomake them act as nanoelectrode arrays [4, 6]. As
is well known, nanoelectrode arrays exhibit unusual electrochemical properties that
stem from non-planar radial diffusion of the electroactive species. Under this regime,
the mass-transfer rate significantly increases and a steady-state current is rapidly
reached that is directly proportional to analyte concentration. This makes the nanoe-
lectrode exhibit a very fast response, very high signal/noise ratio (faradaic current/
nonfaradaic charging current that can be improved by insulating the sidewalls of the
CNTs), and consequently very low limits of detection, all these properties being highly
desired in amperometric sensors. In order to guarantee the key factor, which is the
radial diffusion, the diffusion layers of neighboring electrodes should not overlap and
this can be accomplished by controlling the interspacing between the nanoelectrodes.
Li et al. have developed nanoelectrodes based on MWNT arrays on metal films

embedded in a SiO2 matrix with only the very end exposed at the surface [4, 6]. The
size and the spatial distribution of MWNTs could be precisely controlled to ensure
that each one behaves as an independent nanoelectrode. The spacing among
individual nanoelectrodes was sufficiently larger than the diameter of the nanotubes
to prevent the overlap of diffusion layers from the neighboring electrodes. The
authors could vary the density of CNTnanoelectrodes from 106 to 2� 109 electrodes
cm�2. Figure 3.17 shows different density CNT arrays and their corresponding
electrochemical response. They confirmed that high-density electrodes behave very
differently from those with lower densities. At high densities of CNTs, the electro-
chemical response was dominated by a planar diffusion transport evidenced by a
common peak shape in the cyclic voltammetry; whereas at low densities of CNTs, the
electrochemical response was basically sigmoidal, which is typical of radial diffusion
mass transport. Thus, low-densityMWNTnanoelectrode arrays displayed the desired
independent nanoelectrode behavior showing diffusion-limited steady-sate currents
in cyclic voltammetry over a wide range of scan rates. This configuration is very
promising for developing ultrasensitive electrochemical sensors.

3.3.4.3 Individual CNT Electrodes
As already mentioned, nanoelectrodes yield high current densities at the electrode
surface, which is very beneficial for electroanalysis studies and also for the study of
fast heterogeneous electron-transfer kinetics. Moreover, they can also be exploited
to develop electrochemical nanotools for biophysical applications including, for
instance, probing biological membrane functions or the activity of single electro-
active molecules (enzymes). The possibilities that CNTs bring for manipulation
allow the fabrication of individual CNT nanoelectrodes, which is of remarkable
importance since they represent geometrical well-defined nanoscale systems and
avoid the limitations in the interpretation of electrochemical data. Lemay and
coworkers have explored the use of individual single-walled carbon nanotubes as
electrodes [129]. A scheme of the nanoelectrode device fabrication is shown in
Figure 3.18. The unique structural and electronic properties of a SWNTrender it an
ideal candidate to act as a model carbon nanoelectrode for electrochemistry. It was
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found that metallic and semiconducting SWNTs yielded similar steady-state
voltammetric curves with very high electron-transfer rates at the SWNT sidewall
(Figure 3.18) [129]. Such individual and well-defined nanoelectrodes are very
promising since they can be additionally used to resolve electrochemically the
semiconducting or metallic SWNT band structure and its distinct van Hove
singularities, in a manner analogous to scanning tunneling spectroscopy. Conse-
quently, SWNTs of different structure will yield different rate constants due to
structure-dependent variations in the DOS that could be tracked.
Other individual CNT electrodes have been achieved by mounting them on

scanning probe tips or on Pt wires and then passivating the walls with polymers
to restrict the electrochemical response to the end of the carbon nanotube [130–132].
In all cases, a sigmoidal voltammetric response, characteristic of steady-state radial
diffusion, was found [131, 132]. Such an individual nanoelectrode configuration,
which can be coupled with scanning probe techniques, holds promise for applica-
tions in scanning electrochemical microscopy and electrochemical analysis of
biological materials on surfaces with nanometric spatial control.

Figure 3.17 (a) and (b)CVmeasurements in1mMofFe(CN)6
3�/4�

and 1M KCl with the high-density MWNT nanoelectrode array
(2� 109 electrodes/cm2) and low density one (with about 7�107

electrodes/cm2), respectively. (c) and (d) showthescanningelectron
images for the high and low density arrays. Readapted from Ref. [4]
with permission. Copyright, 2004, RSC.
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3.3.5
CNT-Modified Electrode Pretreatments

After the assemblage of CNTs, surface treatments can be pursued for many
purposes. On the one hand, they can help to remove impurities. On the other
hand, surface treatments can help to provide functionalities (such as the oxygenat-
ed moieties) for further molecule anchorage, to change the surface hydrophobic
properties or to modify electrode kinetics. Different treatments can be performed
such as vacuum and heat treatments or carbon electrode activation (surface
cleaning, laser activation, electrochemical pretreatment, etc.) [1, 2, 133]. For
instance, Wang and coworkers have reported a dramatic improvement in the
electrochemical reactivity of CNT films produced by arc-discharge. The pretreat-
ment effects were illustrated using NADH, ascorbic acid, hydrazine and hydrogen-
peroxide model redox systems. Subjecting the CNT electrode to anodic potentials
around 1.5 V vs. Ag/AgCl for 3 min was enough to improve the electron-transfer

Figure 3.18 (a) Scheme of the individual SWNT
electrode device. SWNTs are grown on Si/SiO2

wafers and contacted by Ti leads. A layer of SiOx
and PMMA is used as an insulating layer, in
which windows are opened to selectively expose
the SWNTs. (b) AFM-image of the SWNT in the
PMMA window. (c) Low-current measurement
setup. The SWNT is exposed to a solution
containing a redox-active species. (d) Sampled

current voltammograms measured from two
metallic SWNTdevices (1mmand2mmexposed)
and a control device exposed to an aqueous
1.2mM FcTMAþ solution. The control device
consists of a pit located near the leads but
without a SWNT. Reprinted with permission
from Ref. [129]. Copyright, 2005, American
Chemical Society.
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characteristics. The authors claimed that the anodic preanodization effectively
�breaks� the basal-plane end caps of arc–CNT, thereby exposing the electrochemi-
cally active edge-plane defects. The extent to which the anodic pretreatment affects
the electrochemical behavior is dependent on the mechanism of the specific redox
process [133]. Figure 3.19 shows the electrochemical signal improvement of the
ascorbic acid after electrochemical activation [133].

3.4
Electrochemical Applications of CNT Electrodes

3.4.1
Biosensors

One of the cornerstones of CNT applications in electrochemistry lies in the
development of (bio)sensors. Through this chapter we have pointed out the
outstanding electrochemical properties of CNTs as a consequence of their elec-
tronic band structure and their richness in surface structure and chemistry. As
mentioned before, CNTs have revealed, in many cases, electrocatalytical properties
accompanied by enhanced electron-transfer rates, increased signal currents and
decreased overpotentials. Although these properties have been demonstrated to be
not so different from those corresponding to edge HOPG, the main advantage in
the use of electrochemical CNT devices comes from their nanometer size, their
high surface area and their versatility to tailor the CNT surfaces in different
geometrical arrangements in order to expose the more electroactive sites and
facilitate the electron exchange. Another advantage comes from their chemical
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Figure 3.19 Cyclic voltammogram obtained with an
arc-CNT-modified electrode in the presence of 5mM
ascorbic acid, (a) before and (b) after electrochemical activation
at 1.5 V for 3 min in PBS solution, scan rate 100mV/s. Adapted
with permission from Ref. [133]. Copyright, 2005, Elesevier.
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anisotropy and their interesting covalent/noncovalent chemical functionalization
possibilities, many of them facilitated by their curved surface, which can be used
for selective chemical modification in the development of electrochemical
biosensors.

3.4.1.1 Enzymatic and Redox Protein Biosensors
Electron transfer in biological systems is a very interesting topic not only because
fundamental studies of such processes can help to unravel basic mechanisms in
Nature�s machinery, but also because such processes can be mimicked and
exploited to develop sensors, bioreactors or novel fuel cells. In the electroanalytical
field, there is an important interest in studying electron transfer between a redox
biomolecule and an electrode for amperometric (bio)sensors. Such sensors are
based on the ability of an enzyme to transduce the turnover with its corresponding
substrate into a detectable, reliable and quantifiable current. One of the main
goals in electroanalysis and mainly in enzymatic sensors is to achieve direct
electron transfer between the protein redox center and the transducer, keeping
at the same time its bioactivity [5, 12, 13, 17, 43, 58, 134]. Thus, the electrode itself
can replace physiological partners or natural electron acceptors, providing the
driving force to energize the reaction and a sensor to measure the response.
For instance, in the case of glucose oxidase (GOx), which catalyses the reaction
glucose þ O2 ! glucolactone þ H2O2, with oxygen acting as its natural electron
acceptor to regenerate the enzyme, the electrode can take the role of its natural
partner oxygen.
A direct electron transfer warrants an efficient transduction of the enzymatic

recognition of a target analyte and avoids the use of mediators or low molecular
weight relays [43]. However, such a goal is rather difficult to achieve since proteins,
when adsorbed on electrode surfaces, undergodenaturationwith the consequent loss
of their electrochemical activity and bioactivity.Moreover, some enzymes contain the
redox-active center buried deep inside the protein. Thismakes it generally difficult to
obtain direct electron exchange between the protein and electrode surfaces so that
mediators are needed to obtain an electrochemical response. Therefore, electrode
materials with suitable physicochemical properties and enzyme-immobilization
methods are important for obtaining the direct electron transfer and preserving
their bioactivities. CNTs seem to be an ideal material to immobilize proteins and
promote direct electron transfer without the need for mediators and without losing
the bioactivity of the biomolecules [5, 12, 13, 17, 43]. Moreover, CNTs have been
shown to promote a dramatic decrease in the overpotential of some important species
(H2O2, NADH) involved in electrocatalytic enzymatic reactions such as oxidases or
dehydrogenases [5]. For instance, the bioactivity of a CNT electrode modified with
GOx can bemonitored by the reduction or oxidation of H2O2. The detection of H2O2

has been carried out at such low overpotentials that interferences with other analytes
can be minimized [106, 108]. All these features have greatly enhanced the develop-
ment of enzymatic biosensors. Indeed, GOx represents a very interesting model
system. It is known to have the redox-active center (flavin adenine dinucleotide, FAD)
deep inside the peptide environment.Many nanotube-modified electrodes have been
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shown to exhibit direct electron transfer to glucose oxidase and at the same time
preserve its bioactivity. Giuseppi-Elie et al. were the first to report direct electron
exchange between adsorbed GOx and FAD onto unoriented SWNT mats [135].
Figure 3.20 shows the cyclic voltammogram for GOx/CNTwhere the two reversible
peaks are related to the direct electron exchange between the FAD and the underlying
CNTelectrode. The direct electron transferwas attributed to the nanotubes being able
to penetrate the protein and get close to the FAD center due to their nanometric size.
Since then, many strategies have been pursued for modifying CNT electrodes with
GOx, such as the immobilization of GOx on aligned CNT [123, 127], on randomCNT
network cast on glassy carbon or gold electrodes [135], enzyme immobilization in
carbon nanotube pastes [106], in CNT/Teflon or CNT/epoxy composites [48, 136],
enzyme entrapment in CNTmodified with Nafion [137], chitosan [138], conductive
polymers [139], or in a layer-by-layer assembly with charged polymers [140] andmetal
nanoparticles [141]. In the upright CNT configuration, different approaches have
been used, including immobilization of GOx on aligned MWNTs grown by CVD on
platinum substrates, [142]; on a CNT array fabricated by using an anodized alumi-
num oxide nanopore template [143]; covalently assembled on the edges of aligned
low-density CNTs grown by CVD and embedded in an epoxy resin [128]; or covalently
immobilized on aligned CNTs assembled on gold electrodes [123, 127]. An especially
interesting system is the GOx/aligned CNT/gold electrodes that were fabricated
either by the covalent attachment of the wild GOx onto the aligned CNTs assembled
on the gold electrodes or by covalent attachment of the FAD group to the ends of the

Figure 3.20 Cyclic voltammogram of GOx/SWNT/glassy carbon
in pH 7.0 phosphate buffer/0.1M KCl (solid curve); FAD/SWNT/
glassy carbon in pH 7.0 phosphate buffer/0.1M KCl (dotted
curve). Scan rate: 50mV/s. Reprinted with permission from
Ref. [135]. Copyright, 2002, Institute of Physics publishing.
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tubes with the consequent reconstitution of the apo-enzyme around the FAD group
(Figure 3.21) [123, 127]. From the last two approaches for the GOx immobilization,
the latter exhibited the highest electron-transfer constant (k¼ 0.3 s�1 for the native
GOx immobilized on the alignedCNTs and k¼ 9 s�1 for the reconstitutedGOx on the
same aligned CNT electrodes) [127]. Willner and coworkers observed that the
reconstitution of the apo-GOx on the functionalized electrode had an enzyme
turnover rate of about 4100 s�1, which is about sixfold higher than the turnover
rate of electrons from the active site of native GOx to its natural oxygen electron
acceptor (700 s�1) [123]. They also found a dependence of the electron-transfer rate
constant on the length of the SWNTs and ascribed this dependence to the defect sites
introduced into the SWNTs that act as a local barrier to charge transport [123].
The use of aligned CNTs seems to be quite advantageous since the more electro-

active ends of the nanotubes are readily accessible to species in solution. Moreover,

Figure 3.21 (a) Schematic procedure for the
modification of a self-assembledmonolayer gold
electrode with aligned carbon nanotubes and
their subsequent modification to allow direct
electron transfer to glucose oxidase. In one case
the GOx is covalently attached to the CNT
assembly and in the other case the FAD center is
first immobilized and then the apoenzyme is
reconstituted around the FAD center. Reprinted
with permission from Ref. [58]. Copyright, 2005,
Elsevier. (b) Cyclic voltammograms
corresponding to the electrocatalyzed oxidation

of different concentrations of glucose by theGOx
reconstituted on the 25-nm long FAD-
functionalized CNTs assembly: (a) 0mm
glucose. (b) 20mm glucose, (c) 60mm glucose,
(d) 160mmglucose.Data recorded in phosphate
buffer, 0.1m, pH 7.4, scan rate 5mV/s. Inset:
calibration curve corresponding to the
amperometric responses of the reconstituted
GOx/CNTs (25 nm) electrode (at E¼ 0.45V) in
the presence of different concentrations of
glucose. Adapted with permission from
Ref. [123]. Copyright, 2004, Wiley-VCH Verlag.
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the rigidity of the tubes allows them to be plugged into the biomolecules, which
enables direct electrical connection to the active center of the enzyme and fast
kinetics.
Direct electron transfer has also been achieved withmanymetalloproteins such as

cytochrome C, horseradish peroxidase, microperoxidase (MP-11), myoglobin, he-
moglobin, catalase, azurin, and so on, immobilized on different CNT-modified
electrodes [45, 61, 144–153].
The electrochemical performance of a typical metalloprotein on CNT electrodes

is discussed below taking as an example the small water-solublemyoglobin (Mb). This
protein has a hemin core capable of redox activity and its natural task consists
in binding and storing oxygen in the cells. Therefore, that protein exhibits high
sensitivity towards oxygen but also to other analytes such H2O2 or NO [145–151]. It is
generally difficult for Mb to transfer electrons to a conventional electrode, but this
process can be enhanced when immobilized on adequate or modified metal sub-
strates. CNTelectrodes have once again demonstrated their performance as suitable
electrode materials for such protein and promoted applications as potential (bio)
sensors of oxygen or hydrogen peroxide or as reduction catalysts in batteries and fuel-
cell systems. Taking advantage of the CNT benefits, such as electrode substrates for
(bio)sensing, some groups have already started to investigate the physisorbed Mb
response on randomly dispersed carbon-nanotube-modified substrates [145–150]. In
all cases, direct electron exchange between Mb and CNT was observed in a quasi-
reversible hemeFe(III)/Fe(II) voltammetry response. Very few studies have addressed
theuse of forest carbonnanotubes [61], which is known to bemore beneficial from the
electrochemical sensing point of view. The electrochemical performance of Mb
covalently attached to different carbon electrodes (forest-like CNTs, randomly
dispersed CNTs in epoxy composites, and graphite epoxy composites) has been
established by focusing on the electrocatalytical response to oxygen and hydrogen
peroxide [154, 155]. It was found that Mb-modified forest CNTs were the electrodes
that offered the optimum conditions for a direct and fast electron exchange, with the
highest sensitivity in a very wide analyte concentration range and with very low
detection limits (Figure 3.22). The enhanced response of these electrodes was again
attributed to the CNT orientation that provides, on the one hand, a facilitated
framework for the protein covalent attachment without compromising the bioactivity,
and on the other hand a high density of fast electron-exchange CNTedges [154, 155].

3.4.1.2 CNT/DNA and Genosensors
Themodification of CNTswith nucleic acids constitutes a very promising area for the
development of devices for genosensing, gene therapy, drug discovery and delivery,
and so on. A genosensor consists in the immobilization of specific oligonucleotides
that can detect targeted complementary DNA sequences under hybridization. The
application of CNTs in electrochemical DNA biosensors is quite promising formany
reasons: CNTs constitute novel platforms for DNA immobilization with important
electrochemical transducing properties and high specific surface area that can
increase not only the attached DNA amount but also concentrate a great number
of enzymes or electroactive nanoparticles to amplify DNA hybridization [5, 12].
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In order to prepare electroanalytical devices based on hybridization recognition,
the first critical issue to face is related to the immobilization procedures on the
surface of the transducer. It is important to guarantee a good orientation of the bases
of the DNAprobe on the CNT interface in order to get efficiency in the hybridization
with the target DNA. The more basic approaches for DNA immobilization on CNTs
are the physisorbed (multisite attachment) or the covalent anchoring (single-point
linkage). In the latter case, typical covalent schemes are provided by the conjugation
of DNA terminal functional groups with functional groups in the CNT surface via
the carbodiimide chemistry, streptavidin/biotin interactions, and so on. In general,
DNA is physisorbed on CNTs by wrapping the tube, with the bases (apolar region of
the molecule) in close contact with the hydrophobic walls of CNT, whereas the
phosphate backbone faces the solution [144, 156]. Such orientation of the adsorbed
DNA is not so favorable for the surface hybridization, indicating that for a more
appropriate biofunctionalization, hydrophobic interactions need to be minimized.
Therefore, when genosensors based on physical adsorption of oligonucleotides are
considered, chemical modification of the CNT surface (by promoting hydrophilic

Figure 3.22 (a) Cyclic voltammogram of
myoglobin covalently attached to a CNT
forest in PBS solution under nitrogen
atmosphere. The reversible redox behavior
of the iron redox center is observed. (b) and
(c) electrocatalytic response of Myoglobin/CNT
forest electrode to oxygen and peroxide

respectively; (d) Current-density change
normalized with respect to the protein coverage
as a function of H2O2 concentration for different
myoglobin-modified carbon electrodes: forest
CNT, randomly dispersed CNT in an epoxy
composite and randomly dispersed graphite in
an epoxy composite.
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interactions) is more convenient to increase the efficiency of the hybridization
detection. On the other hand, single-point attachment of the DNA turns out to be
a more flexible configuration that enhances hybridization kinetics. Apart from
these basic routes of DNA functionalization, many related approaches have been
performed. Below, we will discuss some illustrative examples of electrochemically
based DNA sensors. Again, the direct (label-free) electrochemical detection of DNA
by the reduction of the DNA bases (mainly guanine) is of considerable interest,
though the indirect detection methods of DNA hybridization by using hybridization
indicators, including intercalators and labels are very popular and in some cases
mandatory [157]. Label-free electrical-detection protocols are desirable since they
greatly simplify DNA hybridization assays as they offer an instantaneous detection
of the duplex. However, such detection requires a physisorbed multisite attachment
as immobilization technique. Generally, when directly biosensing DNA, the guanine
in single-stranded DNA probe (ssDNA) is often replaced by inosine in order to
reduce the background signal interference derived from ssDNA probe and conse-
quently increase the hybridization signal derived from the double-stranded DNA
helix [157].
Wang and coworkers have achieved label-free detection of DNA hybridization on

MWNT electrodes. They found enhanced electrochemical response of guanine at
carbon-nanotube-modified glassy carbon electrodes as compared to other carbon
electrodes [158]. The amplified guanine signal was exploited not only for label-free
detection of DNA hybridization but also for trace measurements of nucleic acids
(Figure 3.23). Such an enhanced guanine signal was attributed to a CNT-induced
interfacial accumulation (due to its large surface area/volume ratio) rather than to an
electrocatalytic reaction [158, 159]. A similar enhancement of the guanine and
adenineDNA response was also reported by other groups atMWNTpaste electrodes,
SWNT-coated glassy carbon electrodes, and so on [60, 160]. Gooding and coworkers
have demonstrated the advantages of using bamboo-like nanotubes for electrochem-
ical biosensor applications compared with SWNTs by analyzing the label-free
oxidation of guanine and adenine bases of surface-adsorbed DNA [101]. Having in
mind that bamboo-like multiwalled carbon nanotubes provide more edge planes of
graphene than SWNT, they found that bamboo-like nanotubes have superior
electrochemical performance over SWNT due to the following aspects: (a) with the
electroactive species in solution, peak separation of oxidation and reduction waves
showed faster electron transfer on bamboo nanotubes and (b) greater number of
electroactive sites along the walls of the bamboo tubes resulted in larger current
signals and broader dynamic range for oxidation of DNA bases.
DNA sensors have been also developed on aligned CNTs. For instance, Dai and

coworkers have reported a simple, but effective,method for preparing aligned carbon
nanotube/gold–DNA sensors by covalently coupling DNA probes on both the tip
ends and walls of plasma-activated aligned carbon nanotubes [161]. The probe
DNA was targeted with a ferrocene-labelled complementary oligonucleotide to yield
a reversible electrochemical response of the redox ferrocene label as hybridization
signal that was observed by cyclic voltammetry. An enhanced electrochemical
signal was provided by the high surface area of the CNT-modified electrode. The
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nanotube–DNA electrochemical sensors thus produced were highly sensitive and
selective even in the absence of any electron mediator.
Meyyapan and coworkers reported a nanoelectrode array based on vertically aligned

MWNTs embedded in SiO2 for ultrasensititve DNA detection [162, 163]. The DNA
probe was covalently immobilized through carbodiimide chemistry to the open ends
of insulated alignedMWNTelectrodes. In principle, the anodic current of the guanine
oxidation could be used as the sensing signal. However, that signal was very lowdue to
the limited number of guanine bases on the surface. Therefore, an electrocatalytic
mechanism using Ru(bpy)3

2þ mediators to amplify the guanine oxidation was
developed. Sensitivity was dramatically increased by lowering the nanotube density
and the hybridization of subattomole DNA targets was detected.
CNTs can also be used as hybridization indicators with amplifying properties as

demonstrated by Wang and coworkers [164–166]. They showed that CNTs can play a
dual amplification role in both the recognition and transduction events, namely as
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Figure 3.23 Cyclic voltammogram for a single-stranded DNA
solution at the bare (A) and CNT (B) glassy carbon electrodes.
Accumulation, 1min at 0.2 V. Scan rate, 50mV/s. Measurements
performed in 0.5M acetate buffer (pH 5.9). Reprinted with
permission from Ref. [158]. Copyright, 2003, The Royal Society of
Chemistry.
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carriers for numerous enzyme tags and for accumulating theproduct of the enzymatic
reaction (Figure 3.24). These novel support and preconcentration functions of CNTs
reflect their large specific surface area and have been illustrated, for instance, by using
the alkaline phosphatase (ALP) enzyme tracer [164, 165]. Signal amplification was
even increased by loading enzyme multilayers on the CNT templates by electrostatic
layer-by-layer self-assembly [165]. Such coupling of several CNT-derived amplification
processes leads to extraordinary low detection limits in the attomolar range. A similar
loadingeffecthas beenalsodemonstratedwithquantumdots as electroactive labels for
DNA hybridization detection by using stripping voltammetry [166].

Figure 3.24 Schematic representation of the
analytical protocol: (A) Capture of the ALP-
loaded CNT tags to streptavidin-modified
magnetic beads by a sandwich DNA
hybridization (a) or Ab-Ag-Ab interaction (b).
(B) Enzymatic reaction. (C) Electrochemical
detection of the product of the enzymatic
reaction at the CNT-modified glassy carbon
electrode; MB,Magnetic beads; P, DNA probe 1;
T, DNA target; P2, DNA probe 2; Ab1, first
antibody; Ag, antigen; Ab2, secondary

antibody; S and P, substrate and product,
respectively, of the enzymatic reaction; GC,
glassy carbon electrode; CNT, carbon nanotube
layer. Plots below: chronopotentiometric signals
for target oligonucleotide (A) and IgG (B) using
the glassy carbon (GC) transducer and (a) a
single ALP tag and (b) CNT-loaded with multiple
ALP tags; (c) same as (b) but using the CNT-
modified GC electrode. Reprinted with
permission from Ref. [164]. Copyright, 2004,
American Chemical Society.
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3.4.1.3 Immunosensors
CNTs also have promising applications in the immunosensing field and many
examples of such sensor devices can be found in the literature. For example,
immunosensors with an electrochemiluminescence readout signal have been de-
signed using CNTs as support of the immunorecognition systems [167].
Recently, some papers have started to highlight the performance of PSf-(bio)

composites-CNT as electrode material for electrochemical immunosensing [112].
The authors have highlighted the attractive combination of PSf/CNTplus disposable
screen-printed electrodes for monitoring the enzymatic activity of horseradish
peroxidase and the RIgG inmunosensor response. In both cases an enhanced
electroanalytical response was demonstrated in comparison with standard graph-
ite/PSf composites.
Vertically aligned arrays of SWNT forests have been developed for amperomet-

ric enzyme (HRP)-linked inmunoassays of proteins by Rusling and cowor-
kers [168]. The forests were self-assembled from oxidatively shortened SWNTs
onto Nafion/iron oxide-coated pyrolytic graphite electrodes. The SWNT immu-
nosensor was designed to detect biotin. Antibiotin antibody was strongly adsorbed
to the SWNT forests. The initial study pointed out the importance of decreasing
the nonspecific binding and of using mediators to obtain optimal sensitivity.
While mediator-free electron-transfer detection of the HRP label was possible,
only a fraction of the HRPs attached to biotin communicated with the SWNT
forest, compromising sensitivity. This was understandable because the antibiotin
antibody was placed between biotin-HRP and the nanotube. This brings a distance
in the range of 5–20 nm between the nanotube ends and HRP that impedes
electrochemical communication. Using hydroquinone as a soluble mediator, the
detection limit for horseradish peroxidase-labeled biotin was 2.5 nM. Unlabeled
biotin was detected in a competitive approach with a detection limit of 16 mM. They
also reported improved detection limits and sensitivity for unmediated catalysis of
H2O2 reduction by HRP bound to SWNTs resulting from denser and more defect-
free SWNT forests made with aged nanotube dispersions in DMF. Moreover, by
attaching antibodies to the ends of SWNT forests again with HRP labels, they
obtained excellent sensitivity in sandwich immunoassays for the protein human
serum albumin with detection limits of 75 nM without mediators and 1 nM with
mediators.
Following the same protocol as in the case of hybridization amplification, enzymes

generating electrochemically detectable products have also been used as amplifying
labels for antigen/antibody recognition by Wang and coworkers [164]. Similarly,
functionalized CNTs have been used as carriers of multiple enzyme labels for
electrochemical immunosensing as shown schematically in Figure 3.24. In a similar
context, Rusling and coworkers described the combination of electrochemical
immunosensors using SWNT forest platforms with multilabel secondary antibo-
dy–nanotube bioconjugates for highly sensitive detection of a cancer biomarker in
serum and tissue lysates [169]. Greatly amplified sensitivity was attained by using
bioconjugates featuring horseradish peroxidase (HRP) labels and secondary anti-
bodies (Ab2) linked to carbon nanotubes at high HRP/Ab2 ratio. This approach
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provided adetection limit of 4 pgmL�1 (100 amolmL�1), for prostate-specific antigen
(PSA) (Figure 3.25). These easily fabricated SWNT immunosensors show excellent
promise for clinical screening of cancer biomarkers and point-of-care
diagnostics [169].

3.4.2
Electrochemical Actuators

Many applications rely on the direct conversion of electrical energy to
mechanical energy through a material response. The more common materials for
electromechanical actuators are represented by ferroelectric and electrostrictive
materials. However, applications are restricted by the maximum allowable operation
temperature, the need for high voltages, and limitations on the work density per
cycle [170]. Conducting polymer actuators based on electrochemical dopant interca-
lation represent another alternative. Faradaic processes for these battery-like devices
involve solid-state dopant diffusion and structural changes that limit rate, life cycle,
and energy-conversion efficiencies [170]. CNTs appear as a new class of electrome-
chanical actuators that generate higher stresses than natural muscle and higher
strains than high-modulus ferroelectrics. Like natural muscles, the macroscopic
actuators are assemblies of billions of individual nanoscale actuators. The first CNT
actuator developed was a SWNT buckypaper that produced elongation/contraction
because of the change in dimensions of the nanotube in the covalently bonded
direction caused by charge injection with an applied electric potential (electrochemi-
cal doping). The proposed actuation mechanism was based on a quantum-chemical
expansion due to electrochemical double-layer charging without the requirement of
ion intercalation, which limits the life and rate of faradaic conducting polymer
actuators [170]. Unlike conventional ferroelectric actuators, low operating voltages of
a few volts generate large actuator strains. Moreover, a surprising giant actuator
response was obtained during electrochemically cycling CNT sheets at high redox
potentials in aqueous NaCl or acid electrolytes [171]. A pnemumatic mechanism for
the giant actuation was suggested with gas evolution at such extreme potentials,
which induces gas containment voids in the CNTsheets. Other CNTactuators have
been reported, examples of them are those based on bucky gels [172] which are built-
in ionic-liquid components operating in air without external electrolytes, those based
on CNT epoxy composites [173] or those based on vertically aligned MWNT
towers [174]. Despite these advances, there are still many challenges to develop
tailored practical devicesmainly because of the uncontrollable properties of nanotube
buckypaper and polymer nanocomposite actuators.

3.4.3
Electrochemical Energy-Harvesting Devices

Carbon nanotubes can be employed either as electrode materials or conductive
fillers for the activematerials in various electrochemical energy-storage systems [20].
For energy generation and storage, nanotubes hold promise as supercapacitors,
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Li-ion batteries (LIBs), solar cells and fuel cells due to their high specific surface area
and mesoporous character [20].
Lithiumbattery research comprises an area of great interest for applications driven

by their high demand in the world market. Intensive research is still focused
on the optimization of anodic electrodes for increasing the perfomance of the
batteries. The electrodes of LIBs are based on intercalation materials, among which
lithium ions are transferred through the electrocatalytic medium during charge and
discharge [175]. The cathodic electrode is normallymade of lamellar oxides (LixMO2)
while carbon has been used for the anodic electrode. A great amount of research has
been focused on the role of carbon as anodic electrode material for lithium-ion
batteries because of its excellent intercalation properties and safety over lithium
metal. In the case of graphite anodes, lithiumpenetrates between the graphene layers
through the intercalation process with charge transfer to carbon. It is important
that such ion insertion and extraction on the anode proceeds very close to the
potential ofmetallic lithium, allowing the lithium-ion battery to discharge at high and
almost constant values of voltage [175, 176]. Nevertheless, it is important to point out
that part of the lithium involved in the so-called solid electrolyte interphase (SEI) is
not recovered in the electrolyte during deintercalation, giving rise to a noticeable
irreversible capacity. Therefore, for such batteries, anodic electrodes with high

Figure 3.25 Scheme of a SWNT immunosensor
using secondary antibody labeled with HRP
enzyme. HRP catalyses H2O2 and generates
electrons that can be amperometrically detected.
(a) Treatment with a conventional HRP-labeled
secondary antibody providing one label per
binding event and (b) treatment with an HRP-

CNT labeled secondary antibody for signal
amplification with numerous enzyme levels per
binding event. AFM image of the nanotube forest
immunosensor. Reprinted with permission from
Ref. [169]. Copyright, 2006, American Chemical
Society.
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reversible capacity at a potential close to metallic lithium and a moderate irrevers-
ibility are required [175, 176]. Due to their graphitized structure with internal
channels and large surface area, carbon nanotubes have been proposed as a potential
substitute for the traditional graphite for lithium intercalation. It was speculated
that a higher lithium capacity may be obtained with carbon nanotubes if all the
interstitial sites are accessible for lithium intercalation. Indeed, it has beenpossible to
obtain very high reversible capacities in CNT systems [177], which can even be
increased with CNT pretreatments (up to 1000mAh/g) with ball milling [178, 179]
and chemical etching [180–182] that increase lithium diffusion into the interior or
inner cores of CNTs).
However, there are still some drawbacks in the use of CNT that need to be solved

for practical applications. Not only large reversible capacities but also large irrevers-
ible capacities have been reported on CNTs [179, 183]. Such irreversible capacity
together with the lack of voltage plateau during lithium extraction (hysteresis) limits
the use of nanotubes as electrodematerial in LIBs.However, an active study (based on
CNT treatments, surface modification, use of CNTnanocomposite matrices, etc.) is
being carried out in order to overcome such difficulties [184].
Due to the open network of mesopores formed by the entanglement of nanotubes,

the high density of graphene layers and consequently an easily accessible electrode/
electrolyte interface, nanotubes are quite adapted for supercapacitors [175, 185].
Supercapacitors are based on the electrical double layer that is formed due to the
electrostatic attraction between the ions and the charged surfaces of the electrodes
together with additional faradaic pseudocapacitance reactions (mainly coming
from redox activity of surface moieties). These systems have been extensively and
actively investigated because they are able to store and deliver energy rapidly and
efficiently for a long life cycle via a simple charge-separation process. In addition,
their wide range of power capability makes it possible to hybridize them with other
energy-storage devices, such as batteries and fuel cells.
In this context, supercapacitors with carbon-nanotube electrodes have been

evaluated to increase their energy density [185]. For example, a SWNT electrode
exhibited the maximum reported capacitance of about 180 F/g and a power density
in the range of 6.5–7Wh/kg. Many research studies are trying to increase the
efficiency of such capacitors by adding stable pseudoeffects, for example, additional
oxygenated functionalization of CNT, conducting polymers or other electroactive
species deposited on the nanotubes [185]. ChemicallymodifiedMWNTs are also used
as a conductive filler for porous carbon materials for high-power supercapaci-
tors [186]. However, there is still an important search for new or optimized carbon,
materials especially with well-controlled nanostructure and surface functionality in
order to improve the storage capacity and the cyclability of the power supply.
Among solar cells, the silicon-based photovoltaic ones are the only ones that have

reached solar-energy conversion efficiencies of >25% [20]. However, this technol-
ogy requires environmentally hazardous processing and has proven to be too
expensive to replace nonrenewable energy sources for widespread application. A
different option is to use organic thin films of conjugated polymers, which,
although having relatively low conversion efficiencies (<5%), would be lower in
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cost compared to silicon-based technologies [20]. Conjugated polymers are able to
absorb a photon and generate an exciton that can dissociate into an electron–hole
pair under the strong electric field found at polymer/metal interfaces. The most
efficient design for organic solar cells uses a bulk heterojunction composite of a
conjugated polymer with nanoscale electron acceptors forming a percolating
network through the thin film. This maximizes the interfacial area between the
metal fillermaterial and the polymer, which promotes charge separation and allows
conduction of the electrons through the percolating network to be collected at the
electrode [20]. Carbon nanotubes can be a good material for forming bulk hetero-
junctions in organic solar cells [187–189]. Their high aspect ratio allows formation
of a percolating network of nanotubes at low doping levels in a polymer composite.
As one-dimensional nanostructures, nanotubes are also ideal for electron transport
as they exhibit quasiballistic features.
Carbon nanotubes have been used in different conjugated polymer matrices with

improvement in charge separation and transport [189–191]. The efficiencies of these
devices have not reached those of the silicon technology but CNT enhancement is
promising for long-term development. The incorporation of dyes and nanoparticle
hybrids in the CNTnetwork is a promising approach in the goal of increasing energy-
conversion efficiencies [20, 192].
CNTs also represent promising candidates in the field of fuel-cell systems as

supporting materials for Pt catalysts [20, 193–195]. Very promising performance is
expected for MWNTs with high reactive edge densities that can provide a support to
anchor homogeneously distributed small-sized Pt catalysts [20]. CNTs also hold
promise as electrodes for the development of biofuel cells provided their high surface
area, their possibility to be assembled in a 3D configuration, their suitable platform
for entrapment of biomolecules without loss of the bioactivity, and their excellent
electrochemical properties for establishing direct and fast electron exchange with
proteins and enzymes. All these factors are desired requirements for a good
performance in fuel cells [196].

3.5
Conclusions and Future Prospects

Without doubt, the advent of carbon nanotubes has opened up innovative perspec-
tives for research and development of carbon electrodes. In this chapter, we have
attempted to highlight the electrochemical properties of carbon nanotubes by rooting
them mainly on their structural, electronic and chemical properties. If chirality of
SWNTs could be controlled, it would be possible to probe electrochemically the
unique electronic properties of the tubes with their corresponding unique DOS
distribution and establish direct correlations between electronic structure and
electrochemistry. However, so far, most of their electrochemical applications are
based on ensembles of CNTs (MWNTs or SWNTs) in thin films supported on
conductive surfaces or composites. Such ensembles, not so well defined from the
structural point of view, contain amixture of tubes with different diameters andDOS
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distribution and exhibit basically an averaged metallic behavior with averaged
electron-transfer rates. Nevertheless, some generalizations can be made from the
behavior of such averaged CNT systems.
Due to their structure, CNTs show a remarkable richness in their surface

chemistry. CNTs show chemical and electrochemical anisotropy, with the edges
beingmore chemically and electrochemically reactive, while the walls exhibit a more
inert behavior. Therefore, a high density of CNT edges or defects is expected to
increase the electrochemical performance of the electrodes. Due to their high surface
area they show an increased current signal but also important electrocatalytical
properties reflected in an increased electron-transfer kinetics, in a similar way as that
found on edge pyrolytic graphite. Moreover, oxygenated surface functionalities can
increase even further the electrochemical performance, depending on the redox
system. However, caution in attributing such properties to different redox systems
has to be taken, due to the presence of metal impurities from the CNT growth
procedure that might bring about misinterpretations.
All these properties have revolutionized the electrochemical applications, but

perhaps, the nanometer size and high aspect ratio of the carbon nanotubes are
the distinct features that have contributed more to innovative electrochemical
applications and to establish the differences with respect to other carbonmaterials.
Thanks to this, novel electrode architectures have been accomplished, though
this field is far from being fully exploited. Such electrode configurations can
be tailored, according to electrochemical applications, from individual CNT
nanoscale devices to massive ones. For instance, an upright configuration of
CNTs, with the more electrochemical reactive sites facing towards the analytes can
greatly improve the sensitivity and detection limits in biosensors. In this context,
the use of vertically aligned CNTnanoelectrode arrays can increase even further the
detection to the range of few molecules. Additionally, they can act as molecular
wires where electroactive biomolecules can be plugged at their ends, thus facili-
tating the direct electron transfer. Alternatively, and following the continuous
search of ultrasensitive electrochemical detectors, CNTs can be used as specific
biorecognition indicators profiting from their high surface area available for
loading electroactive markers that can amplify biorecongition events. On the other
hand, the design of 3D CNT ensembles with high surface area and mesoporous
character can yield large double layer capacitances, or provide suitable electrode
frameworks for ion intercalation or catalyst entrapment/deposition, all being
important for the development of electromechanical systems or electrochemical
energy-storage systems.
However, behind the promising electrochemical devices, there are still many

fundamental issues that affect the electrochemical response and that are poorly
controlled. Such issues can be found right from the first steps of CNT growth,
purification, separation, and so on. For instance, there are many unsettled issues in
the fundamental CNTgrowthmechanism, henceCNTgrowthwith controlled length,
diameter and chirality is still not possible. Other difficulties comprise the removal of
metal impurities from the tubes, the lack of practical techniques for CNTseparation
according to their chiralities and hence electronic properties, the control of defects/
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surface oxides in CNTs, the difficulties in CNTsolvent dispersion, difficulties in CNT
electrode designs, and so on.
Advances in such issues could further improve nanotube uniformity, decrease the

dispersion in the results of different research groups, improve the device efficiency
and also provide further insights into fundamental electrochemical questions.
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4
Electrochemistry of Electroactive Surface-Immobilized
Nanoparticles
Daniel A. Buttry

4.1
Introduction

The lure of new physical phenomena and new patterns of chemical reactivity has
driven a tremendous surge in the study of nanoscale materials. This activity spans
many areas of chemistry. In the specific field of electrochemistry,much of the activity
has focused on several areas: (a) electrocatalysis with nanoparticles (NPs) of metals
supported on various substrates, for example, fuel-cell catalysts comprising Pt or Ag
NPs supported on carbon [1, 2], (b) the fundamental electrochemical behavior of NPs
of noble metals, for example, quantized double-layer charging of thiol-capped Au
NPs [3–5], (c) the electrochemical and photoelectrochemical behavior of semi-
conductor NPs [4, 6–8], and (d) biosensor applications of nanoparticles [9, 10].
These topics have received much attention, and relatively recent reviews of these
areas are cited. Considerably less has been reported on the fundamental electro-
chemical behavior of electroactive NPs that do not fall within these categories. In
particular, work is only beginning in the area of the electrochemistry of discrete,
electroactive NPs. That is the topic of this review, which discusses the synthesis,
interfacial immobilization and electrochemical behavior of electroactive NPs. The
review is not intended to be an exhaustive treatment of the area, but rather to give a
flavor of the types of systems that have been examined and the types of phenomena
that can influence the electrochemical behavior of electroactive NPs.
Examples of electroactive NP materials discussed in the review include TiO2,

MnO2, iron oxides, other metal oxides, hydroxides and oxyhydroxides and Prussian
Blue.Weuse the term �electroactiveNPs� to refer to the faradaic electroactivity in such
materials and to distinguish them fromNPs comprised ofmetals (such as Au, Ag, Pt,
Co, etc.) or semiconductors (such as CdS, CdSe, etc.). This distinction is based on the
ability of many electroactive NPs to undergo faradaic oxidation or reduction of all
of the metal (redox) centers in the NP. This is in contrast to the behavior of many
metal and semiconductor NPs for which oxidation or reduction is fundamentally an
interfacial, double-layer process. This definition is somewhat arbitrary, since the
smallest metal and semiconductor NPs behave molecularly, blurring the distinction
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between faradaic reactivity and double layer charging. Nevertheless, it is a useful
categorization, especially given the growing number of studies that focus on charge-
storage applications of electroactive NPs of the types described here, and the fact that
such applications benefit by having all the redox centers in a NP fully electroactive.
This review focuses on nanoparticles, namely objects that are roughly spherical.

We use the commonly accepted definition for nanoscale objects of having a dimen-
sionbelow100 nm, and so identify nanoparticles as objectswith a diameter of 100 nm
or smaller. The review does not focus on larger aspect ratio nanoscale materials such
as nanotubes and nanorods, though they are mentioned in some cases.
Both capped and uncapped NPs are discussed. Capping refers to the (often strong,

or even irreversible) adsorption of a passivating agent onto the surface of a NP.
Examples of capped NPs include SnO2 NPs capped with 3-phosphonopropionic acid
via strong adsorption of the phosphonate group at the oxide surface [11], trioctylpho-
sphine (TOP) or trioctylphosphine oxide (TOPO) capped CdS NPs [12, 13], or thiol-
capped Au NPs, often called monolayer-protected clusters (MPCs) [5]. Many capped
NPs are neutral species that are soluble in low dielectric constant solvents. However,
it is possible to cap NPs with capping agents that bear pendant charged groups,
rendering them soluble in aqueous solutions and other high dielectric constant
solvents [5]. Examples of uncappedNPs include nanoparticulatemetal-oxide colloids,
such as the negatively chargedMnO2 NPs studied by Suib and coworkers [14]. These
two types of materials, capped and uncapped NPs, exhibit different behavior by
virtue of their very different surface energies. Capped NPs tend to have very low
surface energies, which prevents irreversible aggregation [5]. Thus, they often can
be precipitated and stored as solids, and then redissolved at a later time in an
appropriate solvent. In contrast, the uncapped systems often have intrinsically high
surface energies. This allows for very strong interparticle interactions that can lead
to irreversible aggregation [15]. So, while colloidal solutions of uncapped, charged
NPs may be stable for prolonged periods, once the NPs are allowed to aggregate it is
typically not possible to redissolve them. This type of behavior influences the
methods that can be used to immobilize them, as described further below.
In keeping with the theme of this Volume, we discuss electroactive NPs that have

been immobilized at electrode surfaces, either in monolayer or multilayer formats.
As will be seen below, immobilization can be done in a variety of ways, using sim-
ple adsorption, dip coating, film casting, spraying, electrodeposition, electrophoretic
deposition, or layer-by-layer (LbL) film growthmethods. In all cases, our primary focus
is on NPs that are synthesized as discrete entities and then immobilized in some
fashion at electrode surfaces. We explicitly do not discuss nanostructured electrode
materials, which is a large area that has attracted considerable recent activity because of
the potential of such materials in battery, capacitor and fuel-cell applications [16, 17].
While such materials are interesting in their own right, their behavior is sometimes
different fromthat of electroactiveNPs.For example, inmanycases theybehave asbulk
materials with very large surface areas rather than as discrete nanoparticles.
As mentioned above, the electroactive NPs discussed here differ from typical

semiconductorNPsor cappednoble-metalNPs (e.g., Au-monolayer-protected clusters)
in an important way. Specifically, the reduction or oxidation of the metal centers in
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electroactive NPs typically is accompanied by ion insertion or expulsion in order to
achieve charge compensation. An example is the reduction ofMn(IV) centers inMnO2

NPs to give Mn(III) with the simultaneous insertion of Liþ or other cationic species
from the supporting electrolyte [18]. This ability to achieve charge compensation
throughout the NP allows for the transfer of many more electrons than is typical for
semiconductor or noble-metal NPs. In fact, provided that ionic compensation may be
achieved, electroactive NPs are generally capable of reduction or oxidation of each and
every metal center in the NP via a faradaic process. In contrast, electron transfer to
cappednoble-metalNPsandmany semiconductorNPs is fundamentally adouble-layer
chargingprocess,except for thesmallestofsuchNPs,whichbehavemolecularly.For the
larger metal and semiconductor NPs, charge compensation typically is achieved by
creation of a double layer around theNP,much like the ionic atmosphere around ionic
species in electrolyte solutions. Interestingly, this also may be an important charge-
compensation mechanism for the smallest electroactive NPs, which should be able to
achieve charge compensation either by ion insertion/expulsion or formation of double
layers around theNPs. The ability to achieve charge compensation via external counter-
ionsmayprovidesomeadvantagesintermsof theratesatwhichelectrontransfers toand
from small electroactive NPs may occur, since diffusion of the charge-compensating
ions within the (solid) NP material, which is often rather slow, need not occur.
As mentioned, the possibility for complete reduction of the metal centers in

electroactive NPs is in contrast to the behavior common for capped noble-metal NPs
or semiconductor NPs, such as CdS, which are often reduced or oxidized by numbers
of electrons considerably smaller than the number of metal centers in the NP. For
example, 11 nm Ag NPs, which accommodate charge via bulk-like (i.e. continuous)
double-layer charging, can accept approximately 1600 electrons over a 1V potential
excursion [5, 19]. But, this number of electrons is far below the number of Ag atoms in
the NP, which can be estimated at about 50 000 using simple geometric arguments.
Similarly, well-characterized capped Au NPs with 140 Au atoms in their core and
diameters of 1.6nm exhibit quantized double-layer charging and accommodate only 8
electrons over a 1V potential excursion [5]. Again, the number of charges accommo-
dated is far below the number of metal atoms in the core. Semiconductor NPs are
similar in this way to noble-metal NPs. In many cases, semiconductor NPs have been
observed to accommodate only oneor a fewelectronic chargesoverquite largepotential
excursions [6]. This is in part due to their large bandgaps. Further, for some
semiconductorNPs, charge injection leads to chemical decomposition. This important
difference between (faradaically) electroactive NPs and the semiconductor and noble-
metal NPs described above makes electroactive NPs of particular interest for charge-
storage applications, such as batteries [20].

4.2
Synthetic Approaches and Characterization

Inmany cases, the electroactive NPs of interest here can be considered to be colloidal
materials. Thus, many of the approaches to their synthesis rely on reaction types and
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conditions that can be found in the early colloid literature. For example, over one
and a half decades ago Matijevi�c summarized a large body of work on methods
for producing uniformly sized, micrometer to submicrometer diameter inorganic
particles using aqueous-solution methods [21]. Presaging more recent studies of
core–shell nanoparticles, he also described several approaches for producing both
coated and hollow particles. Common synthetic routes to inorganic particles include
hydrolysis of soluble precursors and thermal decomposition of precursors, both of
which can give colloidal solutions of NPs [21]. Hydrolytic methods are often used to
produce metal oxides, hydroxides or oxyhydroxides, while thermal decomposition of
metal complexes is often used to produce oxides. Direct precipitation also can be
used, for example, to produce metal phosphates [22]. Another common synthetic
route takes advantage of redox reactions of metal precursors that produce insoluble
oxidation states. An example is the controlled reduction of MnO4

� with butanol to
give negatively charged MnO2 nanoparticle colloids [14]. These colloid methods
rely on the production of charged particles that are stabilized toward aggregation
by like charges. As will be seen below, these charges also can be used in immobiliza-
tion schemes, such as layer-by-layer film formation in which electrostatic forces
between oppositely charged NPs and polymers are used to form and stabilize
the films. When NP synthesis is carried out near room temperature, it is possible
to produce (metastable) phases that are different from those obtained via high-
temperature processes. For example, MnO4

� reduction as described above produces
a layered, birnessite-like MnO2 structure, while higher-temperature routes to MnO2

often produce spinel-like structures [14].
Electrochemical processes also can be used to deposit NPs directly onto electrode

surfaces [23]. For example, MoO3 NP deposits on highly oriented pyrolytic graphite
(HOPG) surfaces have been prepared by electrodeposition of Mo metal followed by
air oxidation to give NPs or nanowires of MoO3 [24, 25]. Also, controlled electro-
chemical reduction of MnO4

� was shown to produce MnO2 NPs that coalesced into
nanowires as additional material was electrodeposited [26]. In such cases, control of
the nucleation and growth of the initially deposited nuclei is critical to control the
size of the deposited NPs. Electrodeposition into templates also has been used to
prepare electrode surfaces decorated with nanoscale electroactive materials [27].
However, thismethodhasmostly beenused to prepare high aspect ratio nanotubes or
nanorods, which are not a subject for this review.
Solvothermal methods have also been used for synthesis of electroactive NPs

[28, 29]. In this approach, high-temperature reaction conditions are employed,
usually above the boiling temperature of the solvent. When done in water, the
process is referred to as hydrothermal synthesis. In water, themethod often employs
surfactants, so that surfactant assemblies can serve as templates for the resulting
nanoscale materials. These syntheses take advantage of the higher solubilities and
reactivities for most reagents at elevated temperatures. An interesting variation on
these methods involves the use of microwave reactors, which facilitate the rapid
achievement of high temperatures [30]. This offers good control over nucleation and
growth processes, giving excellent control over particle size and dispersity. Many
different types of materials have been prepared in this way, including nanoparticles,
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nanotubes, nanorods, and so on. For example, nanoscale manganese oxides and
oxyhydroxides have been prepared using such approaches [31].
Many different high-temperature syntheses have beendeveloped based on thermal

decomposition of precursors, often organometallic compounds. These methods can
be used to produce solutions of NPs that are encapsulated by organic capping
agents and, therefore, are soluble in organic solvents. In contrast to the colloidal NPs
described above, these cappedNPs typically are not charged. These high-temperature
methods can give exquisite control over size, shape and composition. Several reviews
give lucid descriptions of the key issues that control these properties [12, 13, 32]. Two
of these reviews focus on synthesis of semiconductorNPs, such asCdS andCdSe [12,
13], while the third focuses on magnetic NPs, such as iron and cobalt oxides [32].
While these reviews do not explicitly discuss electroactive NPs, the general ap-
proaches they describe for synthesizing metal-containing NPs via high-temperature
routes are relevant to the present case. All of the synthetic schemes discussed above
may be adapted to produce core–shell or other more exotic materials, such as NPs
with branched structures. Figure 4.1 gives an example of the production of iron-oxide
NPs using two different thermal decomposition routes [32].
Sonochemical routes also have been used to produce electroactive NPs. For

example, metal hydroxides containing Ni(II), Co(II) and mixtures of both have been
prepared from the appropriate metal nitrate salts using ammonium hydroxide as the
hydrolytic agent [33, 34]. This route producesmetal-hydroxide NPs with diameters in
the range of 2–10 nm. This method has been extensively applied in the synthesis of
a wide variety of materials, including nanomaterials [35].

Figure 4.1 Synthetic scheme for production of iron-oxide NPs
using a thermal-decomposition route. From reference [32] with
permission.
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One often desires knowledge of both the average size and the size dispersity of the
NPs produced from the syntheticmethods described above. Several different types of
tools are used for this purpose, including ultraviolet-visible spectroscopy, dynamic
light scattering, X-ray diffraction and electron microscopy. A recent review on iron-
oxide NPs gives brief discussions of these [36]. Optical spectroscopic methods
are very commonly used to assist in size determination of metal and semiconductor
NPs, because the electronic states involved in the optical transitions are delocalized
enough to �sense� the boundaries of the NP. For example, the absorption associated
with the bandgap in semiconductor NPs undergoes a blueshift with decreasing NP
diameter, which can be used to accurately obtain the average diameter [12]. Similar
effects are observed in the emission spectra of semiconducting NPs. Metal NPs
often have plasmon resonances in the ultraviolet or visible regions whose energy or
intensity correlate with size, except for the smallest of such particles that typically do
not exhibit plasmon absorptions [3]. For the metal-oxide NPs discussed here, optical
absorption processes do not always provide such direct information on size. While
somemetal-oxide NPs do exhibit a size-dependent shift in optical absorptions, many
do not. For example, colloidal semiconducting MnO2 NPs with a layered structure
exhibit a blueshifted absorption with decreasing diameter that correlates with
size [14]. In contrast, the optical transitions for some metal-oxide, hydroxide or
oxyhydroxides NPs are highly localized, leading to optical transitions that do not
provide information on size [32]. Thus, in many cases, other techniques must be
used. X-ray diffraction peakwidths anddynamic light scattering have been employed,
both of which provide size information that is averaged over the entire sample
population [36]. Electron microscopies provide perhaps the best information on
size [37]. Scanning electronmicroscopy, especially withfield emission sources, offers
high enough resolution to give images of NPs with diameters approaching the 10s
of nm range, and is being used increasingly to characterize NPs at surfaces [38].
Transmission electron microscopy (TEM) provides perhaps the ultimate in high-
resolution imaging, and has been verywidely used to obtain size information onNPs.
However, because TEM images cover only a very small portion of a given sample, it is
important to observemany areas in a given sample anduse a statistical representation
of the data (e.g., a size histogram) to report size information. There are limitations to
the use of high-resolution electron microscopies. For example, it has been shown
recently that overexposure to the electron beam can cause evolution of the structures
of nanoparticles during TEM imaging, causing solid NPs to evolve into hollow
spheres [39]. Thus, care must be taken in using such techniques.

4.3
Immobilization Schemes

Several approaches have been described for the immobilization of NPs at electrode
surfaces. The simplest is direct adsorption of the NP from solution onto an electrode
surface. This method takes advantage of favorable electrostatic interactions between
the surface and the NPs. This has been used, for example, to immobilize TiO2 NPs
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onto boron-doped diamond (BDD) electrodes [38]. In this case, the positively charged
TiO2 NPs were adsorbed at a negatively charged BDD electrode. Figure 4.2 shows a
field emission SEM image of the TiO2 monolayer obtained in this way. The same
group has used a dip-coating/evaporationmethod to deposit TiCNPs frommethanol
solutions onto ITO electrodes [40]. In another example of using favorable electrostatic
interactions between the surface and the NPs, Liu et al. immobilized Prussian Blue
NPs at gold electrode surfaces by using cysteine anchors [41]. They first treated the
Au surface with cysteine, which produces a self-assembled monolayer with amine
groups oriented away from the surface. This surfacewas then immersed in a solution
containing a Prussian Blue NP colloid that caused immobilization of the PB NPs
at the surface. In this case immobilization probably occurs by virtue of favorable
electrostatic interactions between the negatively charged PBNPs and the protonated,
positively charged amine groups at the surface. Films of NPs also can be applied
using a spraying processes, sometimes followed by heat treatment [42, 43]. For all of
the cases described above, one might expect that the high surface energies of the
uncapped NPs drive strong attachment to the surface and/or aggregation of the NPs
once in the interfacial assembly. This may be responsible for the strong, irreversible
adsorption of TiO2 NPs onto BDD electrodes [38]. Thus, even though the NPs may
initially bear like charges, leading to repulsive interparticle interactions, the contact
that occurs between the surface and the NPs or between the NPs themselves during
film formation may lead to irreversible immobilization.
For cases in which the NPs are not soluble in the supporting electrolyte in

which they will be examined, it is possible to solvent-cast a thin film of the NPs
on the electrode surface followed by evaporation [44] or to directly apply an insoluble
gel containing the NPs [45]. In a related approach, films of anionic Prussian Blue
NPs that had been synthesized in a solution containing chitosan (a cationic glu-
cosamine polymer) were drop-cast onto glassy carbon surfaces, giving very stable

Figure 4.2 Field emission SEM image of amonolayer of TiO2NPs
adsorbed onto a highly polished boron-doped diamond electrode.
From reference [38] with permission.
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immobilization [46]. Bard�s group has used an experimental protocol in which
core–shell Ag/Ag2ONPsweremixed into a solutionwith conductive graphite powder
and Nafion. This solution was then cast onto a gold electrode for examination of the
electrochemical behavior of the Ag/Ag2ONPs [47]. Finally, NPs can bemixed directly
into carbon paste or similar formulations and then used to make paste electrodes.
Similarly, simple mechanical immobilization of electroactive NPs by pressing onto
the surface of paraffin-impregnated graphite electrodes has been described [48].
As mentioned above, electrodeposition can be used to synthesize electroactive

NPs. This method also can serve as a means to immobilize the NPs at an electrode
surface. Penner�s group has pioneered in this area [23]. They have used both metal
deposition followed by oxidation [24] and electrochemically induced changes in
oxidation states [26] to producemetal-oxide deposits on graphite surfaces. In the latter
case, they electrochemically reduced MnO4

� at graphite surfaces to produce MnO2

NPs, but did not explore the electrochemical behavior of the deposits. Another novel
approach involves the electrophoretic deposition of electroactive NPs [49–51]. For
example, WO3 NPs were deposited onto fluorine-doped SnO2 (FTO) surfaces from
methanol solutions using a two-electrode arrangement with a relatively high voltage
(300V) between the electrodes [49, 50]. Film thicknesses up to 1 micrometer were
produced. Also, diamond NPs were electrophoretically deposited onto Si substrates,
producing films with thicknesses between 1 and 10 micrometers [51]. The electro-
phoretic deposition method relies on the particles having a net surface charge, as
do many of the approaches described here. Thus, the application of large voltage
differences (up to several hundred volts) between two electrodes in a solution
containing the charged NPs can drive their immobilization at an oppositely charged
electrode. Such deposits are likely to be quite stable toward dissolution because of the
high surface energies expected for uncapped NPs.
One of the most commonmethods for NP immobilization at electrode surfaces is

the layer-by-layer (LbL) method [52]. The LbL approach takes advantage of attractive
electrostatic interactions between twofilm components to build up layers by alternate
exposures of an initially charged substrate to solutions of each of the components.
For example, Figure 4.3 shows a typical sequence used to produce a LbL film
comprised of alternating layers of a cationic polyelectrolyte and anionic NPs. As
will be seen below, this is a common approach for immobilizing electroactive NPs at
electrode surfaces. In this example, one begins with a surface that has a net, fixed
charge. This might be achieved by exposure of an indium-doped tin oxide (ITO)
electrode to a solution of aqueous base, giving a negatively charged surface via
deprotonation of surface hydroxyl groups [53]. This is followed by immersion in a
solution containing a cationic polyelectrolyte, such as poly(diallyldimethylammo-
nium)hydrochloride (PDDA),which functions as a polymeric binder.After rinsing in
purewater, the PDDA-coated ITO substrate is then exposed to a solution containing a
colloid of a negatively charged electroactive NP, again followed by rinsing. This
produces a surface coated with a bilayer of PDDA and the NP, indicated by ITO/
PDDA/NP. This procedure can be repeated many times to build up on the surface a
film comprised ofmultiple bilayers of PDDA and the NP. This is typically designated
as ITO/(PDDA/NP)n, where n is the number of bilayers. Such films are usually
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terminated with a layer of the polymeric binder that serves to stabilize the final
layer of NPs. This film would then be designated as ITO/(PDDA/NP)n/PDDA. The
procedure used to produce such films implies that the films may be layered, and
therefore fairly well organized. However, some evidence suggests that these types of
polymer/NP films are less organized than the �fuzzy� nanocomposite polymer/
polymer LbL films originally described by Decher [54]. A consequence of this is the
limited number of electroactive bilayers that can be effectively built on a substrate.
Thus, typically onefinds polymer/NPLbLfilmswith between one and30bilayers. For
thicker films, repeated cycling through the film growth steps often does not lead to
additional film growth or electroactivity, presumably because of the progressively
disorganized nature of the film structure as the film thickness increases. Many
variations on this simple LbL schemehave beendescribed, inwhich different types of
polymers and/or different types of NPs are used in the same film [52, 55]. Thus, the
approach allows considerable flexibility in film design and function [52]. Further,
newer approaches are being envisioned in which interactions other than electrostatic
forces are used to build up the assembly [55]. For example, hydrogen bonding and
covalent-bond formation are now being used in LbL film formation. The inherent
ease and flexibility of the LbL method have caused it to be widely used as an
immobilization strategy for examining the electrochemistry of NPs at modified
electrode surfaces.
The nature of the LbL film structure puts the NPs into close proximity to one

another. Thus, for cases in which the NPs are electroactive, charge propagation
through the films seems most likely to occur by electron exchange, first between the

Figure 4.3 Outline of LbL assembly through electrostatic
interactions. From reference [52] with permission.
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electrode and the layer of NPs closest to the electrode surface and then by electron
exchange between the NPs in the film. Thismechanism has been described for thiol-
capped Au NPs in LbL films [5]. This allows electron propagation through the bulk
of the film. However, there may be limits to this charge propagation, especially for
thicker LbLfilms. For example, Torresi and coworkers described LbLfilms comprised
of PDDA and MnO2 NPs in which charge propagation became ineffective beyond
about 12 bilayers [18]. Note also that for NPs with high surface energies, incorpo-
ration into a LbL film may cause the NPs to form strong, even covalent, interparticle
contacts. In such cases, it may not be appropriate to view electron propagation
through the film as arising from electron exchange between isolated, discrete NPs.
We turn now to discussion of the specific types of electroactive NPs that have

been described. The NPs are grouped according to the composition of the electro-
active NP rather than the method of immobilization. In most cases, metal-oxide/
hydroxide/oxyhydroxidesmaterials are grouped together using a formulation such as
�MOx�, to indicate the different compositions and redox states of the metals that may
be described.

4.4
Metal Oxides

4.4.1
TiOx

Pletcher�s group at Southamptonwas one of thefirst to examine the electrochemistry
of films prepared from initially discrete metal-oxide nanoparticles [43, 56]. They
prepared films of 21 nm diameter TiO2 from Degussa by spraying solutions of the
TiO2 NPs onto a Ti wire followed by heat treating. SEM revealed a high surface area
deposit. There was no clear evidence for discrete 21 nm building blocks in the film,
suggesting extensive sintering during the heat treatment. They examined the
voltammetry in aqueous 1.0MNaOHand observed a reversible set of peaks centered
at �0.96V vs. SCE. These were attributed to reduction of Ti(IV) to Ti(III). However,
the charge for this reduction was far too small to derive from all of the Ti(IV) centers
in thefilm. In fact, it was too small even to arise from the interfacial Ti(IV) sites, based
on a geometrical estimate of the film surface area. Interestingly, they observed an
increase in the charge for this interfacial redox process when the electrodes were
cycled over the Ti(IV)/Ti(III) wave in the presence of Fe(CN)6

3�. They attributed this
increase in charge to an increase in surface caused by corrosion during the cycling
experiment. In a companion study they deposited Pt particles on these surfaces and
examined the electrocatalytic oxidation of H2, CO and methanol [56].
Marken and coworkers examined TiO2 NPs in various types of interfacial assem-

blies [38, 40, 57, 58]. In their first study, commercially available 6-nm diameter TiO2

NPs were directly adsorbed onto polished boron-doped diamond electrodes from
acidic aqueous solutions containing the TiO2 sol [38]. Using field emission SEM and
STM, they observed relatively uniform adsorption of the TiO2 NPs and small
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aggregates (<40 nm) onto the BDD surface (Figure 4.2). Voltammetric experiments
were done in aqueous phosphate buffer and in NaClO4 containing various amounts
of HClO4. In phosphate buffer, two redox processes were observed in the range�1.0
to �1.5 V vs. SCE. By using NaClO4/HClO4 mixtures to study their dependence on
theHþ concentration, these were both assigned to reduction of Ti(IV) to Ti(III), with
the first reduction occurring at near-surface sites and the second (more negative)
reduction occurring at deeper sites within the NPs. The charge for the reduction at
both sites was consistent with reduction of roughly one third of the Ti(IV) sites in the
NPs. This is one of a few examples in which the electrochemical responses of sites at
the surface and within a NP appear to have been electrochemically distinguishable.
In a second study,Marken,Mortimer and coworkers examined the electrochemical

behavior of TiC/TiO2 core shell NPs [40]. First, they deposited 20–30-nm diameter
TiCNPs from amethanol suspension onto an ITO surface using an emersion/drying
technique. This produced a layer of firmly attached TiC NPs. The process could be
repeated to give a multilayer deposit, as monitored using a quartz crystal microbal-
ance (QCM) system. The electrochemical response of the TiC film showed a large,
irreversible anodic process at þ 1.0 V that was attributed to oxidation of TiC toTiO2 in
a thin layer on the surface of the NP. Thus, the electrochemical process produced a
TiC/TiO2 core–shell structure for the NPs in the film. They also demonstrated that
similar core–shell structures could be produced using thermal treatments. These
core–shell NP films were shown to be electrocatalytically active toward hydroqui-
none, ascorbic acid and dopamine oxidation. These properties were attributed to
good electrochemical activity for the TiO2 component and good electronic conduc-
tivity for the TiC component, showing a synergistic combination of the TiC and TiO2

properties.
Marken and coworkers also examined LbL films comprised of 6 nm TiO2 NPs and

Nafion, a perfluorosulfonated polymer [57]. They alternately deposited 6-nm diame-
ter positively charged TiO2 NPs and Nafion on ITO electrodes, which wasmonitored
using QCM, atomic force microscopy (AFM) and electron microscopy. Deposition
led to aggregation and the production of a mesoporous structure. The electro-
chemical properties of the films were examined in 0.1M KCl, revealing a reversible
reduction process that occurred between �0.7 V and �1.0 V vs. SCE. This is due
to the same Ti(IV) reduction described above [38]. The charge for this process
scales with LbL film thickness (i.e. number of layers) as shown in Figure 4.4. The
electrochemical responses of several cation redox couples were examined in these
films, including Ru(NH3)6

3þ , diheptylviologen and a cationic ferrocene derivative. It
was determined that, for redox couples with reduction potentials near the Ti(IV)
reduction, charge conduction through the film to the couple can occur by direct
electron propagation through the TiO2 NPs. On the other hand, for redox couples
with reduction potentials far from the Ti(IV) reduction, electron propagation through
the film to deliver charge to the redox couple was attributed to electron hopping
between redox couples incorporated (concentrated) within the film.
Marken�s group also prepared LbL films from combinations of positively charged

6-nm diameter TiO2 NPs and negatively charged 20 nm diameter Au NPs, using an
approach inwhich the polymeric binder for the LbL structure was alternated between
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Nafion and PDDA [58]. Thermal treatment of the resulting films gave a mesoporous
TiO2 matrix with Au NPs embedded within and dispersed on top of the TiO2 matrix.
Only about 10% of the Au surface area was electrochemically active, suggesting that
a large fraction of the Au NPs was not well connected to the underlying electrode
surface. These mesoporous deposits were shown to be effective electrocatalysts for
NO and nitrite oxidation.

4.4.2
MnOx

Manganese-oxide materials have been studied by several groups. These materials
are of interest for several reasons. First, there is considerable interest in theMn(IV)/
Mn(III) redox couple for energy storage, both in battery and ultracapacitor applica-
tions [59, 60]. Second, MnO2 is known to be quite a good electrocatalyst for O2 and
H2O2 reduction, as well as for the disproportionation of hydrogen peroxide, all in
aqueous base [61]. Thus, several of the studies below focus on these two aspects of the
behavior of manganese oxide.
Lvov et al. [53] prepared LbL films using anionic MnO2 NPs prepared according to

the method pioneered by Suib�s group [14]. These LbL films were prepared by
alternate exposure to MnO2 and PDDA or to MnO2 and myoglobin, which was
cationic under the conditions of the LbL film assembly. This was the first example of
LbL films containing electroactive NPs and electroactive proteins. Film growth was
monitored using optical absorption and QCM methods. Interestingly, LbL films
comprised of MnO2 and PDDA exhibited no obvious electrochemical response over
the range 0.1 to �0.7 V vs. SCE. This is in contrast to results from other studies in
which MnO2 NPs were examined in nonaqueous media (see below). However, LbL
films containing bothMnO2NPs andmyoglobin gave very well-defined Fe(III)/Fe(II)

Figure 4.4 Cyclic voltammogram for the reduction and
reoxidation of 6 nm TiO2 NPs immobilized in LbL films with
Nafion. Scan rate, 100mV s�1. Electrolyte 0.1M KCl. (i) 2 layers
TiO2, (ii) 10 layers TiO2, (iii) 20 layers TiO2. From reference [57]
with permission.
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redox responses for the heme groups in the myoglobin. These films were shown to
have good behavior for electrocatalytic reduction of O2.
Wang et al. examined the electrochemical behavior ofMnO2 in LbL films prepared

from exfoliated nanosheets of MnO2 [62]. Solutions containing the nanosheets were
prepared by exfoliation of MnO2 NPs with diameters in the range of 100 to 300 nm.
These were then used with either PDDA or poly(ethyleneimine) (PEI) to prepare LbL
films containing the MnO2 nanosheets. The electrochemical behavior of a single
bilayer of ITO/PEI/MnO2 was examined in 0.1M LiClO4 in propylene carbonate. A
chemically reversible reduction was observed at �0.6 V vs. Ag/Agþ , which was
attributed to the Mn(IV)/Mn(III) redox process. Geometric arguments were used to
suggest that all of the Mn centers in the single bilayer LbL film were electroactive.
Torresi�s group has examined the electrochemical behavior of MnO2 NPs in LbL

films in room-temperature ionic liquids (RTILs) [18]. They prepared LbLfilmson ITO
using alternating layers of anionic 5–20 nm diameter MnO2 NPs and PDDA. A field
emission SEM of such a 10-bilayer film is shown in Figure 4.5. Film growth was
monitored using UV-visible spectroscopy, AFM and QCM methods. The LbL films
were then examined in RTILs comprised of 1-butyl-2,3-dimethyl-imidazolium
(BMMI) bis(trifluoromethanesulfonyl)imide (TFSI), as well as BMMITFSI that also
contained small amounts of LiTFSI. In BMMITFSI, the LbL film exhibited a small
reversible reduction/oxidation attributed to the Mn(IV)/Mn(III) redox couple. Addi-
tion of LiTFSI to the ionic liquid resulted in a dramatic increase in the magnitude
of the Mn(IV)/Mn(III) redox wave, showing that the electrochemistry of the Mn
centers in the NPs is inhibited unless Liþ is available for insertion to achieve
charge compensation within the NPs. This may suggest that the electrochemical
response in the absence of Liþ is due to interfacial Mn sites that can achieve charge

Figure 4.5 FEG-SEM image corresponding to the surface LBL film
of 10 deposited bilayers. From reference [18] with permission.
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compensation using counterions outside of the NP, while the larger response in the
presence of Liþ may be due to the Mn centers in the interior of the NP that require
cation insertion to achieve charge compensation. Comparison of the experimental
charge with the number of Mn centers in the LbL film revealed that, even with Liþ

present, only half of the Mn centers are electroactive, in contrast to the results
reported byWang et al. above [62]. This was attributed to poor swelling of the layered
MnO2 NPs in the ionic liquid and/or to low mobility of Liþ in the RTIL. They also
used in-situ electrochemical QCMmeasurements to monitor the charge compensa-
tion in the films during the Mn-based redox process in a Liþ -containing RTIL. The
data showed that both anions and cations are transported during the redox process,
suggesting that Liþ transport is not sufficiently fast for it to dominate the charge-
compensation process.
The studies discussed above used LbL methods to immobilize MnO2 NPs at

electrode surfaces to explore their electrocatalytic and charge storage characteristics.
Another approach that has been used involves the electrochemical deposition of
manganese-oxide NPs directly onto electrode materials, or onto materials that are
later immobilized at electrode surfaces. For example, Roche et al. used a chemical
deposition method in which MnSO4 was reacted with KMnO4 (both in solution) in
the presence of a very high surface area (about 1000m2/g) carbon-supportmaterial to
deposit MnOx NPs on the C support [63]. The material is designated as MnOx/C to
indicate uncertainty regarding its exact composition and chemical state. TEM was
used to characterize the C-supported NPmaterial, revealing an average diameter for
the MnOx NPs of 3.4–4.2 nm. In addition, Ni-doped and Mg-doped MnOx also were
prepared using the same approach, except with the addition of Ni(NO3)2�6H2O or
Mg(NO3)2�6H2O to the MnSO4 solution prior to addition of the KMnO4. These
materials are designated as Me-MnOx/C. The doped Me-MnOx NPs were slightly
larger, with diameters ranging from 4.3–6 nm. These materials were then immo-
bilized on a glassy-carbon electrode from a solution containing the polymeric, film-
forming binder poly(tetrafluoroethylene) (PTFE). The electrochemical activity of
the MnOx/C and Me-MnOx/C NPs toward dioxygen reduction was examined in
aqueous base. They observed a four-electron reduction with electrocatalytic activity
rivaling that of the benchmark ETEK/Pt NP catalyst for the Ni-doped material. They
suggested that the combination of very high surface areas of both the C support and
theMnOx electrocatalyst provides a situation in which the catalytic intermediates are
trapped at or near theNP surface, so the four-electron reduction of O2 can occur. This
is one of only a few studies that used a detailedmechanistic assessment to understand
the very high catalytic activity available from nanoscale metal-oxide materials.
Ohsaka�s group has extensively examined the electrochemical behavior of both

chemically and electrochemically deposited MnO2, both as discrete NPs and as
nanostructured interfacialmaterials [61, 64–81].We focus here on twoof their studies
that exemplify the electrocatalytic nature of these nanoscale materials. In the first
effort, El-Deab and Ohsaka explored the electrocatalytic behavior of MnOOH
nanorods that had been electrodeposited onto Pt electrodes by oxidation of Mn(II) in
an aqueous solution of manganese acetate [76]. The nanorods had average diameters
of 20 nm and aspect ratios of 45 (i.e. average lengths of 900 nm) and covered nearly
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the entire surface of the underlying Pt electrode substrate. The electrocatalytic
behavior of these derivatized surfaces was then examined in O2-saturated 0.1M
KOH. They observed a significant shift of the reduction potential for O2 on the
modified surface compared to the control bare Pt surface, demonstrating enhanced
catalytic activity for the modified surface. X-ray photoelectron spectroscopy was used
to demonstrate that the origin of the enhanced activity was not due to a change in the
electronic structure of the underlying Pt substrate. Rather, the enhanced activity
was speculated to be due to a change in the orientation for the adsorbed O2 on
the MnO2/Pt surface compared to that on a bare Pt surface. They argued that
the different orientation caused a change in the pre-exponential factor for the rate
constant governing the reduction process, leading to an enhanced rate. This is one of
the few examples in which the nanoscale composite character of a metal-oxide
electrocatalyst has been invoked to explain a significant change in its electrocatalytic
activity.
El-Deab andOhsaka also explored the unique behavior of a binaryMnO2 nanorod/

Au NP electrocatalyst toward the electroreduction of O2 in aqueous base [67]. In that
study, they used electrochemical methods to deposit either MnO2 nanorods (via Mn
(II) oxidation), Au NPs and nanoclusters (via AuCl4

� reduction) or both onto glassy-
carbon electrodes. For the mixed-deposit case, the sequence of the deposition was
explored, that is, MnO2 was deposited first in one case, while Au was deposited first
in the other. They also examined the dependence of the electrocatalytic activity on
the loadings of the two components. The MnO2 deposition conditions gave spiked
clusters of MnO2 nanorods with diameters in the 100 nm range. The Au-deposition
conditions gave Au NPs with average diameters of about 50 nm, as well as small
aggregates of these NPs. The results showed that the catalyst prepared by first
depositing MnO2 nanorods, followed by deposition of Au NPs gave the best per-
formance of all the catalysts explored. This catalyst showed a four-electron reduction
of O2 with a rate comparable to that observed at a benchmark bare Pt catalyst. The
apparent four-electron reduction of O2 was attributed to a mechanism in which O2 is
first reduced to hydrogen peroxide via a two-electron pathway at the Au NPs. Then, a
rapid disproportionation of hydrogen peroxide occurs at the MnO2 nanomaterial.
The combined effect of these two processes provides an overall apparent four-
electron reduction at attractively positive potentials.
Manganese-oxide nanoparticles also have been examined with regard to their

potential use in ultracapacitor applications. For example, Hu and coworkers used
hydrothermal synthesis to prepare nanoscale Mn3O4 and MnOOH from aqueous
solutions containing 20mM Mn(CH3COO)2�4H2O via chemical oxidation [31]. In
one case, dissolved O2 was used as the oxidant. The limited availability of O2 in the
solution and the consequent simultaneous presence of Mn(II) and Mn(III) gave
Mn3O4 (hausmanite) nanocrystals with either a cubic or rhombohedral structure.
TEM images showed these nanocrystals to have average diameters of about 100 nm.
In contrast, when S2O8

2�was used as the chemical oxidant, the complete oxidation of
Mn(II) to Mn(III) led to the production of MnOOH nanorods, with diameters of
about 100 nmand lengths of severalmicrometers.Modified electrodeswereprepared
by drop-coating solutions of either Mn3O4 or MnOOH onto graphite electrodes,
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evaporating the solvent, and then coating a film of PTFE on top of the oxide coatings.
This latter procedure was used to stabilize the films toward loss from the surface. To
evaluate their capacitance, modified electrodes with the two materials were then
cycled between 0.0 and 1.0 V at 25mVs�1 for 1500 cycles in 1.0M Na2SO4. The
MnOOH material showed quite poor capacitance. However, the capacitance of the
Mn3O4 material increased with cycling, finally reaching a stable value of 170 Fg�1.
Liu and coworkers also examined ultracapacitor behavior for Mn3O4 [82]. They

used an approach similar to that employed by Hu, oxidizing Mn(II) with O2 in
the presence of multiwalled carbon nanotubes (MWNT). This produced 4–10 nm
diameterMn3O4NPs that were relatively uniformly distributed on the surfaces of the
MWNTs, as shown in Figure 4.6. Glassy-carbon electrodes were modified with the
Mn3O4/MWNTmaterial by preparing a dispersion in DMF and drop-casting a film
onto the surface. The capacitance behavior of these materials was examined by
cycling between 0.0 and 0.7 V vs. Hg/Hg2Cl2 in 2M KCl. Scan rate studies showed a
capacitance as high as 420 Fg�1 at a scan rate of 5mVs�1. Repeated cycling showed a
fairly stable response up to 400 cycles. The relatively high capacitance of the Mn3O4

phase was attributed to a redox pseudocapacitance in which reduction of Mn centers
in thematerial is accompanied by proton injection, and vice versa. The relatively poor
electronic conductivity of the Mn3O4 was thought to be compensated for by its
immobilization on MWNTs, suggesting that such nanocomposite materials may
prove useful in this and other areas.

4.4.3
FeOx

In one of the early studies of the electrochemistry of discrete electroactive NPs,
Marken�s group examined iron-oxide NPs. In their first exploration of this area they
prepared a-Fe2O3 using an aqueous hydrolysis route [83]. This produced 4–5 nm
diameter cationically chargedNPs ofa-Fe2O3 which contained about 2500 Fe centers
per NP. Immobilization was achieved by direct adsorption onto cleaned ITO

Figure 4.6 TEM showing Mn3O4 NPs on MWNT. From reference [82], with permission.
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electrodes, which was shown to be a superior substrate compared to Au, glassy C and
Pt, presumably because of the possibility of using electrostatic interactions as part
of the immobilization process. Cyclic voltammetry was used to examine the redox
behavior of theseNPs in aqueous solutions. Examination as a function of pH revealed
that at lower pH values the reduction of these NPs led to reductive dissolution of the
NPs via production of soluble Fe(II). Similarly, reduction of the a-Fe2O3 NPs in the
presence of EDTA in solution also led to rapid reductive dissolution. At higher pH
values, the electrochemical response of thematerial wasmore stable toward repeated
cycling, but was complicated by the possibility of multiple iron-oxide phases being
present. They also used ultrasound to convectively deliver the iron-oxide NPs to
electrodes in order to detect their voltammetry directly. This was done to circumvent
the rather low diffusion coefficient of 8.5� 10�7 cm2 s�1 for the NPs [83]. These
experiments were somewhat complicated by the adsorption of the NPs on the
electrode. However, conditions were obtained in which adsorption did not unduly
obscure the voltammetry of the NPs. While they were able to observe convectively
enhanced voltammetry of dissolved NPs using this approach, they found that the
effective n-value for reduction of the NPs was about 1, meaning that the NPs were
reduced by just one electron each in spite of the presence of about 2500 Fe centers per
NP. There are several possible explanations for this, including a poor electron-
transfer rate between the NPs and the surface, an inability for charge compensating
ion insertion into the bulk of the NPs and some form of aggregation in solution that
precluded the effective delivery of discrete NPs to the surface.
In an interesting extension of the work described above, the same group also

compared the electrochemistry of 8 nm diameter hydrous ferric oxide (HFO) NPs
with that of the iron-oxide cores in the iron-storage protein ferritin [84]. The
voltammetry was examined in aqueous phosphate buffer, which complicated the
situation by allowing the formation of FePO4. Thus, during the first reduction for
both types of NPs (i.e. theHFONPs and the ferritin iron-oxide cores) the first process
was reductive dissolution of the iron-oxide phase. Scan reversal then led to Fe(II)
oxidation to Fe(III), giving FePO4 which formed by reaction of the electrochemically
produced Fe(III) withHPO4

2� in the phosphate buffer. The behavior of theHFONPs
and the iron-oxide cores in ferritin was nearly identical, suggesting that the ferritin
iron-oxide cores were able to achieve facile electrochemical communication with the
electrode even in the presence of the protein coat.

4.4.4
NiOx and CoOx

Sonochemical methods have been used by the Córdoba de Torresi group to prepare
Ni(OH)2, Co(OH)2 and mixed Ni/Co hydroxide NPs [33, 34]. For the sonochemical
synthesis, the appropriate metal nitrate was mixed with ammonium hydroxide
solutions and then sonochemically irradiated for various times. This produced about
5-nm diameter metal-hydroxide NPs that were then immobilized at ITO surfaces
using a LbL approach with poly(allylamine) hydrochloride (PAH). In one study, the
electrochromic behavior of the LbL deposits was compared with that of bulk deposits
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of the samematerial [34]. The results showed that for bothNi(OH)2 andCo(OH)2, the
nanoparticulate material gave superior electrochromic efficiency (i.e. absorbance
change per unit charge) compared to bulk electrodeposits of the same materials.
They also showed slightly faster coloration and decoloration compared to the bulk
materials. The feasibility of a simple LbL approach to a two-color electrochromic
structure was also demonstrated. In a second study, 5-nm diameter NPs of a novel
Ni0.8Co0.2(OH)2mixedmaterial were prepared using a similar sonochemicalmethod
[33]. These were immobilized using a LbL protocol with PDDA as the cationic,
polymeric binder. The mixed material was shown to be a better catalyst for urea
oxidation than either of the parent, single-metal materials. It was also shown to be
about ten timesmore active than the bulk electrodepositedmaterial, presumably due
to the much larger surface area.
Hydrothermal methods also were used to prepare irregularly shaped, discrete

nanoscale materials of a-Ni(OH)2 using urea as the hydrolytic agent [48]. These
materials were incorporated into paraffin impregnated graphite (PIGE) electrodes
and examined electrochemically for their charge-storage characteristics. While they
did exhibit a Ni(II)/Ni(III) redox couple, the thermodynamically unstable a phase
was observed to reorganize to the more stable b phase during repeated cycling.

4.5
Other Metal Oxides and Metal Sulfides

Bard and coworkers reported an interesting study of the electrochemical behavior of
core–shell Ag/Ag2ONPs [47]. They used aerobic heat treatments to oxidize commer-
cially available Ag NPs with diameters under 100 nm. If conditions were properly
controlled, they showed that surface oxidation of the Ag NPs could be achieved,
producing core–shell Ag/Ag2O NPs. These were then incorporated into film-casting
gels that also contained graphite (for enhanced conduction) and Nafion (for film
stability). Using these gels, the core–shell NPs were immobilized at gold electrodes
for examination using cyclic voltammetric methods. They showed that reduction of
the Ag2O could be used to assay the amount of silver oxide in the shell part of the
core–shell NP. Combined with the charge for subsequently oxidizing all of the silver
(i.e. both the original core component and the silver metal produced reducing the
Ag2O shell), this provided a method to quantitatively measure the amounts of both
the core and shell components.
Yuan and coworkers reported the incorporation of 1–3-nm diameter CuO NPs

directly into castNafionfilms [85]. In their experiments theNafionfilmswere cast onto
Pt electrodes and the CuO NPs incorporated by simple soaking, suggesting that the
CuO NPs were cationic under the conditions of preparation. Voltammetric investi-
gations showed a clear Cu(II)/Cu(I) redox process at about �0.3 V vs. SCE. A second
process at�0.8V was assigned to the Cu(I)/Cu redox process. However, the appropri-
ate controls were not shown, and it is not clear whether this second process might be
attributed to hydrogen adsorption on the underlying Pt electrode. The Cu(II)/Cu(I)
redox couple was shown to be a good electrocatalyst for hydrogen-peroxide reduction.
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McKenzie and Marken examined the electrochemical behavior of hydrous RuOx

NPs immobilized onto boron-doped diamond electrodes [86]. Both small (1–2 nm
diameter) and large (8–14 nm diameter) NPs were prepared. Just as for the TiO2

NPs discussed in an earlier section, these hydrous RuOx NPs adsorb readily and
irreversibly onto BDD electrodes, giving roughly monolayer coverage. Cyclic voltam-
metric investigation revealed a prominent redox process at þ 0.82V vs. SCE at pH 7
that was attributed to the Ru(III)/Ru(IV) redox process. The Nernstian pH depen-
dence of the redox wave was consistent with a 1e�/1Hþ redox process, suggesting
proton insertion into the NP during reduction and vice versa. Both types of NPs were
shown to be good electrocatalysts for the hydrogen-evolution reaction, with the
smaller NPs being more active.
Fujishima and coworkers reported amethod to electrochemically deposit IrOxNPs

at BDDelectrodes [87]. The deposition processwas based onpreparation of a solution
containing hydrolysis products of IrCl6

3� and oxalate, followed by anodic electrode-
position of IrOx from this solution onto an anodically pretreated BDD electrode.
They showed that for conditions under which only limited deposition was allowed
to occur it was possible to deposit about 30 nmdiameter IrOxNPs that were relatively
homogeneously distributed across the surface. They examined these deposits for
hydrogen-peroxide oxidation and observed significant oxidative current at potentials
as low as þ 0.35V at pH 7.
In an effort directed at electrochromic applications, Dillon and coworkers devel-

oped a novel electrophoretic deposition method to immobilize nanoparticles of
WO3 at fluorine-doped SnO2 (FTO) electrodes [49, 50]. The NPs were prepared using
a chemical vapor deposition process that had been previously described, giving
nanorods with lengths and widths in the 10–100 nm range. Electrophoretic deposi-
tion was achieved by applying a large voltage difference (300V) between the FTO
working electrode and the counter electrode. Electrochemical studies of theWO3NPs
revealed that they had far superior charge capacities per unit mass than either
amorphous or crystalline materials. Further, they were much more stable toward
repetitive cycling. The electrochromic efficiencies were better than those of the
amorphous and crystalline comparatormaterials when theWO3was prepared under
oxygen-deficient conditions.
Rao, Jayalakshmi and coworkers have prepared NPs of SnO, SnS and ZnS in order

to study their capacitance behavior [88–90]. The metal oxide and metal sulfide NPs
were prepared using hydrothermal methods. After immobilization in PIGE electro-
des, their electrochemical properties were examined. Capacitance values in the
4–15 Fg�1 were reported for SnS. Comparable values were reported for ZnS.

4.6
Prussian Blue and Its Derivatives

Prussian Blue (PB) has been known for many decades, originally because of its
wide use as a pigment and later because of its interesting redox properties [91]. PB is
comprised of Fe(II) and Fe(III) centers, CN� ligands and Kþ counterions. It has a
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face-centered cubic structure in which the transition metals are bound at opposite
ends of CN� bridging ligands and the Kþ ions occupy the cubic voids [91]. When
prepared as a nanoparticulate colloidal material, the ability of the Kþ counterions to
dissociate from the NPs can lead to a net negative charge on the NP, as shown in
Figure 4.7 [92]. This stabilizes the PB NPs against aggregation. The parent material,
PB, is formed by reaction of K3Fe(CN)6 with a soluble source of Fe(II) (often FeCl2) to
give KFeIII[FeII(CN)6], an insoluble 3-dimensional solid. Other derivatives also can be
formed by reaction of ferricyanide or ferrocyanide with different metal cations. In
spite of a deceptively simple structure and composition, PB and its derivatives exhibit
a complex set of properties. This is because the material can exist in multiple redox
states and because the electron-transfer processes to reach some of these redox states
require simultaneous transport of charge-compensating counterions into or out of
the cubic lattice. For example, reduction of Prussian Blue to give Prussian White
(PW) typically occurs between 0.0 and 0.2 V vs. SCE in aqueous solutions containing
Kþ counterions [91, 93]. This reduction is accompanied by the insertion of charge-
compensating cations into the cubic lattice, as shown in the following equation.

KFeIII½FeIIðCNÞ6� þ 1 e� þ 1 Kþ $ K2Fe
II½FeIIðCNÞ6�

Prussian Blue Prussian White
ð4:1Þ

PB also can be oxidized to give first a green material, Berlin Green (BG), in the
partially oxidized state, and then finally a yellow material, Prussian Yellow (PY), in
the fully oxidized state. This oxidation typically occurs between 0.8 and 1.0 V vs.
SCE. The complete oxidation of Prussian Blue to Prussian Yellow is shown in the
following equation.

KFeIII½FeIIðCNÞ6� $ FeIII½FeIIIðCNÞ6� þ 1 e� þ 1 Kþ

Prussian Blue Prussian Yellow
ð4:2Þ

In aqueous solutions containing Kþ counterions this oxidation typically occurs
near 0.8 V vs. SCE. Other counterions besides Kþ may be incorporated into PB and
its derivatives, changing the energetics of the various redox transitions. The ability to
reversibly oxidize or reduce all of a given type ofmetal center in PB and its derivatives
endows PBwith behavior similar to that described above formany other electroactive
NPs.

Figure 4.7 Synthetic scheme for synthesis of colloidally stabilized
PB NPs. From reference [92] with permission.
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PB and its derivatives are of interest for a variety of reasons, the most important of
which is its electrochromism [93]. In addition, it is an electrocatalyst for several
different types of substrates, notably hydrogen peroxide, as will be seen below.
Synthesis of nanoparticles of Prussian Blue is relatively straightforward. It relies on
many of the principles of colloid chemistry, andproduces ionically stabilized colloidal
solutions (Figure 4.7). As a consequence, the electrochemical behavior of PBNPs has
been examined by several groups. In this section, we discuss the behavior of PB NPs
immobilized at electrodes.
Chen and coworkers were the first to describe the electrochemical behavior of

PBNPs [41]. They prepared solutions of PBNPs by reaction of Fe(III) with Fe(CN)6
3�

in the presence of H2O2, giving 30–50-nm diameter NPs. These were then
immobilized at cysteine-modified Au electrodes with pendant amine groups by
prolonged (10 h) exposure of the modified electrode to a solution of the NPs. This
produced a monolayer of immobilized NPs that was subsequently examined using
cyclic voltammetry. Interestingly, they observed two redox processes near 0.25V vs.
SCE rather than the single process typically observed. One of the peaks exhibited a
dependence of current on scan rate (linear plot of I vs. n1/2) consistent with diffusion,
while the other had behavior consistent with a surface process (linear plot of I vs. n1).
Thus, they attributed the latter to a redox process of Fe sites at the surface of the PB
NPs and the former to Fe sites within the interior of the NPs. However, this appears
unlikely since the ratio of the charges they observed is far larger than the ratio of
surface to bulk Fe sites in a 30–50-nm diameter NP. Nevertheless, they were the first
to propose different behavior for surface and bulk redox sites in PB NPs.
Hammond�s group has investigated several aspects of the behavior of PB NPs,

including electrochromism [92], multicolor electrochromism in LbL nanocomposite
films comprised of PB NPs and polyaniline [94], and controlled-release processes
from LbL films containing PB NPs [95]. They described a simple synthetic route to
negatively charged PB NPs in which a fivefold excess of Fe(CN)6

3� is reacted with a
soluble Fe(II) reagent (Figure 4.7). This gives deep blue, stable solutions of PB NPs
with diameters ranging from 1–15 nm and an average diameter of 4–5 nm. These
negatively charged PB NPs were then assembled into LbL films using PEI as the
cationic polymeric binder. As seen in Figure 4.8, two redox processes are observed for
these films, one at about 0.1 V and another at about 0.9 V. Starting from negative
potentials, the first corresponds to a colorless (PW) to cyan (PB) transition. The
second corresponds to a transition from cyan (PB) through green (BG, produced
midway through the wave) to yellow (PY, produced past the wave). Because the
Prussian Yellow state is neutral, the ionic stabilization of the LbL films was removed,
thus inducing dissolution while in this redox state. The electrochromic behavior of
the PB/PEI LbL films showed them to switch with speeds comparable to those for
bulk PB films and to have electrochromic efficiencies that were substantially
superior. This group also investigated multicolor electrochromic films comprised
of LbL nanocomposites of cationic poly(aniline) and anionic PB NPs [94]. They
showed that the PANI/PB nanocomposite undergoes an uncolored to green to blue
transition over the potential range from �0.2 to 0.6 V vs. SCE. The film switching
rates were very good, presumably due to the nanoscale PB materials used and the
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excellent electronic and ionic conductivity of the cationic PANI binder. The oxidative
dissolution behavior described above for PB/PEI LbL films formed the basis for
more recent work by that group on the use of such films in controlled-release
applications [95]. In that study they demonstratedmultiple, controlled-release events
for an anionic radiolabeled model compound, 14C-dextran sulfate, from LbL films
containing PB NPs by oxidizing the films to the PY (neutral) form. Thus, they
demonstrated the feasibility of �pharmacy-on-a-chip� applications based on electro-
chemically controlled film dissolution.
Córdoba de Torresi and coworkers reported a sonochemical synthesis of 10-nm

diameter nanoparticles of copper hexacyanoferrate (CuPB), the copper Prussian Blue
derivative, for the purposes of examining their electrochromic behavior [96]. The
CuPB NPs were prepared by sonicating a solution containing CuCl2 and K3Fe(CN)6.
These CuPB NPs were incorporated into LbL films on ITO electrodes using poly
(allylamine) hydrochloride (PAH) as the cationic polymeric binder, giving a brownish
film. Cyclic voltammetric examination revealed a single redox process at þ 0.8 V that
produced an orange film according to the redox process shown in Equation 4.3. Note
that 2e� and 2Kþ are shown to balance the redox process according to the commonly
used formula unit for CuPB, as shown [97].

K2Cu
II
3 ½FeIIðCNÞ6�2 $ CuII3 ½FeIIIðCNÞ6� þ 2e� þ 2Kþ ð4:3Þ

UV-visible studies were done that showed that the switching times and stability
towardmultiple cyclingwas excellent for thismaterial. In the context of the reports by
Hammond discussed above, it is interesting that the oxidation process described in
Equation 4.3 did not lead to film dissolution, since the net charge of the formula unit
for CuPB in its oxidized form should (at least formally) be zero. This suggests that the

Figure 4.8 Cyclic voltammetry of a 50-layer film of PEI/PB. From reference [95] with permission.
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CuPB NPs produced by the sonochemical process may have an excess of negative
charge above that available by Kþ dissociation.
Several groups have used PB NPs for electrocatalytic applications. Xian et al.

synthesized PB NPs in the presence of poly(vinylpyrrolidone) (PVP), thus producing
PVP-encapsulated PB NPs [98]. They showed that manipulation of the ratios of the
reagents used in the synthesis allowed for production ofNPswith diameters between
8 and 18 nm.Glassy-carbon electrodes weremodifiedwith these NPs by drop-casting
the PVP/PBNP solution onto GC followed by application of a Nafion film to stabilize
the film. They observed multiple redox processes for these PB NPs over a potential
range in which one normally observes only the Prussian White/Prussian Blue pro-
cess, but did not attempt to assign themultiple processes. The PBNPswere shown to
serve as electrocatalysts for the reduction of the heme groups in hemoglobin.
Zhao et al. prepared magnetite (Fe3O4) nanoparticles modified with electroactive

Prussian Blue [44]. These modified NPs were drop-cast onto glassy-carbon
electrodes. They observed the redox processes commonly observed for PB (similar
to that seen in Figure 4.8), and also demonstrated that the Prussian White material
produced by PB reduction at 0.2 V served as an electrocatalyst for H2O2 reduction.
They also prepared LbL films in which PB NPs and glucose oxidase were alternated
between PDDA layers [99]. These were demonstrated to act as electrocatalysts for
H2O2 reduction. Based on the ability to sense the product of the enzymatic reaction,
these structures were shown to act as glucose sensors.
Phani and coworkers developed a novel method to prepare core–shell Au/PB

nanoparticles on glassy-carbon electrodes [100]. In their approach, gold NPs were
electrodeposited onto glassy-carbon electrodes. These electrodes were then cycled
in solutions containing Fe(CN)6

3� under conditions in which the Au NPs would
undergo gold-oxide formation and stripping. When done in an unbuffered aqueous
solution, the decrease in interfacial pH caused by gold-oxide formationwas proposed
to cause decomposition of Fe(CN)6

3�, ultimately leading to deposition of PB on the
previously formed AuNPs. These novel nanocomposites were demonstrated to serve
as effective electrocatalysts for H2O2 reduction.
In a similar study, Xia and coworkers examined the electrocatalytic behavior of

core–shell Au/PB NPs toward H2O2 reduction [101]. These workers prepared 12-nm
diameter Au NPs using a well-known route in which AuCl4

� is reduced by citrate.
They then generated PB in a solution of these AuNPs, producing 30–60 nmdiameter
core–shell Au/PB NPs, designated as PB@Au. They modified ITO electrodes using
this material in two ways. In one approach, they formed LbL films of the type
ITO/(PAH/PB@Au)n using a standard LbL protocol. In a second approach, they
sonicated solutions containing both PAHand PB@Au and then drop-cast films from
this solution directly onto ITO electrodes. Both films showed the expected PB/PW
redox couple between 0.0 and 0.2 V vs. SCE. Examination of the electrocatalytic
activity of these films toward H2O2 reduction showed that the PW form of the LbL
film was effective as an electrocatalyst for this reaction.
Li and coworkers used LbL techniques to immobilize 10–15-nm diameter PB NPs

at ITO electrodes where positively charged polyoxocations of Al13 Keggin ions were
used as the cationic binder for the LbL structure [102]. These novel films were shown
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to exhibit normal, stable redox transitions for PB, as exhibited by two waves at 0.2 V
and 0.9 V vs. SCE for the PW/PB and PB/PY redox processes, respectively. The PW
formof the LbL filmswas shown to be an effective electrocatalyst forH2O2 reduction.
Niu and coworkers prepared LbL films comprised of PB NPs and a novel

polyelectrolyte-functionalized ionic liquid (PFIL) [103]. The PFIL was based on a
PEI backbone with a covalently attached imidazolium group. They compared LbL
films comprised of ITO/(PFIL/PB)10 and ITO/(PDDA/PB)10 with respect to the
charge for the PB redox processes and the ability of the PB NPs in the films to
electrocatalyze the reduction ofH2O2. Both the charge for the PB reduction in the LbL
films and the electrocatalytic currents for H2O2 reduction were larger for the ITO/
(PFIL/PB)10 film than for the ITO/(PDDA/PB)10. They speculated that this may be
due to an increased quantity of PB in the PFIL-based film.
Mao and coworkers reported a novel synthesis of 20-nm diameter PBNPs in a 1-n-

butyl-3-methylimidazolium hexafluorophosphate ([Bmim][PF6]) ionic liquid [45].
The PB NPs were synthesized using a sonochemical approach from FeCl2 and
K3Fe(CN)6 precursors. The resulting PB NP solution in [Bmim][PF6] was mixed
with 5,10,15,20-tetrakis (4-methoxyphenyl) 21H, 23H porphine cobalt(II) (CoP) and
multiwalled carbon nanotubes. This produced a black gel that was subsequently
coated onto glassy-carbon electrodes. These coated electrodes were then examined as
to their electrocatalytic reactivity toward O2 reduction. The strategy behind the work
was to use the CoP component to electrocatalyze the two-electron reduction of O2 to
H2O2, and then to use the PB NP component to reduce the resulting H2O2 to water.
Rotating ring disk experiments demonstrated that this novel composite catalyst did,
indeed, catalyze the overall four-electron reduction of O2. However, the potential at
which the process occurred was not as attractive as it would be for a direct four-
electron reduction, as expected for a sequential process.
Li and coworkers reported a synthetic approach to PBNPs in which Fe(CN)6

3�was
first electrostatically bound to chitosan (a natural, polycationic glucosamine polymer)
in solution, followed by addition of Fe(II) to the vigorously stirred chitosan-Fe(CN)6

3�

solution [46]. This produced chitosan-capped PB NPs that were very stable toward
aggregation. They showed that the diameter of the PB NPs could be controlled
through the ratio of chitosan to the iron-containing reagents in the syntheticmixture.
As expected, higher chitosan concentrations produced smaller NPs, with the range of
diameters being 5–20 nm. Thin films of the chitosan-capped PB NPs were drop-cast
onto glassy-carbon electrodes for electrochemical examination. Two redox waves
were observed at 0.2 V and 0.9 V vs. SCE for the PW/PB and PB/PY redox processes,
respectively. These films were shown to be modestly active toward electrocatalysis of
H2O2 reduction.

4.7
Concluding Remarks

Thework described above constitutes the beginning of a newarea inwhich the faradaic
electrochemistry of discrete, electroactive nanoparticles is explored, both from a
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fundamental standpoint and for various types of applications. Overall, the types of
phenomena that distinguish the behavior ofNPs from their bulk-material counterparts
are (1) the possibility of observing a significant fraction of the redox process for a given
NP tooriginate from interfacial redox sites (whichmayhave intrinsically faster electron
transfer and ionic compensation processes), (2) the possibility of shorter times
required for charge-compensating ions to access all of the electroactive sites in the
NP, (3) the significantly enhanced surface areas of NPs, which allow for more entry
points for these same ions, as well as providing more active sites for cases in which
surface structures on the NPs are involved in electrocatalytic processes. While the
phenomenological observations of faster redox processes for electroactive NPs com-
pared tobulkmaterials andhigher electrocatalytic activity described above can certainly
be explained on the basis of these types of phenomena, much work remains to
characterize and more fully exploit these phenomena.
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5
Structure, Electrochemistry and Applications
of Self-Assembled Monolayers of Thiols
Manfred Buck

5.1
Introduction

With reports on �a useful technique for preparing supported, orientedmonolayers� by
Nuzzo and Allara in 1983 [1] and themodification of a gold surface by a bis(bipyridyl)
disulfide to study the redox chemistry of cytochrome C [2] organosulfur compounds
were introduced as a new class of self-assemblingmonolayers (SAMs, see Figure 5.1)
in addition to carboxylic acids and silanes already studied [3, 4]. Together with gold as
a convenient, easy to handle substrate material [5], unprecedented opportunities
opened up for tailoring interfacial properties such as wetting and adhesion, charge
transfer, and chemical functionality.
The tremendous success of these systems derives from a combination of factors

that are, firstly, the flexibility in molecular structures enabling control at the
molecular level, secondly, the usually straightforward preparation from solution
and, thirdly, the possibility to produce multicomponent SAMs consisting of either a
random mixture of molecular species or well-defined patterns with dimensions
ranging from the macroscopic to the nanoscopic length scale [5–8]. The different
segments of a SAM-formingmolecule (see Figure 5.1a), encompassing a head group
for bonding to the substrate, a tail group providing chemical functionality and the
so-called spacer as a thickness- and structure-defining linker between the other
two segments, allow for a diversity of properties that results in a broad range of
applications in sensors, microfluidics, tribology and, as the focus of this chapter,
electrochemistry. However, their potential for technological applications is not the
only reason why these SAMs have seen a mushrooming interest over the past
15 years. It is also their role as model systems afforded by their adjustable properties
that allow systematic variations of parameters and, therefore, the unraveling of
details of interfacial forces [9], solvent effects [10], protein resistance [11] or charge
transfer [12, 13], to name a few examples.
With respect to the latter it was realized not long after the introduction of

organosulfur SAMs that they represent ideal model systems to study interfacial
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phenomena in electrochemistry, that is, heterogeneous charge transfer and double-
layer phenomena [12, 14–18]. However, besides the fundamental studies there have
always been major activities to harness SAMs for a variety of applications ranging
from corrosion inhibition [19, 20] to electroanalysis [21, 22]. The technological aspect
of SAMs is also underlying the selection of the topics discussed in the present review.
Discussion of the material has, on the one hand, been motivated by the potential the
author sees in the combination of SAMs and electrochemistry for the field of
nanotechnology and, on the other hand, the knowledge about factors determining
structure and properties of SAMs, required to achieve control on the ultrasmall
length scale through a precise design. There will be a focus on two particular aspects
of SAMs related to electrochemistry, namely theuse of thiol-based SAMsas templates
to control electrochemical metal deposition and potential-controlled modification of
SAMs. While these two topics are complementary in the sense that one deals with

Figure 5.1 Illustration of (a) molecular architecture of a
SAM-forming molecule, (b) an idealized SAM and (c) a more
realistic description with molecular defects (1), domain
boundaries (2) and substrate topography such as steps (3).
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SAMs controlling electrochemistry, whereas the reverse holds for the other one, both
topics are inseparably intertwined as exemplified by the underpotential deposition of
metal on SAM-modified electrodeswhere patterned SAMs allow localization ofmetal
UPD, which in turn affects the monolayer.
Given the tremendous development of SAMs over the past two decades it is clear

that this chapter is able to cover only a fraction of the spectrum of topics related to the
combination of SAMs and electrochemistry. For a comprehensive picture the reader
is referred to a number of additional review articles, one of which is the excellent and
extensive account of organizedmonolayers on electrodes by Finklea [23]. Besides this
one, which comprehensively covers the literature up to the mid-1990s, other more
focused reviews are available that address various developments over the past decade
in areas of sensor development and electroanalytical applications [22, 24–28] and
electrochemical metal deposition on SAM-modified electrodes [29, 30].
As far as SAM-controlled electrochemicalmetal deposition is concerned, substantial

interest derives from microelectronics with its need to control the generation of
interconnects and, thus, to understand the influence of organic layers on the metal
nucleation and growth. However, the scope of this topic reaches well beyond that, as
illustrated by the substantial range of potential applications where small-scaled metal
structures are of crucial importance, for example inelectrochemical [31] andoptical [32]
sensing, molecular electronics [33], for plasmonics [34], or as metamaterials [35].
The possibilities afforded by SAM-controlled electrochemical metal deposition

were already demonstrated some time ago by Sondag-Huethorst et al. [36] who used
patterned SAMs as templates to deposit metal structures with line widths below
100 nm.While this initial work illustrated the potential of SAM-controlled deposition
on the nanometer scale further activities towards technological exploitation have
been surprisingly moderate and mostly concerned with basic studies on metal de-
position on uniform, alkane thiol-based SAMs [37–40] that have been extended in
more recent years to aromatic thiols [41–43]. A major reason for the slow develop-
ment of this area is that electrochemical metal deposition with, in principle, the
advantage of better control via the electrochemical potential compared to none-
lectrochemical methods such as electroless metal deposition or evaporation, is quite
critical in conjunction with SAMs. Relying on their ability to act as barriers for
charge transfer and particle diffusion, the minimization of defects in and control of
the structural quality of SAMs are key to their performance and set the limits for their
nanotechnological applications.
For advanced electrochemical applications of SAMs in this area, their design is,

therefore, a key issue. While SAMs are often perceived to form easily well-defined
structures, a closer look into the literature reveals that thiol SAMs, in fact, very often
lack the structural quality anticipated. Contrasting their ease of preparation, orga-
nosulfur SAMs represent systems whose structure is determined by a complex
interplay of interactions and if those are not properly taken into account, a SAM of
limited structural quality and performance will result. To optimize SAMs for
electrochemical applications and to exploit their properties for electrochemical
nanotechnology it is, therefore, crucial to identify the factors controlling their
structure. For this reason we start with an account of the structural aspects of SAMs.
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5.2
Structural Aspects of Thiol-Like SAMs

The formation, structure and properties of thiol SAMs have been discussed in great
detail in a number of extensive review articles [5, 8, 44]. Therefore, starting fromsome
basic aspects only a fewmore recent developments are discussed in the following that
have been selectedwith applications of SAMs for electrochemicalmetal deposition in
mind. The discussion is focused on Au(1 1 1) since the vast majority of studies has
been done on this surface. Therefore, knowledge about formation and structure of
SAMs on Au(1 1 1) is muchmore detailed than on any other substrate, thus, allowing
for an indepth discussion. Gold, in general, has been the substrate of choice for
various reasons (e.g., cleanliness, easy availability as films) not only in electro-
chemical but also in the other countless studies of thiol-based SAMs [5]. Evaporated
gold films are commonly used where the polycrystalline Au layer either exhibits a
pronounced (1 1 1) texture (e.g., Au on Si, glass) or consists of epitaxially oriented
(1 1 1) crystallites (Au/mica). Since the (1 1 1)-oriented surface is themost relevant one,
it has alsobeen thedominatingone in studies on single crystals. Investigationsof SAM
on other low-index surfaces are scarce, in general, and electrochemical studies of
SAMs on Au (1 1 0) [45, 46] or Au(1 0 0) [47–49], in particular. Similarly, other metal
substrates such as Ag, Pd, Pt, Cu have also been studied comparatively little [5].
SAMs, in general, and thiol SAMs, in particular, are very often perceived as systems

that easily form layers of high structural quality and this view is reflected in over-
simplifying cartoons where a SAM is represented by a two-dimensional crystalline
arrangement ofmolecules on a surface, similar to the one depicted in Figure 5.1b. For
some systems one can get quite close to this ideal picture, as seen from Figure 5.2a,
however, themore common case exemplified by Figure 5.2b is quite different. While

Figure 5.2 STM images of thiols SAM on Au/mica illustrating the
range of structural qualities. (a) high-quality SAM of dodecane
thiol prepared from a solution of dodecane thiocyanate [111]
and a low-quality aromatic SAM of methylbiphenyl butane thiol
(MBP4) (b) [90].
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it will depend on the particular application to what extent deviations from structural
perfection, as shown in Figure 5.1c, compromise the performance of a SAM,
electrochemical applications are particularly sensitive to structural irregularities
such as molecular defects, domain boundaries or even larger defects such as pin
holes, as discussed in more detail in Section 5.4.3. For nanotechnological applica-
tions of SAMs the exact control of their structure becomes an increasingly pressing
issue as a factor limiting the accessible length scale.
Aiming for an exact design, that is, the ability to precisely predict structure and

properties of a SAM for a givenmolecule–substrate combination, the understanding
of the determining factors has gradually improved over the years and some design
principles have emerged. However, there is still a substantial empirical component
involved due to the fact that a SAM is determined by a complex interplay of factors,
some of which are illustrated in Figure 5.3. There is the chemisorption of the thiol
that is the energetically biggest contribution to a SAM (160–200 kJ/mole for thiols on
Au [5, 44]) and, thus, amajor driving force for self-assembly bymaximizing coverage.
Another factor refers to intermolecular interactions that, depending on the type of
molecule, comprise stabilizing noncovalent interactions such as van der Waals in
alkane thiols [4], hydrogen bonds [50–52], p–p or p–H interactions [53–56]. However,

Figure 5.3 (a) Structure-determining factors in SAMs.
Chemisorption of molecule onto substrate (1), intermolecular
interactions (2) intramolecular conformational degrees of
freedom (3) and interactions of SAM with the environment (4).
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in the case of dipolar molecules a possible counteracting repulsive contribution
can be introduced due to the alignment of molecules. The same holds if there are
directional forces through preferential interactions between tail groups that are in
conflict with the preferential packing of the spacer.While one is tempted to regard the
structure of a SAM as static, the interaction of the monolayer with its environment
canbe an important factor and, thus, exert a significant influence onto the structure of
a monolayer. This comprises conformational changes of the molecules caused by
their interaction with a solvent [10, 57], and structural transitions mediated by
interaction with ionic [58] or atomic species [59].
With regard to electrochemical applications the electric field across the SAM is

another source of structural influence, as demonstrated by the potential-dependent
switching behavior of a carboxy-terminated thiol SAM [60] and the structural
transitions observed in SAMs upon variation of the potential [48, 58, 61, 62]. From
this brief noncomprehensive account of SAM-determining factors, some of which
are in conflict with each other (vide infra), it can be easily imagined that accurate
prediction of a SAM structure can be a challenge. Several structures of similar energy
might even exist, which means that an observed SAM structure does not necessarily
reflect the thermodynamically most stable state but is determined by kinetic factors.
This is illustrated by the archetypical system of simple alkane thiols where a variety of
slightly different structures have been identified [63, 64] with one evolving only over a
long period of time [65]. A pronounced case of polymorphism has been observed for
MBPm SAMs (CH3(C6H4)2-(CH2)mSH) on Au(1 1 1) if m¼ even [66–68]. The exis-
tence of different structures energetically very close is also consistent with the
difference in structure seen between SAMs formed from mercaptopyridine and
dithiodipyridine. Contrasting the general belief derived from studies in nonelec-
trochemical environment that thiols and disulfides yield identical SAMs, different
structures were observed for the two pyridine compounds in H2SO4 and a potential
range negative of a phase transition [69].
Among the factors crucial for a SAM structure, the thiol–substrate bond has been

a subject of particular controversy overmore than 15 years. It is worth discussing the
SAM/substrate interface in some detail since it is important not only for under-
standing SAM structures in general but also for electrochemical metal deposition
when metal is intercalated at the SAM/Au interface (Section 5.4.3). As indicated
above we limit the discussion to SAMs on Au(1 1 1) as this is the interface where
theoretical and experimental work is sufficiently detailed to allow for a discussion at
the atomic level.
Based on initial models that assumed that thiols are chemisorbed as a thiolate

species into threefold hollow sites of an essentially bulk-terminated Au(1 1 1) surface,
others followed suggesting different adsorption sites [70–72], but recent experiments
have provided indirect anddirect evidence that the gold surface undergoes significant
restructuring upon SAM formation. From experiments involving a number of tech-
niques such as STM, photoelectron diffraction and X-ray diffraction [73–78] it was
concluded that gold adatoms are involved. Studies on different systems and under
different conditions, that is, alkane thiols of different chain length and different
preparation conditions/temperatures, suggested gold adatoms either located in
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between two thiolate species [73, 77] or, as part of a gold thiolate species, in between
the molecule and the Au surface [79]. This confirmed theoretical work that predicted
that a more open Au surface with vacancies is energetically more favorable for thiol
bonding compared to a bulk-terminated one [80]. Low-temperature STM experi-
ments on dimethyldisulfide (DMDS, H3CSSCH3) evidenced that Au adatoms are
located between two methylthiolate moieties (Figures 5.4a and b) Interestingly, a
combination of experiment and calculations on methylthiolate on gold found a
coexistence of structures [75] with thiolate species either in a bridge position or
present as a CH3S-Au-SCH3 complex with the sulfur atoms in on-top positions as
illustrated in Figure 5.4c. Substantiating earlier conjectures [67, 81] the restructuring
of the gold surface upon SAM formation might also explain some features of SAMs
that have not been very satisfyingly explained in the past. One point is the formation
of vacancy islands (VIs) that are monoatomic depressions in the gold substrate (seen
as dark islands in Figure 5.2b) [82, 83]. While for preparation from solution,
corrosion of the substrate could be a way for them to form [84], their occurrence

Figure 5.4 STM image and models of CH3S
on Au(1 1 1). (a) STM micrograph of stacks of
CH3S-Au-SCH3 on Au(1 1 1) recorded at T¼ 5 K.
Structure was obtained by dissociating adsorbed
CH3SSCH3 at 300 K. (b) Model of proposed
structure with gold adatoms labelled as Au.
(c) Structures of CH3S obtained by MD

simulations. At 300 K, structure with molecules
at on-top sites evolves into bridged species and a
CH3S–Au–SCH3 configuration. Ball and stick
model shows structure obtained after quenching
a 600 K MD simulation. Reproduced with
permission from Refs. [73] (a, b) and [75] (c).
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under vacuum preparation requires a different explanation. Formation of an ener-
getically favorable SAM/Au interface involving gold adatoms provides an explanation
for the previously unresolved driving force for the �ejection of extra Au adatoms� [85]
in addition to the 4.4% of a gold monolayer released upon lifting of the herringbone
reconstruction of a clean Au(1 1 1) surface. The observation of a coexistence of
thiolate–Au structures, that is, different SAM/substrate interfacial structures that are
energetically close [75], is also able to explain the dependence of VI formation on the
type ofmolecule.Whereas VIs are observed for SAMswith the thiol group attached to
an alkane chain, islands of monoatomic height of gold form for aromatic thiols [53,
86–89] and even both cases are observed for MBP1, depending on the preparation
conditions [90]. It is noted that this interpretation is not in conflict with recent STM
experiments that found essentially the same RS-Au-SR gold adatom structure for
both an alkane thiol (R¼CH3) [73] and an aromatic thiol (R¼C6H5SH) [77]. In
contrast to complete SAMs, these experiments were performed at low thiol coverage
where molecular packing effects are not important.
The possibility of a manifold of interfacial structures suggested from the work of

Mazzarello et al. [75] and an energy gain associated with a restructuring of the
interface [75, 78, 80] leads to another crucial aspect of the SAM/substrate interface,
which is thebonding configurationof the sulfur. It is theC–S–substrate bondangle that
is of particular interest here as it affects themolecular orientation and, thus, interferes
with other factors influencing a SAMstructure. Experiments onSAMsof a homologue
series of w-(40-methylbiphenyl-4-yl)alkanethiols (CH3(C6H4)2(CH2)mSH, MBPm) re-
vealed a decisive influence of the C–S–substrate bond angle on the SAM structure and
properties. The architecture of these SAMs is depicted in Figure 5.5. They consist of a
rigid biphenyl (BP) unit on top of an aliphatic chain that provides the link between thiol
and BP moiety. Varying the number of methylene units between m¼ 0 and 6, a
pronounced odd–even effect was found, that is, packing density of the molecules and
orientation of the BP moieties alternates upon variation of m between even and
odd [90–92]. Importantly, this odd–even effect is invertedwhen going fromAu(1 1 1) to
Ag(1 1 1) that evidences a directional force of the head group [91]. Phenomenologically,

Figure 5.5 Architecture of a layered SAM consisting of a rigid
biphenyl unit (BP) on top of an aliphatic spacer chain of m
methylene units. The surface-terminating tail group can be either
chemically inert (e.g., X¼CH3, H) or active (e.g., X¼CN).
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the bonding geometry of the sulfur can be approximated by an sp3 and sp-like
hybridization ongold and silver, respectively, which results in very differentC–S–metal
bond angles on both substrates. Importantly, this change in hybridization occurs also
formodificationof thesubstratesbymetalUPDas furtheroutlined inSection5.4.3 [93].
The consequences of a particular hybridization for the structure of a SAM are
illustrated in Figure 5.6 for the example of MBPmmonolayers on gold. For simplicity,
a reduced set of three different contributions to the energetics of a SAM is shown,
namely coverageq, C�S�Aubondanglef and intermolecular interactions reflectedby
their intermolecular distance r. The dependencies of the associated energiesEcov, Ebend
and Eint on the respective parameters q, f, and r are schematically represented by the
potential curves. The consequence of the directional force, arising from a preferred
value of f, is a pronounced difference between odd and even numbers of methylene
units. Form¼ odd (Figure 5.6a) all three factors contributing to the energy of the SAM
act cooperatively, that is, can adopt a minimum in energy simultaneously, as indicated
by the position of the solid circles on the potential curves, which means that one
structure should be strongly preferred. Form¼ even this is verydifferent (Figure 5.6b).
The optimum angle f no longer allows for the molecules to pack densely, that is, the
other two contributions are out of their energy minima. Conversely, a move of these

Figure 5.6 Factors determining a SAM structure
illustrated by the mutual influence of coverage q,
C–S–substrate bond angle f and intermolecular
interactions represented by distance r and their
dependencies on the molecular structure. For
the different contributions the actual position of
the systemon the potential curves is indicated by

solid circles. (a) Cooperative case. Molecular
structure allows all contributions to adopt an
energy minimum. (b) Competitive effect.
Molecular structure is such that not all
contributions can be optimized at the same time.
SAM structure is a result of balance of partially
opposing forces. For details see text.
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energies towards the minimum forces the bending potential to higher values as
indicated by the arrows. Due to this competition between factors, the system will
minimize its energy by compromising between the different contributions. Conse-
quently, such a SAM is in an energetically higher state compared to them¼ odd case,
which is what has been found experimentally. Even-numbered MBPm SAMs on Au
(1 1 1) are less stable than odd-numbered ones [94–96]. This simple model pinpoints
the challengesone is facedwithwhenaiming for aprecise designofSAMsandmakes it
understandable that even apparently small changes in the molecular structure can
strikingly alter structure and properties of a SAM. In general, one should expect a
manifold of local minima that, depending on the details of the system, might result in
closely related structures, as in the case of alkane thiols [63–65] or distinctly different
ones as found for MBPm SAMs on Au(1 1 1) with m¼ even [66–68]. The situation is
exacerbated by additional factors that add to the complexity of the energy landscape of a
SAM. Besides conformational degrees of freedom of the SAM molecules there is
anotheroneof crucial importance that is themismatchbetween the latticesof SAMand
substrate. In a simplifying picture where the bond strength between molecule and
substrate is represented by a periodic potential whose periodicity is determined by the
substrate, a mismatch between molecular and substrate lattices gives rise to
stress1) [98–100] as illustrated in Figure 5.7a that shows the side view of the SAM
in the top row, a top view of the substrate (bulk terminated for simplicity) with the
binding sites of the molecules indicated (second row) and the corrugation potential in
the third row with the molecule–substrate interaction energy indicated by the solid
circle. For a rigid molecule such as MBP0 with a minimum intermolecular distance
larger than the periodicity of the corrugation potential an ordered arrangement of the
molecules requires the adsorption sites to adopt energetically unfavorable positions.As
a consequence, stress is built up that, for example, is releasedbydefect formation in the
film resulting in small domains and anoverall poor crystallinity of a SAM.To avoid this,
either SAM-like alkane thiols can be used where geometries seem to fit or sufficient
degrees of freedom are available to accommodate lattice mismatch. This case is
illustrated in Figure 5.7b, which is analogous to Figure 5.7a but now the molecule
has sufficient conformational degrees of freedom. This reduces stress to an extent that
a crystalline packing of the molecular moieties is possible over extended areas but the
exact position of the sulfur should vary to some extent. The observation of contrast
variations in STM images has been interpreted to arise from this [81]. It is stressed that
the models depicted are rather simplistic and that a more realistic representation
should take into account that the substrate is not bulk terminated. Examples of the
effects just discussed are given in Figure 5.7c showing SAMs of MBP1 (left), MBP3
(middle) and MBP4. This series of molecules whose structures differ only in the
number of methylene units but have the same rigid aromatic system, highlights that
the design of a SAM requires themolecular structure to match the requirement of the
substrate. MBP1, which lacks a clear order, is essentially equal to the case presented in

1) In addition to the stress by lattice mismatch
there are additional electrostatic effects arising
from charge redistribution [97, 98].
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Figure 5.7 The role of stress caused by lattice
mismatch between SAM and substrate
illustrated in (a) and (b) by a cross-section of a
SAM (x-z plane), indicated adsorption sides
(x-y plane) and the molecule–substrate
interaction potential V, where the solid circles
indicate the energy of an adsorption site for a
particular SAMmolecule. (a) For rigidmolecules,
stress is mainly released by defect formation in
SAM, which results in a layer of rather low
crystallinity and small domains. (b) Molecules

with sufficient conformational degrees of
freedom allow accommodation of mismatch
between packing of rigid moieties and substrate
lattice. Different possibilities for mismatch
accommodation are indicated. Slight
displacement from most favorable adsorbate
site (1), jump to different site (2), and
restructuring of the interface (3). (c) STM images
(40� 40 nm2) of SAMs of MBP1 (left), MBP3
(middle) and MBP4 (right) all on Au(1 1 1)/mica
recorded in air. For details see text.
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Figure 5.7a except that the occurrence of islands of monoatomic height of gold
shows that the substrate also undergoes restructuring. It is noted that the influence
of lattice mismatch can be dominating with standard procedures usually applied such
as thermally promoted Ostwald ripening not improving a film structure. For the
MBP3 SAM that has been prepared at an elevated temperature of 343K one sees high
molecular order but there are substantial contrast variations, most likely due to the
reasons discussed for Figure 5.7b. Finally, MBP4 is an example where these contrast
variations are absent and the crystallinity of the layer has become exceptionally high
after the SAMhas been thermally annealed at 423K (note the difference infilmquality
to the SAM shown in Fig. 5.2b). SAMs of such low defect densitymight be valuable for
electrochemical applications, in particular for those related to nanotechnology, where
the control of defects is decisive.
The points discussed so far have been limited to forces and interactions present in

the SAMand between SAMand substrate. An additional level of complexity is added
when considering a liquid environment such as an electrolyte and the influence of the
potential on the structure of a SAM, aspects of both have been studied relatively little.
Solvent studies reported penetration of the solvent into alkane thiol-based SAMs
causing molecular reorientation and conformational changes [10, 57, 101] and as a
consequence a change in the blocking properties [102]. For alkane thiols SAMs the
structural robustness varied with film thickness and a higher degree of solvent
penetration was also found in electrochemical experiments [103]. Penetration of the
solvent might not only affect the structure of the SAM, for example, impair their
blocking properties, but might also affect charge transfer through weakening of
the S–substrate bond [104]. For aqueous systems preferential adsorption of ionic
species is another solvent effect as exemplifiedby thenegative charging ofmethyl and
ethylene-glycol-terminated alkane thiol SAMs by hydroxide ions [9]. For reactive
SAMs charging by protonation/deprotonation can occur, again resulting in changes
in the order of the SAM [105]. Adding to the influence the SAM exerts on the
interfacial solvent structure such as change of solvent density [106], a charged SAM
alters the system in different ways. The potential of zero charge (PZC) is shifted and
the course of the potential is altered that in turn affects the double layer, the structure
of the immediate SAM/electrolyte interface and possibly the SAM structure, all of
which can be difficult to separate and that can make the behavior of the system
dependent on the details of the experiment. An example is mercaptopyridine, for
which only one structure is observed in aqueous Na2SO4 over the potential range
investigated, whereas a structural transition occurs in H2SO4 [69]. This system also
illustrates another point of importance when controlling electrochemical processes
that is the potential dependence of themonolayer structure, alsowell known for other
organic adsorbates [107, 108]. It will depend on the relative strength of interactions
whether potential-induced phase transitions occur. For a short-chain thiol such as
ethane thiol (MC2) onAu(1 1 1)where intermolecular interactions arequiteweak [61],
a structural transformation occurs whereas w-(40-methylbiphenyl-4-yl)ethane thiol
(MBP2) with its rigid aromatic moiety does not exhibit any structural changes [43].
Up to now the discussion has focused on basic properties of SAMs inherent to the

particular combination of SAM-formingmolecule and substrate, as well as environmental
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conditions, that is, solvent and/or potential. The points outlined above even hold for an
idealized system, that is, a SAMformingonperfectlyflat substrate.Of course, a realistic
picture has to include further structural details that are briefly addressed here because
of their relevance for the electrochemical behavior of SAMs. Atomic steps, kinks,
corners or dislocations in the substrate and even coarser-grained defects like grain
boundaries for polycrystalline substrates, these substrate defects are mapped by the
SAM that, therefore, will exhibit structural imperfections. The restructuring of the
substrate during SAM formation, that is, creation of either VIs or adatom islands,
increases the number of these defects. The structural perfection of a SAM is further
limited by domain boundaries that, depending on the details of the SAM, such as
molecular orientation (see Figure 5.1c), can be more or less disruptive. Related to
defects in the molecular packing are kinetically trapped vacancies inside a SAM
domain. These type of defects can at best be reduced to some extent but not eliminated.
Since all these so-called intrinsic defects introduce discontinuities of varying degree in
the layer theymay compromise the properties of a SAM.Another type of defect defined
as extrinsic arise from contaminations. Present either on the substrate prior to SAM
formation, where they prohibit adsorption of SAM molecules, or being present as an
impurity in the SAM solution they can generate significant defects in the SAM. Pin
holes, that is, defects where the electrolyte comes in direct contact with the substrate or
at least very close to it, can be ascribed to this type of defects. As has been discussed in
the literature [23] and will be exemplified below (Section 5.4.3) the control of extrinsic
defects is crucial and, in fact, can become the limiting factor for the performance of a
SAM. Impurities in themolecularmaterial are an issue whose importance depends on
the details of the system.While itmightnot bea seriousproblem for strongly adsorbing
molecules such as alkanethiols, careful purification is required for molecules that
exhibit weaker interactions or exhibit a significantly slower adsorption kinetics than the
impurity. A striking example of this is the SAM formation from organo thiocyanates
that, upon cleavage of the S–CN bond, form layers chemically identical to those
obtained by thiol adsorption. Originally, the thiocyanates were reported to form SAMs
whose structural quality is inferior to ones formed by thiols [109, 110]. However, a
striking improvement in film quality resulted when using carefully purified thiocya-
nates. The achievable SAM quality is at least as good as the best SAMs prepared from
thiols [111]. In light of the fact that in chemical synthesis substances are rarely purified
to a level higher than 99% this point has to be kept inmindwhenworkingwith systems
whose tolerance to contaminations is not clear and it is obvious that this point requires
particular attention for electrochemical applications of SAMs, given the sensitivity of
their electrochemical properties to the presence of defects.

5.3
Reductive Desorption of SAMs

Similar to other fundamental studies on SAMs, alkane thiols on Au(1 1 1) have
also been prevailing in electrochemistry with, however, aromatic thiols receiving
increased attention. A major topic has been formation and stability of SAMs and
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cyclic voltammetry is the most common means of investigation. Looking at a typical
example of an alkane thiol SAM adsorbed on a Au(1 1 1) electrode (Figure 5.8), the
cathodic scan is characterized by a pronounced feature that marks the reductive
desorption (RD) of the molecules described by a one-electron transfer process
(RS þ e� ! RS�) to be discussed in more detail below. The anodic waves indicate
oxidative readsorption. It is a general feature that the readsorption signal consists of
at least two waves, which indicates a distinctly stepwise adsorption process. Since
SAM formation is not within the focus of this chapter this is not discussed any
further. For more information on this, the reader is referred to the literature that
addresses the process for alkane thiols on different substrates such as Au [45, 112–
115], Ag [115–119] orHg [115, 120, 121].We also refer to the literature for work on the
oxidative desorption of thiols [47, 68, 115, 122–124] that, compared to the reductive
desorption, is a much slower process involving transfer of electrons in several steps
and that is less defined as gold oxidation occurs at the same time.
The reductive desorption of thiol SAMs has been studied in detail, mainly for

analytical purposes since the desorption signal is sensitively dependent on the SAM
structure and properties. However, RD as a way to manipulate SAMs also bears
significant potential for applications, which is illustrated by the range of examples
including selective desorption of one type of thiol from a binary SAM [125–127],
electrochemical whittling, that is, controlled shrinking of features [128, 129], change
inwetting properties [130] or the selective desorption fromUPD-modified SAMs that
will be addressed in Section 5.4.3. Another interesting application of reductive
desorption is the generation of a composition gradient. In contrast to the normal case
of a potential gradient along the surface normal, a potential difference was applied

Figure 5.8 CV of a hexadecane thiol SAM on Au/mica recorded in
0.5m KOH at a scan rate of 20mV/s. KOH is used to shift the
hydrogen-evolution reaction negative of the thiol desorption peak.
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parallel to the surface. This resulted in stripping of the thiols only in areas of the
substrate where the potential was sufficiently negative for RD. A transition region of
the order of 200mm formed between unmodified and stripped areas where thiol
coverage continuously varied [131, 132].
Examining thiol desorption reveals that the position, shape and magnitude of

the desorption wave depend on a number of mutually dependent factors such as the
type of molecule, molecular packing, substrate structure and molecule–substrate
bonding. For some of these factors the influence on the desorption signal is well
understood, whereas for others assessment has been more difficult without a fully
conclusive answer as yet, despite several investigations over the years. One of the
obvious factors determining the desorption potential is the film thickness, which is
attributed to an increase in the intermolecular interactions and resistance to ion
penetration [23]. For alkane thiols there is a continuous negative shift in the
desorption potential by 15–20mV per CH2 group [122, 133, 134]. This length
dependence of the desorption signal has been exploited in the generation of
heterogeneous SAMs [125]. Frommixed SAMs consisting of phase-separated thiols
such as hexadecane thiol (MC16) and mercaptopropionic acid (MPA) as long- and
short-chain thiols, respectively, the shorter onewas selectively desorbed by restricting
the potential to values positive of the regionwhere the long-chain thiol desorbs. Since
the stability is affected by intermolecular interactions, a variation of the tail group also
gives rise to differences in the desorption potential. This was exploited in a study of
surface diffusion in mixed SAMs [126]. Starting from an artificially phase-separated
SAM consisting of undecane thiol and mercaptoundecanoic acid where two desorp-
tion peaks are observed, the mixing of the molecules upon annealing in water
reduced their splitting until only one peak remained, thus, indicating formation of a
homogeneously mixed SAM. It is worth noting that the carboxy-terminated SAM is
electrochemically less stable (desorption peak at �0.92�0.01V vs. Ag/AgCl) com-
pared to the methyl terminated thiol SAM with the same number of carbon atoms
(�1.01�0.01V). The difference in the desorption potentials formethyl- and carboxy-
terminated thiol SAMs was also exploited in exchange studies where, starting from a
homogeneous SAMexchange by exposure to a solution of the other typewas followed
via the shift of the desorption peak [135].
While alkane thiol SAMs exhibit a continuous shift with layer thickness, studies

of a homologue series ofMBPm thiols (see Fig. 5.5) revealed a pronounced difference
in the desorption potential between m¼ odd and m¼ even as seen from Figure 5.9
[94]. This odd–even variation, which was confirmed in another study of this
series [68], is a clear reflection of the difference in stability of these layers due to
the cooperative and competitive way the energy-determining factors enter into the
energy balance of the system, as outlined in Section 5.2. Interestingly, the shift in the
desorption potential as a function of m is identical to alkane thiols for both sets of
MBPm SAMs [94]. While this can be understood for m¼ odd that exhibit the same
packing density as alkane thiols [92, 136], it is somewhat unexpected that this value is
also found form¼ even where the intermolecular interactions should be less due to
the significantly lower packing density of the molecules. Presently, it is not clear
whether the larger tilt angle of the aromatic units for m¼ even results allows for an
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optimized interaction between the methylene spacer chains or whether it is a
coincidence that the increased conformational degrees of freedom of the spacer
chain reduces the strain on the interfacial bonding geometry and, thus, increases the
stability of the SAM by the same value as a CH2 group in alkane thiol SAMs.
Another obvious piece of information contained in the desorption signal is

coverage, which can, in principle, be determined from the integrated charge of the
desorption peak. However, a quantitative evaluation has several pitfalls. Firstly,
caution is required as, depending on the length of the thiol, the desorption potential
of the SAM might interfere with the hydrogen-evolution reaction, which adds a
background to the desorption signal. This can be suppressed to some extent by
measuring at high pH, typically above 13, but becomes increasingly critical for thiols
longer than about 10 carbon atoms. Secondly, the faradaic current due to the charge
transfer from the electrode to the sulfur is convoluted with the capacitive current
arising from the different capacities of the SAM-covered electrode and the pure Au
surface. Assuming a

ffiffiffi
3

p � ffiffiffi
3

p
structure for a simple alkane thiol SAM desorption

corresponds to a faradaic charge of 74mC/cm2. The difference in capacity between

Figure 5.9 Cyclic voltammograms of MBPm SAMs on Au/mica
recorded in 0.5m KOH at a scan rate of 20mV/s. The dotted
line highlights the odd–even effect in the desorption peak. Arrows
in MBP1 curve indicate CV scan direction. Samples were
prepared at 295 K.
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SAM-coated and clean substrates can easily reach 20mC/cm2, which means that a
simple coverage calculation from charge associated with the desorption wave is
flawed, as pointed out by Schneider and Buttry [137]. In this context it is worth noting
that the difference in capacity between SAM-coated and clean electrodes is not only
due to the introduction of a dielectric layer but depends also on the surface of the SAM
and its interaction with the environment, that is, whether the surface exhibits some
additional charges either due to ionic tail groups or due to specific interaction of the
SAM with the electrolyte.
Even if taking a possible background from hydrogen evolution and capacitive

charging into account [138] there is a third aspect, which is the neglect of the
influence of the electrolyte. Instead of describing thiol desorption as a one-electron
transfer process it should be treated as a substitution reactionwith solvent (e.g. water)
replacing the desorbing thiol according to

RSðadsÞþ e� þ xH2O!RS�ðaqÞþ xH2OðadsÞ ð5:1Þ
As a consequence, the measured charge number qm is, in general, not an integer

and can vary between 0 and 1 as a function of the applied potential, as discussed in
detail by Laredo et al. [139]. Applying chronocoulometry they found that for anMC18
layer, which in this case was formed by a Langmuir–Blodgett transfer technique, the
charge number per adsorbed molecule varies substantially with potential. At�1.0 V
vs. SCE, that is, close to the desorption potential, the average value of qmdeviates only
about 10% from�1. Towardsmore positive potentials |qm| gets substantially smaller,
which, in particular, has to be kept in mind when comparing thiol SAMs that differ
significantly in their desorption potentials. At potentials around�0.3 V where short-
chain thiols in an acidic environment desorb [61, 140] the difference from the full
electron charge can exceed 30%.A further point to note is that the value of qmdepends
on the electrolyte used and in cases where specific adsorption occurs this has also to
be considered in the thiol–electrolyte substitution reaction.
Beside stability and coverage, the third point concerned with the reductive

desorption of thiol SAMs is the shape of the desorption signal. While a single peak
is mostly observed both for aliphatic and aromatic thiols, which can exhibit some
variation with respect to its symmetry, also a double-peak structure can occur
depending on the experimental details. Exemplified by Figure 5.8, such a double-
peak structure is observed at pH > 12 for alkane thiols on Au(1 1 1) with the chain
length exceeding 11 carbon atoms [114, 141–143]. However, this does not seem to
persist since for MC22 a single peak is observed again [114]. So far this double-peak
structure is known to occur for alkane thiols and the only other example reported is
MBP6 [94] adsorbed on a Au/mica substrate. Interestingly, also for theMBPm series
the double peak seems to disappear again sinceMBP12 exhibits only one peak [94]. It
is worth noting that also for alkane thiols on Ag(1 1 1) a similar behavior is observed.
Even though a double-peak feature could still be identified forMC9, the longest-chain
thiol studied, the separationwas clearly smaller compared to the shorter analogs [144].
The occurrence of the double-peak structure in the reductive desorption wave of
alkane thiol SAMs has been the subject of some discussion. Originally, it was
proposed to arise from differently sized SAM domains exhibiting different stability
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and/or different Au–sulfur binding modes. A different interpretation was suggested
based on spectroelectrochemical studies using in-situ IR spectroscopy [142]. The
presentedmodel associates the first peak with a faradaic current due to the reduction
of thiols and the second one with a capacitive current caused by a rearrangement of
the molecules to micelles [145]. However, another study demonstrated that the
occurrence of a double-peak structure is sensitively dependent on the nanoscopic
substrate roughness [143] and vanishes if the step density is too high.Maintaining the
separation into faradaic and capacitive currents, the difference between one peak and
twopeakswas explained as a kinetic effect with smaller domains on themore terraced
surface rearranging quickly upon reductive desorption, whereas larger domains are
more stable after desorption and, thus, exhibit a delayed micelle formation. This
refined model has been challenged by another study on alkane thiol SAMs where
reductive desorption was monitored by SHG in situ and in real time parallel to the
CV [114]. Since SHGis specifically sensitive to the faradaic component in the desorption
process by probing the S–Au bond, comparison of the desorption current with the
SHG signal allows identification of faradaic and capacitive components. For all chain
lengths, irrespective of whether the CV shows a single or double peak, no indication
of a separation between capacitive and faradaic currents was found, at least up to the
point where the coverage of chemisorbed thiols was below 0.1. To explain the double-
peak structure amodel developed for describing redox processes of surface-confined
species was proposed [146–149]. Its essential point is that the shape of the desorption
peak depends on the sign and relative strength of energies describing the pairwise
interaction between the possible combinations of reduced and oxidized species. This
appears consistent with the previously made observation that the exact shape of the
desorption peak depends on the structural quality of the SAM [143].
While the desorption process has been mainly studied by electrochemical and

spectroscopic techniques ECSTM has also been applied [150–153]. Desorption was
reported to start at domain boundaries, missing rows or edges of VIs and to proceed
domainwise [151]. VIs as a characteristic feature of SAM formation remained after
desorption. A common feature in all experiments, irrespective of whether acidic or
basic electrolytes were used, was the formation of larger aggregates. Even though
their exact structure is not clear, this observation is consistent with the formation of
physisorbed aggregates suggested by the spectroscopic investigations [142]. While
STMprovides a picture at themolecular level its time resolution is rather limited and,
therefore, chronoamperometric measurements provide useful complementary in-
formation on the desorption kinetics. The current–time curves that have been
recorded for a number of different thiol layers including alkane thiols of different
chain length [154–156],mercaptopurine- [157] andbiphenyl-based SAMs [68], exhibit
a shape that is characteristic for a nucleation and growth mechanism. There is
agreement that defects play a crucial role, which is reflected by the series of curves
depicted in Figure 5.10. Increasing the time of thiol adsorption, the structural quality
of the SAM improves, thus causing themaximumof the curve to shift significantly to
longer times, in agreement with the shift of the peak potential to more negative
values [158]. To describe the desorption process quantitatively, different models have
been discussed invoking a nucleation and growth mechanism. Instantaneous and
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progressive nucleation, that is, fast and slow formation of etching centers according
to the Avrami equations, were unable to explain the data, whereas incorporation of
diffusion of the desorbed species was able to describe the experimental curves for
shorter-chain thiols such as MC4 and MC9. [154–156] Depending on the type of
thiol and the potential chosen, desorption of SAMs progressed from a mechanism
dominated by a limited number of etching centers (at less negative potentials) to a
homogeneous removal across the surface (more negative potentials). In an analogous
study the aromaticMBPmSAMswere also investigated [68]. ForMBP3 as an example
of an m¼ odd thiol the hole nucleation and growth mechanism also explained the
data. ForMBP4 as even-numbered thiol, the time-dependent current adopted amore
complex shape with an additional term introducing a power-law dependence for
the formation of active nuclei of desorption. To model the behavior of longer-chain
alkanethiols such asMC18 that exhibit a poor solubility in aqueous alkaline solutions
and for which diffusion into the bulk should, therefore, not play a significant
role [159], different models were applied by Doneux et al. [158]. These models,
proposed by Poelman et al. [160] and Mulder et al. [161], are based on order/disorder
transitions and assume that, in contrast to the above modeling, mass transport and
desorption is much faster than disordering and, thus, not rate limiting. Assuming
simple geometries for the ordered SAM domains, that is, circles and squares,
disordering/desorption starts at domain boundaries (line defects) and progresses
by shrinking of the ordered areas. In addition to this shrinking theMuldermodel also
includes nucleation and growth of internal holes, similar to the models mentioned
above. Since the key of both mechanisms is a shrinking of ordered islands it might
not be too surprising that they describe the experimental data similarly well. Fits of
the Poelmanmodel to the different formation times were interpreted in terms of an
increasing length of line defects for longer preparation times consistent with the

Figure 5.10 Current transients of the desorption of octadecane
thiol from Au(1 1 1) recorded in 0.1m KOH. The times indicate
the time of formation at a potential of �0.2 V vs. SCE. To
record the curves the potential was stepped to �1.31V. Printed
with permission from Ref. [158].
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physical picture that longer times yield larger domains due to Ostwald ripening.
A third approach to model thiol desorption has been taken by Martin et al. [162] who
applied Monte Carlo simulation. With the stripping probability of the adsorbed thiol
molecule depending on several parameters, namely potential, intermolecular forces
and substrate defects, they obtained a good correlation with experimental observa-
tionsmade in STMexperiments such as delayed stripping at step edges and aggregate
formation.
In contrast to the detailed work on the Au(1 1 1) surface, desorption studies from

the other low-index surfaces are scarce with, for example, MC9 and MC4/8 on
Au(1 1 0) [45, 46] and MC4 [47] on Au(1 0 0). Compared to Au(1 1 1) thiols are more
stable on Au(1 1 0) as reflected by a negative shift of the desorption peak by
200–300mV, which was explained by the difference in the pzc for both surfaces [46].
No obvious differences in the shape of the desorption peaks were found for Au(1 0 0)
compared to Au(1 1 1). Interestingly, for MC4 a higher thiol coverage compared to
both MC4 on the Au(1 1 1) and MC2 Au(1 0 0) was concluded from the desorption
studies. For polycrystalline surfaces the desorption signal is more complicated with
additional features, possibly due to the presence of different crystallographic
domains [94, 163, 164].
With respect to desorption experiments on substrates other than Au, Cu [165],

Ag [116, 117, 122, 134, 144], Ag-Au alloy [166], Zn [167], Pt [168], Pd [168] have
been studied. Compared to Au, the desorption potentials of alkane thiols are
significantly shifted towards more negative potentials for silver (DE¼�0.23 V) and
copper (DE¼�0.6 V). No significant differences between the three metals were
observed in the shift of the desorption potential as a function of the length of the
carbon chain [165]. To pin down the desorption potential for copper substrates for
which it is shifted into the HER region, a rotating disk-ring technique was applied.
Using a bipotentiostat, thiols desorbed fromaCudisk are oxidatively readsorbed onto
the Au electrode, which is held at a constant potential positive of that where thiols
adsorb on Au. The potential sweeps of this experiment are shown in Figure 5.11.
While the Cu disk only shows a monotonous increase in the cathodic current due to
HER but does not exhibit any feature indicating thiol desorption (Figure 5.11a), the
peak in current of the Au anode (Figure 5.11b) clearly indicates that thiol desorption
from copper occurs and that it is just masked by HER. Note the differences between
the current densities of the dominating HER for the copper electrode, reductive thiol
desorption on a gold electrode (Figures 5.8 and 5.9) and oxidative thiol adsorption on
the Au ring electrode. The significant increase in stability of thiol SAMs on Cu com-
pared to Au is of interest for applications, as discussed in more detail in Section 5.4.
With Au and Ag giving rise to distinctly different desorption potentials a study of an
Ag-Au(1 1 1) alloy surface is interesting where the composition was varied from pure
Au to pure Ag. Upon increase of the Ag concentration a peak at potentials negative of
the one for Au emerged. Notably, the peak representative for Au disappeared already at
a mole fraction of Ag of 0.5. Furthermore, the peak for a high Ag content alloy is at
more negative potentials than for pure Ag. While the reasons for this remain elusive,
oneexplanationgivenwas that for theAu–Agmixturemoreof thesulfuratomscanbind
to sites of minimum energy as compared to the more densely packed SAM on Ag.
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A case different from the ones discussed so far is desorption of alkane thiols
from Pt, where a standard CV in KOH does not exhibit a reduction peak. Originally,
it was suggested that thiol SAMs on Pt are more stable than on Au [169] the
lack of a desorption wave was recently unravelled to be due to a much slower
kinetics compared to Au. Applying a protocol that involves two steps, Williams and
Gorman [168] showed that desorption indeed takes place and that thiol SAMs are
slightly less stable on Pt compared to Au. In the first step thiols were desorbed by
holding the potential at a constant value for a fixed period of time. The degree of
desorptionwas then analyzed in a second separate experiment using ferricyanide as a

Figure 5.11 Desorption of a SAM of dodecanethiolate from a
rotating Cu-disk electrode. (a) Current measured at the Cu
electrode. (b) Current measured at a Au-ring electrode indicating
oxidative adsorption of a thiol. Electrolyte: 0.1 NaOH þ H2O
(5%) in methanol. Reproduced with permission from Ref. [165].
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redox probe and deriving the extent of thiol desorption from a change in the blocking
behavior of the SAM through the magnitude of the current in the redox waves.
Repeating this for a set of samples covering the relevant potential range enabled them
to unravel the potential-dependent desorption. This work also showed that thiol
desorption from Pd is rather different from Pt and Au since the desorption rates did
not change as a function of chain length. Formation of a Pd–S interlayer was
suggested to account for this [170].

5.4
Metal Deposition on SAM-Modified Electrodes

5.4.1
General Remarks

Electrochemicalmetal deposition on SAM-modified electrodes has been investigated
for various reasons. Focusing on small molecules such as mercapto propionic
acid [171] or sulfopropyl mercaptane/disulfide [172, 173], interest has been in their
role as additives to influence growth of metal on metal in for example, copper
electroplating [174, 175]. Furthermore, the passivating properties of SAMs in
combinationwith control of interfacial energies has been exploited for the generation
of metal structures either by use of SAM-covered substrates as mold [176] or
patterned SAMs to localize and confine metal deposition [36, 96, 177, 178]. The
molecules studied under this aspect are usually larger ones such as long-chain alkane
thiols [176] or aromatic thiols [178]. A third type of activity aims for metal deposition
on top of either aliphatic or aromatic SAMs, which is of interest for both the
generation of low-dimensional metallic systems [179–181] or providing electrical
contacts for use ofmolecular layers as active components in electronics devices [182].
Focusing on selected aspects, a few reviews have covered SAM-controlled electro-

metallization [29], [30, 183]. Reviewing work published over the past 15 years, the
following sections summarize the current state-of-the-art and discuss the different
routes currently pursued. For this purpose we first start with a brief account of metal
deposition on a clean metal substrate [29]

Menþ ðaqÞþ ne� !MeðsÞ ð5:2Þ
to provide a basis for discussion of metal deposition on SAM-modified electrodes.
The dependence of the equilibriumpotential ED for themetal/electrolyte interface on
the concentration of the metal ion in solution is given by the Nernst equation

ED ¼ E0 þ RT
nF

ln
aMenþ

aMe
ð5:3Þ

with E0 as the standard potential of metal redox couple Menþ /Me, aMenþ as the
activity of the ion in solution and aMe that of themetal, which is unity for a pure phase.
Deposition of metal starts at potentials negative of ED and continues until the ion
concentration has reached a value satisfying Equation 5.3 for a given deposition
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potential. In the potential range negative of ED, the so-called region of over-
potential deposition (OPD), bulk-metal deposition occurs. As described in detail in
Refs. [184, 185] three types of growth modes are observed on substrates different
from the depositedmetal that are termedVolmer–Weber (three-dimensional), Frank-
van de Merwe (layer-by-layer) and Stranski–Krastanov growth (initial layer-by-layer
followed by three-dimensional growth). Very often, the potential where deposition
starts is shifted to more negative values due to kinetic effects that occur if there are
energetic barriers such as SAMs.
Beside OPD it is well known that metal deposition can also take place at potentials

positive of ED. For this reason called underpotential deposition (UPD) it is charac-
terized by formation of just one or two layer(s) of metal. This happens when the free
enthalpy of adsorption of a metal on a foreign substrate is larger than on a surface of
the samemetal [186]. This effect has been observed for a number ofmetals including
Cu and Ag deposited on gold [187]. Maintaining the formalism of the Nernst
equation, deposition in the UPD range means an activity of the deposited metal
monolayer smaller than one [183].
As indicated, metal nucleation and growth is strongly affected upon modification

of an electrode by a SAM. Phenomenologically, deposition is described to occur in
three different ways [29] one of which is intercalation of the deposited metal at the
SAM/substrate interface (Figure 5.12a). For a mono- or bilayer this is formally
equivalent to UPD but like a surfactant a SAMmight also float on top of the thicker
growing deposit, thus, influencing themorphology of the deposit. Another process is
illustrated in Figure 5.12b where the metal deposition also originates at the SAM/
substrate interface but subsequently proceeds in a mushroom-like fashion. In
contrast, the third way (Figure 5.12c) is characterized by nucleation on top of a
SAMand further growth results in ametal–SAM–substrate sandwich structure. This
possibility is intriguing since the electronic properties of low-dimensional metal
deposits will be affected by the metal–SAM interaction. Given the flexibility in
tailoring surface properties of SAMs, unprecedentedways of tuningmetal properties
can be envisaged. However, the other two pathways of metal deposition also bear
significant potential for technological applications as their characteristics can be

Figure 5.12 Possibilities to deposit metal onto a SAM-modified
electrode. (a) intercalation of metal at the SAM/substrate
interface. (b) deposition originating at the substrate with
subsequent mushroom-like growth. (c) deposition on top of a
SAM resulting in a metal–SAM–metal sandwich structure.
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exploited for the generation of patterns and in the following sections all three
variations will be addressed in some detail with a discussion of the underlying
atomistic/molecular mechanisms where possible. One should, however, keep in
mind that the data basis to date is still relatively patchy, that is, discussion is some-
times based on observations for a particular metal and a particular type of SAM and,
therefore, caution might be required when generalizing things to other metals and
SAMs and/or combinations of them.
With respect to systems, copper deposition has been studiedmost but a number of

othermetals including Ag, Pb, magneticmetals such as Co andNi, metals of interest
for catalysis such as Pt or Ru or even a CoNiFe alloy have been investigated. Notably,
also some oxidic materials such as zirconia, copper zinc oxide have been deposited
on SAM-modified or SAM-patterned metal substrates. As substrate, Au(1 1 1), both
as single crystals and epitaxial films on mica, has been the most common choice.
Nevertheless, Cu has also been used with the advantage that SAMs on this substrate
are electrochemically more stable compared to gold (see Section 5.3). Reductive
desorption of the SAMatmorenegative potentials allows awider range ofmetals to be
deposited. A compilation of systems studied is presented in Table 5.1, which contains
all types of electrodeposition on SAM-modified electrodes, that is, UPD-like, mush-
room-type bulk growth and on top deposition. Systemshave been arranged according
to the type of SAMwith twomain groups, aliphatic and aromatic ones and subgroups
defined by the tail groups. For a given SAM system, the combination of metal
substrate/deposited metal is listed and further details such as the type of deposition
are provided in the following columns. From the table one can oncemore see that the
majority of work is based on aliphatic SAMs. Themore recent interest in the less well
studied aromatic thiols arises from the emerging field of molecular electronics. For
electrochemicalmetal deposition the use of aromatic-based thiols is of interest due to
the higher charge-transfer rate in conjugated systems compared to aliphatic ones and
the achievable structural perfection for some of the aromatic systems. In the
following sections we will separately look at the different routes of metal deposition
on SAM-modified electrodes.

5.4.2
On-Top Deposition

Investigations of metal deposition on top of a SAM have, in particular, been
motivated by molecular electronics where metal–SAM–metal sandwich structures
are, in principle, convenient systems to study charge transfer through molecular
systems, issues related to contacts between molecules and metallic electrodes, and
electronic functionality of molecular systems [33, 188]. The central problem in this
area is to circumvent shortcircuiting between top and bottom electrodes or to avoid
deposited metal becoming buried at the SAM/substrate interface right away. When
thinking about strategies to get around this problem one has to bear in mind that a
metal–SAM–metal sandwich is not a stable system. There is a substantial thermo-
dynamic driving force for intercalation of the deposited metal at the SAM/substrate
interface due to large differences in interfacial tensions between two metals, on the
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one hand, and a metal-organic interface on the other hand. Both electrochemical
and nonelectrochemical methods have been attempted to tackle the problem, with
varying degree of success. Electroless deposition, deposition ofmetallic nanoclusters
and evaporation of metals have been pursued and substantial progress has been
made in recent years but the success is critically dependent on the details of the
system, that is, the combination of metal and molecule [182, 189]. For evaporated
metals where themechanisms have been studied in some detail the structural quality
of the layer and tail-group functionality, that is, minimization of defects and the
chemical interaction of the outer SAM surface with the metal are crucial factors to
reduce penetration of the metal into the SAM [190, 191].
For electrochemical metal deposition onto SAMs, which offers some significant

advantages compared to other depositionmethods, such as amore precise control of
the deposition process and precisely localizedmetalization by using patterned SAMs,
the challenge of confining metal to on top of the monolayer is even more daunting
than for the other deposition methods. To rationalize this we start from the model
depicted in Figure 5.13a that shows both a region of a perfect SAMand different types
of defects. The course of the potential and its change as a function of the electrode
potential in the perfect region is schematically illustrated. It is noted that the potential
can exhibit a distance dependencemore complicated than indicated here. Its gradient
need be neither constant nor exhibit the same sign across the layer due to intralayer
dipoles origination from anisotropic charge distribution in the molecules.
Even though the exact ratio of the potential drop in the SAM and the double layer

might vary somewhat with thickness of the organic layer, that is, decreases if the layer
is thin such as, for example, at defects, most of the potential drop occurs within the
SAM. A simple approximation is, therefore, to assume that the electrostatic potential
of themetal ion does not change upon variation of the electrode potential. The change
in theGibbs free energy of the ion-reduction reaction is then given by�Fðf�f0Þ, with

Figure 5.13 (a) Potential drop across a SAM and the adjacent
double layer (DL) in a region free of defects shown in top part.
Solid and dashed lines are two examples of different positions of
the Fermi level EF. Dash-dot line indicates the course of an
equipotential line representing the potential at the outer surface of
the SAM includingdefects. (b) Illustrationof processes involved in
electrochemical metal deposition. For details, see text.
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f0 as the standard equilibrium potential of the reaction and the phenomenological
Butler–Volmer equation can be applied [12]. The rate constant of reduction of ametal
ion is, as described in more detail in Ref. [23], given by

kt ¼ n
ð
rðEÞnðEÞDOxðE; l;hÞPðE;hÞdE ð5:4Þ

with n as the frequency factor, density of electron donor and acceptor levels repre-
sented by r(E)n(E) and DOx(E, l, h) and the tunneling probability P(E, h). These
quantities are functions of the energy E (defined relative to the Fermi energy of the
electrode), the reorganization energy of the metal ion and the overpotential h. The
quantity of interest here is the tunneling probability

PðE;hÞ ¼ Ce�bðE;hÞz ð5:5Þ
where the pre-exponential factor C and the tunneling parameter b depend on the
details of the tunneling mechanism and the electronic structure of the SAM. From
the exponential distance dependence of the tunneling probability it is clear that
defects in the SAM are fatal as the metal ions can approach the electrode more
closely compared to the regular SAM structure and, thus, make defect-mediated
depositionmuchmore likely. It is noted that since b depends on the electronic levels
involved and the potential, values might be structure dependent, that is, are likely to
be different at defects and ordered areas. Further deviations from the exponential
dependence can arise from structural changes in the interfacial region of the
electrolyte [192–194]. These effects originating from themutual interactions between
SAM and the electrolyte make the exact prediction of the distance dependence
difficult. The extent to which these effects affect the metal deposition is poorly
understood at present but as we will see below they have to be significant as even
SAMs, which are expected to exhibit a rather poor blocking behavior, are surprisingly
effective in slowing down deposition and suppressing formation of bulk metal.
The processes competing with metal deposition on top of a SAM are illustrated in

Figure 5.13b. As is known from general nucleation theory [184, 185], the key point is
that a metal nucleus on top of a SAM has to reach a critical size in order to become
stable, which requires the rate of nucleation kn to be high enough compared to the
rates of competing processes. With discharge of metal ions preceding nucleation, a
sufficiently high rate for tunneling through the SAM (k1) is a prerequisite besides
minimization of defects whose associated rates of metal discharge k2 and k20 are
much larger than k1. Of course, defects are also detrimental to metal atoms diffusing
on top of the SAM as they will penetrate the layer at a rate kp and become unavailable
due to intercalation by diffusion at the SAM/substrate interface reflected by rate kd. It
is noted that a defect does not imply a purely static one such as, for example, missing
molecules or domain boundaries. New channels can either temporarily openup [191]
or existing ones can change by thermal activation [195]. As a result of the metal
penetration the bonding of the thiol is changed, which in turn affects the SAM
structure as discussed above in Section 5.2. This can have an adverse effect on the
blocking properties of the SAM, that is, might lower the barrier for penetration of
either neutral atoms or ions. Another process to be addressed in more detail is the
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diffusion at the SAM/substrate interface described by the rate kd, which is impor-
tant in relation to defect-mediated bulk growth (Section 5.4.4) or control of UPD
(Section 5.4.3).
From this brief account of processes one can imagine that confinement of

metal deposition to on top of a SAM by a standard procedure, that is, deposition
with metal ions present in the bulk electrolyte is a challenging task that requires a
SAMof extremely high perfection and a structure that has to be very robust andmust
not exhibit changes as a function of the applied potential. Therefore, it might not be
too surprising that, so far, attempts to metalize SAMs by such a standard electro-
chemical approach have not been successful.
In search of a solution to this problem a two-step procedure has been successfully

demonstrated by Kolb and coworkers [41]. This scheme depicted in Figure 5.14a
involves complexation as the first step. Carried out without potential control, the
sample is immersed into a solution containing the metal ion, which results in
formation of a layer of coordinated metal ions. In a second step, the sample is
transferred to an electrochemical cell whose electrolyte, most importantly, is free of
metal ions. Applying a cathodic potential the metal ions coordinated to the SAM are
then reduced by electron tunneling across the layer. The substantially weaker inter-
action between the SAM and the neutral metal atoms allows them to diffuse across
the surface and to nucleate to nanometer-sized metal clusters. The first demonstra-
tion of this concept used a SAM of mercaptopyridine (PyS) on Au(1 1 1) and Pd as
metal [41]. Proof that metal was deposited on top of the SAM came from spectro-
scopic measurements (XPS, UPS) [41, 179]. The observation of a Coulomb barrier,
which was reported in STM tunneling spectroscopy experiments and that is indica-
tive of a double tunneling junction, corroborate the results [181]. The irreversible
reduction of the coordinated metal ions in step 2 of the process is clearly seen in the
CV (see Figure 5.14b) where the distinct cathodic wave indicating metal reduction is
only seen in the first cycle (solid line) but not in the second one (dotted line).
Depending on the experimental conditions the Pd coverage can be controlled, as
illustrated by the STM images (Figure 5.14c) showing an almost continuous layer.
Most interesting is the evolution of the electronic structure of the Pd deposit as a
function of coverage, whichwasmonitored byUPS (Figure 5.14d) and that revealed a
size-induced metal to nonmetal transition. In comparison with bulk Pd a strongly
reduced or even vanishing DOS at the Fermi energy is observed for the nearly closed
monolayer or nanometer islands, respectively. A number of interesting questions
and perspectives arise from these experiments. One intriguing point is that this
scheme offers a wide range of control of electronic properties not only through the
dimensions of the deposit but also via chemical effects. However, the extent to which
the latter plays a role is not clear at present but a crucial influence can be concluded
from DFT calculations that only gave agreement with the experimental data if a
significant influence of the nitrogen of the pyridine moiety was taken into ac-
count [179]. Another point is that this scheme is strictly two-dimensional, that is,
in contrast to other deposition methods where material is supplied through a bulk
phase, it is confined to the outer surface of the SAM. In this context it is noteworthy
that islands of monolayer height were reported for Pd [41, 179], which is unexpected
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since, given the surface tension of metals, one should expect minimization of the
metal surface area and, thus, formation of 3D clusters rather than an extended layer of
monoatomic height. However, the exact behavior seems to depend on the details of
the systems as seen from Pt deposition where, in contrast to the percolating Pd
islands, isolated islands at high density are obtained [196]. It remains to be seen how

Figure 5.14 Electrochemical metal deposition
on top of a mercaptopyridine (PyS) SAM.
(a) Two-step scheme consisting of coordination
of metal ions at the SAM surface (step 1)
followed by an electrochemical reduction of the
metal ions to form metal islands (step 2).
(b) Cyclic voltammograms of a PyS SAM on Au
(1 1 1) in 0.1M H2SO4 reflecting step 2 after
modification by exposure to a 0.1M PdSO4/
0.1M H2SO4 solution in step 1. The cathodic
peak in the 1st cycle (solid line) indicates the

reduction of the metal ions. The irreversibility of
the deposition process is reflected by the 2nd
cycle (dotted line) where the peak is absent. CVof
Pd on Au is shown for comparison (dashed line).
(c) STM image (100� 100 nm2) of Pd islands on
top of a PyS SAM. (d) Comparison of a series of
UP spectra for different Pd coverages. The Fermi
energy is at 0 eV. The curve labelled 0.7ML
corresponds to the Pd coverage depicted in
(c). Adapted from Refs. [41, 179].
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important electronic and chemical effects are in determining the morphology and
surface properties of these low-dimensional systems.
While the combination of currentless and electrodeposition has been reported for

different metals such as Pd [41, 179], Pt [196] and Rh [197] on mercaptopyridine
SAMs, the schemehas also been applied to thiol-terminated SAMs byQu andUosaki
[180, 198]. Using dithiol SAMs of 1,4-benzenedimethanethiol (HSCH2C6H4CH2SH,
BDMT) and hexanedithiol (HS(CH2)6SH, HDT) on Au(1 1 1), Pt and Au were
deposited. Interestingly, by adsorbing another thiol, namely decane thiol, onto a
depositedAumetal layer, a bilayerwas formed, which also demonstrates the potential
of this scheme for accessing the third dimension.
The appeal of the two-step scheme is that it provides a flexible access to the

generation of metal–SAM–metal structures that are of great interest both from the
fundamental and application point of view. Since the work performed so far strongly
suggests that it is more widely applicable (different molecules, metals), it will be
interesting to see how variation of tail-group functionality affects the metal deposits
and in turn their electronic properties. The reported strong dependence of the density
of states (DOS) on the size and/ormorphology of themetal [179] gives a first glimpse
of the potential of metallization of SAMs for tailoring electronic properties and
applications for electronic or catalytic purposes can be easily envisaged. To develop
this field further a better understanding of the interaction between metal and SAM
and their mutual influence is required. An important point is themismatch between
lattices of the SAM and the deposited metal, which causes stress in both parts. As a
result, both the electronic properties of the metal and the structure of the SAM are
affected, the latter being schematically indicated in Figure 5.14a. In this context it is
worthmentioning that the excellent order of the PyS SAMpersists only for lowmetal
coverage, that is, sufficiently large separation of the metal islands [196]. This
pinpoints the issue of whether and how the structural integrity of the SAM can be
maintained upon metal deposition. It is open at present as to what extent metal
atoms diffusing at the SAM surface (kp in Figure 5.13b) can penetrate the layer and
become incorporated at the SAM/substrate interface, thus, affecting the structure
and stability of the layer, or accumulate at the substrate to ultimately shortcircuit top
and bottom metal, which would impair electronic applications. Another question
that remains unanswered at this point is whether the structural quality of a SAM can
be improved and the procedure be optimized to an extent that deposition can be
restricted to on top of a SAM with metal ions present in the bulk electrolyte. This
would enable the somewhat tedious procedure of repetitive cycling through the
2-step scheme to be circumvented.

5.4.3
Underpotential Deposition

Metal UPD at the SAM/substrate interface is of interest for several reasons. Firstly,
from an application point of view as the intercalation of another metal alters the
thiol–substrate bond and, thus, the stability of a SAM that can be exploited to generate
heterogeneous and patterned SAMs, a point we will return to later. Secondly, the
intercalation and alteration of the thiol–substrate bond changes the morphology of a
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SAM (see Figure 5.12a) and affects the molecular orientation [43, 199, 200] that, in
turn, can affect the overall blocking properties of a SAM. As a step preceding bulk
growth it is, therefore, crucial to know the implications of UPD.
The change in stability by UPD was first reported by Jennings and Laibinis [199,

201] who found that alkane thiols adsorbed on Au(1 1 1) modified by Ag or Cu yield a
significantly more stable SAM compared to one on clean gold. An improved thermal
stability of n-docosanethiolate (C22H45S) on UPD-Ag/Au compared to clean Au was
found that is reflected by a difference in the rate constants of desorption by about an
order of magnitude when immersing the SAM into organic solvents at temperatures
in the range of 343–378K [201]. The electrochemical stability of SAMs is also affected
by a UPD layer, as illustrated in Figure 5.15 for a series of metals that shows the
reductive desorption (see Section 5.3) of a propane thiol SAM from Au/mica [202].
While for Tl, Pb, Cd andBi there is no or only amarginal change, a substantial shift to
negative potentials is observed for Ag and Cu, thus indicating a substantial increase
in stability. The effect is more pronounced for Cu than for Ag. As a consequence, no
RD peak of the thiol is observed in the case of Cu since it is shifted into the region of
hydrogen evolution, like for a thiol SAM on bulk Cu where reductive desorption is
monitored throughoxidative readsorption on a secondworking electrode as shown in
Figure 5.11. A few things on UPD on SAMs are noteworthy here. One is that
improvement in stability is independent of whether thiol adsorption follows
UPD [199, 201] or whether this sequence is reversed, that is, SAM formation first
and then UPD [38, 202, 203]. However, despite showing the same trend one should
not assume that the same structure of the SAM/substrate interface is obtained for
both procedures. These points remain to be elucidated. Another interesting point is

Figure 5.15 Stability change of a SAM of propane thiol on Au/
mica by UPD of a series of metals. The linear sweep
voltammograms were recorded in 0.5M KOH at a scan rate
of 0.1 V/s. The electrode area was 0.36 cm2. In the case of Cu UPD
no desorption is discernible since the stability is increased to such
an extent that the desorption peak shifts negative beyond the
range shown into the region of hydrogen evolution. Reproduced
with permission from Ref. [202].
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that, similar to bulk metal, UPD affects substantially the sulfur-bonding geometry as
evidenced by the changes in the odd–even alternation of the orientation ofmethyl end
group in alkane thiol SAMs [93].
Addressing the kinetics of UPD it is obvious from Figure 5.16, which compares

CVs of Cu UPD of a bare gold electrode with SAM-coated ones, that the typical UPD
features are completely quenched by SAMs [183].However, evenwhen aCV lacks any
features indicating UPD this is by nomeans a sign that it does not occur. It is rather a
question of time scale [40, 43, 204]. Therefore, caution is required when comparing
results, in particular, if different techniques working on different time scales such a
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Figure 5.16 Cyclic voltammograms for the Cu deposition on
alkane thiol-modified (CH3 (CH2)m�1 SH, MCm) Au(1 1 1)
electrodes in 0.1M H2SO4/1mM CuSO4. Scan rate: 10mV/s.
Inset shows CV for a bare Au(1 1 1) electrode for comparison.
Reproduced with permission from Ref. [183].
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STM and CVs are applied. This is exacerbated by the fact that the extent to which
UPD features are suppressed in the CVs depends sensitively on the quality of the
SAM. For such a pronounced quenching a good film quality is required, that is, a low
defect density is required. To achieve this reproducibly is quite critical as has been
pointed out in the literature [40, 183, 204–206]. Therefore, it is no surprise that
substantial variations in the blocking properties reflected in the CVs have been
observed [39, 183, 203, 207–209].
It might be helpful to clarify at this point the use of the term UPD layer in

conjunction with SAM-modified electrodes. Firstly, describing deposition on clean
metal substrates positive of the Nernst potential UPD is a term based on thermody-
namics. However, for SAM-coated electrodes where processes can be greatly slowed
down, processes restricted to the UPD region might require potentials well in the
OPD region in order to proceed sufficiently fast. Secondly, use of this term does not
imply that the metal layer deposited at the SAM/substrate interface is structurally
identical to a normal UPD layer. On the contrary (and not surprisingly), the presence
of the SAM makes it rather different as outlined below. This said, the term UPD is
usedhere for anymetal structure deposited at the SAMinterfacewith a height of up to
two layers of metal regardless of the actual potential applied.
To elucidate the mechanism of metal UPD, a number of studies on Cu and

Ag UPD have been performed over the years comprising phenomenological, CV-
based studies andmicroscopic investigationswith STMboth ex situ and in situ [38, 39,
42, 43, 202, 204, 210–214]. While some features, such as the formation of UPD
islands, were commonly reported for various systems (different thiols and metals,
that is, Ag and Cu) differing interpretations were given with respect to the details
such as formation, extension or height, possibly due to the sometimes difficult
interpretation of data that, furthermore, can vary with the details of the system and
the experimental conditions applied. Some of the issues could be resolved in a recent
study on high-quality aromatic SAMs where the UPD process could be extremely
slowed down to allow time-resolved in-situ studies [43].
For a discussion of themechanism ofmetal UPD on SAM-modified electrodes we

turn to Figure 5.17, which illustrates four plausible mechanisms of UPD. If the layer
has very poor blocking behavior a more or less uniform penetration might occur
and the UPD should be completed within a short time (Figure 5.17a). The other
mechanisms are based on a major defect at which UPD starts (Figure 5.17b). Since
the presence of the UPD layer introduces height changes and, thus, a disruption of
the SAM at the edge of the UPD island, one possible way of UPD growth is via
ion penetration at the boundary of the UPD area (1 in Figure 5.17b). The other
mechanism takes into account that the UPD island affects the structural integrity
of the SAM structure caused by changes in the SAM–substrate bonding (2 in
Figure 5.17b). As a consequence, the SAM becomes permeable and ions can
penetrate to the electrode all across the UPD island. Either the ions or the reduced
metal atoms can then diffuse to the edge of the UPD islands and intercalate in the
native areas. The fourth possibility (3 in Figure 5.17b) is that the blocking properties
of the SAM are not significantly affected by formation of the UPD layer. In this case
the only channel is the supply of ions through the initial defect.
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One can expect that the exact mechanism depends on the type of SAM. Further-
more, the various pathways for UPD might not only depend on the particular SAM
system but also on the potential applied, since a SAM can undergo potential induced
structural transitions as observed for ethane thiol (C2H5SH), for example [61, 210].
Two systems that illustrate the dependence of Cu-UPD on the type of SAM

are shown in Figure 5.18. For an MC2 SAM a ramified growth can be observed
(Figure 5.18a) [210]. Such a growth behavior of a UPD layer that was also reported for
hexane thiol [204] points to a diffusion-limited growth caused by the slowing down of
the growth kinetics due to the presence of thiols. For the other example depicted in
Figure 5.18b, a SAM of MBP2, UPD is also strongly hindered. However, in this case
circularCupatches grow.Acharacteristic feature of this type of SAM is that the patches
grow solely through ion penetration at the original defect and diffusion of metal at the
SAM/substrate interface, that is, the third mechanism described in Figure 5.17b
applies [43]. The initial defect being rate limiting, its dimension determines the rate
at which a Cu UPD patch grows and, as a consequence, quite different temporal
evolutions and sizes of theUPDpatches result. The twoexamples illustrate the range of
possibilities and represent clear-cut cases. In other cases, such as for Ag deposition on
octane thiol [38], the data are less straightforward to interpret and either of the
alternatives in Figure 5.17bmight apply. In general, one can anticipate that it depends
on the details of the system, such as robustness of a SAM to potential changes and the
extent of structural modification by metal UPD which of the mechanisms is realized.
To pin down the exact mechanism requires a rather detailed monitoring of UPD
growth at high resolution, a requirement not always easy to meet.

Figure 5.17 Illustration of different pathways for growth of a UPD
layer on a SAM-modified electrode. (a) Uniform penetration
across the whole SAM area, (b) deposition starting at a major
defect with subsequent penetration at edge of UPD island (1),
penetration through SAM across the whole UPD area due to the
distortion of SAM structure by UPD (2) and growth of UPD island
through initial defect only (3).
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In studies ofmetal UPD on SAMs, STMhas been extremely valuable and provided
new insights into the mechanisms down to the atomic length scale. However, data
interpretationmight be difficult asmeasured height changes induced byUPDcannot
always be straightforwardly correlated to structural changes. This is illustrated in
Figure 5.19, which compares Cu UPD on Au(1 1 1) coated with a SAM of either MC4
or MBP2 [200]. The topographic images show very similar UPD areas consisting of
nanometer-sized islands on top of circular patches. This strongly suggests that the
UPD process and the structure of the patches are very similar for MC4 and MBP2.
However, a look at the height profiles reveals significant differences in themeasured
height of the UPD patches for the two thiols. With 2.35Å as the internal reference
value of the gold step [215, 216], a height of about 1Å ismeasured for the alkane thiol,
that is, substantially less than the step height for a metal monolayer, whereas for
MBP2 a value around 2.3Å is found [43], which is consistent with a metal step. The
strong dependence of the patch height on the type of SAM is further evidenced by
other SAMs. Another structural phase of MBP2, the so-called d-phase, yields a value
of 3.7 Å [43], whereas for MBP3 the patch can hardly be identified as its height is
essentially zero [200]. The small value for alkane thiols, significantly less than a step of
a metal layer might also explain the variations in the interpretation of UPD features
given in the literature. Even though the nanoislands have been consistently observed
for different SAMs and interpreted as islands ofUPDmetal [38, 42, 43, 200, 210, 217],
different interpretations were given such as the nanoislands being an intermediate
state of a metal monolayer at the SAM/substrate interface and growing bigger with
time [38], forming behind a growth front and staying of fixed size [204] or emerging
on top of a first layer [43, 211]. It is noted that the interpretation of the nanoislands
in terms of a partially covered surface is incompatible with CVs monitoring the
reductive desorption of thiols since the absence or strong shift of the original

Figure 5.18 In-situ STM images recorded in CuSO4/H2SO4

electrolyte of Cu UPD growth on Au(1 1 1) modified by two
different types of thiols. (a) SAM of ethane thiol (250� 250 nm2)
with a ramified structure and (b) SAM of MBP2 (600� 600 nm2)
with circular copper patches [43]. Enlarged area reveals
nanometer-sized islands protruding on patches. (a) Reproduced
with permission from Ref [210].
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desorption peak for Cu and AgUPD reveals uniform deposition. From the studies of
different types of SAMs, the picture emerges that the nanoislands represent a second
UPD layer on top of a first one forming the patch. While the strong variation of the
patch height is not clear at present, it strongly suggests that the interfacial structures
are very dependent on the type of SAM, thus giving rise to different changes in
geometry and electronic properties for the first layer. It is also not clear whether this
first layer consists only of UPD metal or represents a mixture with Au atoms. The
latter seems rather likely given the structure of the SAM/Au interface involving
Au adatoms as discussed in Section 5.2 (Figure 5.4). Also, the mechanism of the
nanoisland formation is not understood at present. Appearing always behind
the edge of the UPD patch it is conceivable that metal UPD, causing a restructuring
of the SAM, builds up stress, which could be released via this island formation. In this
context it is also worth noting that the first layer is not smooth but appears
significantly disrupted by holes with a typical depth in the range of a metal step.
Another common feature of metal UPD on SAM-modified electrodes is the

pronounced suppression of nucleation that for bare Au occurs at steps unless the
step density is very low [218]. Even though nucleation still occurs mostly at steps for

Figure 5.19 STM topographic images of patches
of Cu UPD deposited on butane thiol (MC4) (a)
and MBP2 (b) modified Au(1 1 1)/mica
substrates togetherwith height profiles along the
lines shown. Arrows in image and height profile
mark monoatomic gold steps, the steps of
height hmark the height of the UPD patch that is

about 1 Å and 2.3 Å for MC4 and MBP2,
respectively. (a) Image recorded in air,
Etip¼ 0.25 V. I¼ 50 pA. Deposition: 30 s at
100mV vs Cu/Cu2þ from 5mM CuSO4/50mM
H2SO4. (b) ECSTM image, Esample¼ 0.15V vs
Cu/Cu2þ , Etip¼ 0.33V, I¼ 40 pA. Electrolyte:
5mM CuSO4/50mM H2SO4 [200].
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SAM-covered electrodes as seen from Figure 5.18b, the reason for this is quite
different from the case of clean gold. Steps as such are not sufficient to cause
nucleation, thus, evidencing that the distortion of the SAM structure caused by steps
is not significant enough to allow metal UPD. Defects in the SAM have to be more
substantial and contaminations present on the substrate prior to film formation are a
major source for nucleation of UPD patches [43]. The fact that most of the islands
nucleate at steps is, therefore, a secondary effect resulting fromapreferential pinning
of contaminations at steps. While the exact nature of these contaminations is not
known at present a careful cleaning of the substrate can strongly reduce the size and
density of the defects and, thus, minimize uncontrolled UPD, which is crucial for
applications where patterned SAMs can be used to generate UPD patterns. In this
context it is important to note that for SAMs of good structural quality other intrinsic
defects such as domain boundaries or missing molecules are not sufficient to act as
nucleation sites for metal UPD.
It is obvious that the change in stability upon UPD of Cu and Ag (Figure 5.15) can

be harnessed for manipulation of SAMs, as demonstrated by the scheme of
Figure 5.20a where nanopores were created in a sequence of steps involving UPD
of both Ag and Cu as well as reductive desorption and adsorption of thiols [219, 220].
As evidenced by the STM image and the height profiles, nanopores on the order of
5–10 nm were formed. Since deposition of Ag UPD patches starts at defects of the
SAM, the pores are randomly distributed. There are several interesting features in
this scheme, one of which being that the average size of the nanopores can be
controlled through the size of the Ag UPD patches, that is, deposition time of Ag.
Another interesting aspect is that Ag seems to allow control of the deposition of Cu,
whichmeans that despite the fact that theCu–thiol bond is stronger than theAg–thiol
bond as inferred from the reductive desorption (Figure 5.15), Cu does not seem to
interfere with Ag, that is, Cu is deposited onto the areas where the SAM is directly
adsorbed onto gold. Furthermore, the scheme promises flexibility with respect to the
thiol combination as the initial SAM can be completely replaced.
In a scheme complementary to the one just presented where thiols are removed by

reductive desorption of thiols, molecules can also be removed during stripping of a
UPD layer. This was demonstrated by Shimazu et al. [221] where an alkane thiol SAM
was deposited onto a Au(1 1 1) that had beenmodified with Pb. Oxidative stripping of
the lead also caused thiols to be removed. The empty sites were then subsequently
filled with mercaptopropionic acid (MPA). A remarkable result is that the binary
SAMs exhibit only one desorption peak. From this it was concluded that a well-mixed
layer forms that is very different from the mixed SAM obtained by adsorption from
solution containing both types of thiols. In this case the layer exhibits single-
component domains that are reflected by two desorption peaks.
The examples where UPD-induced stability changes of thiol SAMs are exploited

to modify and manipulate SAMs down to the nanometer scale, indicate the potential
of UPD for addressing the ultrasmall length scale. However, so far UPD-based
modification on the small scale has only been achieved in a random fashion making
use of the long-known fact that UPD originates at defects in SAMs [43, 222]. To
take the UPD-based patterning of SAMs further for the controlled generation of
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Figure 5.20 (a) Scheme of generation of mixed
SAMs and nanopores using UPD of Ag and Cu.
(b) STM image of a sample prepared by the
sequence of steps i–v. (c) height profiles with

lines A–B and C–D crossing a nanopore and a
substrate step. Reproduced with permission
from Ref. [220].
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nanostructures, UPD has to be exactly defined with respect to its location and lateral
dimension, which can be achieved by generating defects in SAMs in a controlledway.
However, this alsomeans that uncontrolled defects introduced during the formation
of a SAM have to be minimized, that is, SAMs of very high structural quality are
required. As mentioned above, for good-quality SAMs this type of defects have been
shown to consist of extrinsic defects such asmolecular impurities or contaminations
on the substrate [43], whereas intrinsic defects such as domain boundaries or step
edges in the substrate can be tolerated. Controlled local modification of SAMs on the
small scale is easily done, for example, through degradation of the molecules by an
electron beam [36, 223]. Other schemes of SAMmodification rely on scanning probe
techniques, such as SECM [224, 225], STM or AFM, which have been used in
different ways [6, 7] including mechanical disruption of a SAM by AFM [226]
(nanoshaving) or STM-induced removal of thiols by applying a voltage between tip
and substrate above the damage threshold. It is noted that, depending on the
conditions, an electrochemical process can underlie the latter [124, 227–229]. The
latterwas applied in the example given inFigure 5.21,which shows spatially controlled
UPD of copper [230]. With the sample in air, an array of nanoscopic patches was
produced first by pulsing an STM tip, which locally disrupts the SAM. Subsequently,
UPD of Cu was accomplished in an electrochemical cell. The patches where the SAM
was damaged act as nucleation centers, analogous to the case of a SAMwith extrinsic
defects (see Figure 5.18b). UPD appears as concentric protruding rings that grow in
size as deposition time proceeds. For the image recorded after 12min (Figure 5.21d)
the characteristic nanoislands discussed above become discernible. It is worth
mentioning that while UPD occurs easily in the damaged area there is still a high
barrier against bulk-metal deposition. While the exact mechanism is not yet known,
this indicates that the patches do not expose the clean substrate but thiols are still
present, even though in the case shown the voltage of the patterning pulse was high
enough to cause damagenot only to theSAMbut also to theunderlying substrate. This
is, for example, apparent from Figure 5.21c where the depressions seen inside a patch
have a depth corresponding to amultiple of theheight of aAu step. The example is also
interesting froma technological point of view as it showsdefined deposition in an area
of rather high step density. It is, thus, another illustration that unavoidable intrinsic
defects such as steps are not impeding the application of thiol SAMs for controlling
electrochemical metal deposition on the nanometer scale.
While the spatially controlledCuUPD just discussed takes the top-down approach,

that is, it is based on small-scale patterns inscribed into initially uniform SAMs, a
complementary approach was taken recently by generating patterned SAMs via
molecular self-assembly. In this scheme a porous hydrogen-bonded network acts as
template to direct thiol adsorption, as shown in Figure 5.22. Upon exposure of a
PTCDI/melamine network on Au(1 1 1) to a thiol solution, themolecules adsorb into
the pores, thus yielding an extended array of hexagonal SAM islands [231]. This
solution-based approach not only provides rather straightforward access to the
generation of precisely defined regular patterns on the sub-5 nm scale but also yields
a SAM–network hybrid structure whose behavior towards UPD is quite different
from a homogeneous SAM in several ways. Firstly, the presence of the network
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makes the SAM very open and, thus, greatly facilitates Cu UPD. Deposition is
accomplishedwithinminutes compared to uniformSAMswhere deposition can take
hours under comparable conditions. Secondly, since the network acts like well-
defined defects, deposition occurs uniformly across the whole pattern (Figure 5.22d).
Thirdly, the UPDmechanism is also rather different, as inferred from comparison of
Figure 5.18b with Figure 5.22c. In contrast to the uniform SAM where UPD copper
spreads across the SAM/substrate interface by lateral diffusion over distances easily
exceeding 100 nm, this is suppressed by the network. The presence of isolated, UPD-
modified pores that are marked by the arrows Figure 5.22c, evidence that Cu UPD is
accomplished via direct deposition into the cell and not by a surface diffusion
mechanism [231, 232]. This is an interesting feature from the perspective of the
application of Cu UPD on the nanoscale since the uncontrolled spreading at the
interface in the case of the uniform SAM, which might become a factor limiting

Figure 5.21 CuUPDon a SAMpatterned by an STM tip. (a)Native
BP2 SAM on Au(1 1 1) and (b) array of nine patches generated by
tip induced modification. A patch was generated by applying a
voltage pulse of 3.5 V for 50ms. Modification and imaging was
done in air. (c, d) In-situ ECSTM images of Cu UPD at different
stages. (c) was recorded immediately after start of UPD and (d)
after 12min. Scale bars are 20 nm [230].
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the ultimately achievable resolution, is eliminated by the presence of the supramo-
lecular network.

5.4.4
Bulk-Metal Deposition

As indicated above, failure of depositing metal on top of a SAM directly from bulk
solution results from the imperfections in SAMs that allow metal ions to penetrate,

Figure 5.22 Cu UPD on a Au/mica substrate
modified by a hybrid nanostructure consisting of
a hydrogen-bonded network and a thiol SAM.
(a) Cartoonof the hybrid structure andmolecular
structures of the components. The hydrogen-
bonded network is composed of 1,3,5-triazine-
2,4,6-triamine (melamine, triangles) and
perylene-3,4,9,10-tetracarboxylic di-imide
(PTCDI, rectangles) that interact via a triple
hydrogen bond (dotted lines). Pores of the

network are filled with adamantane thiol
(circles). (b) STM images of network–SAM
hybrid structure with inset showing the
hexagonal thiol island at molecular resolution.
(c, d) Schematic illustrations and STM images of
Cu UPD on hybrid structure with partial and full
UPD shown in (c) and (d), respectively. Arrows
in (c) mark individual adamantane thiol islands
modified by Cu UPD.
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thus making reduction at the electrode much more likely due to the strong depen-
dence of charge transfer on the tunneling distance (Equations 5.4 and 5.5). With
defect-mediated deposition starting at the electrode surface, metal deposition is two-
dimensional in the low-overpotential range as discussed in the previous section.Only
at more negative potential does the transition to three-dimensional mushroom-like
growth occur, as illustrated in Figure 5.12c, with the onset from 2D to 3D being
strongly dependent on the details of the system. This type of growth has been
observed for different systems such as Cu [37], Ag [209] and Rh [233] and the
formation of hemispherical particles on top of the SAM seems to be a common
feature [37, 233]. The overpotential required to initiate bulk growth is significant,
even for the very short alkane thiols like ethane thiol [210]. For alkanethiols withmore
than five methylene units a two-dimensional growth was reported for potentials
positive of �200mV (vs. Cu/Cu2þ ) [234] that changed into a 3D mode for more
negative potentials. In general, the overpotential required for 3D growth scales with
the thickness of the layer. For alkane thiols a shift of about�15–25mV per CH2 unit
has been observed [37, 178], even though no detailed measurements are available,
that is, it is not clear whether this is a truly linear dependence and over what range of
chain length this holds. The main effect of an increasing layer thickness can be
assumed to arise from an increasing ability of the molecules to mask structural
defects such as missing molecules or contaminations with the latter, as discussed in
Section 5.4.3, playing a particularly important role. The resulting reduction in the rate
of penetration of ions into the layermakes it increasingly difficult for ametal nucleus
to reach the critical size and become thermodynamically stable, in particular as other
processes compete such as the lateral diffusion at the SAM/substrate interface
(Figures 5.17 and 5.18b). Another point is that the SAM should not be considered
a static system and, therefore, a nucleus in status nascendi could be passivated due to
the mobility of the thiol molecules that can be expected to become even more
important in cases where the metal deposit binds more strongly to the thiol than the
substratemetal. In general, the deposition current exhibits the characteristic shape of
a nucleation and growth process, that is, a delayed maximum (similar to the curves
depicted in Figure 5.10 for short times of SAM formation) but nucleation and growth
morphology of metal deposits depend on the details of the experiment, that is, the
type and structural quality of the SAM as well as the potential applied [207, 210, 234].
Lower overpotentials or current densities result in less dense nucleation and larger
clusters, whereas high nucleation density and smoother deposits prevail at higher
overpotential/current densities.
With respect to the influence of the end group no conclusive picture has emerged

yet since only a few studies have been performed on rather different systems. The
interpretation is also complicated by the fact that the change of the end group is
not only affecting the interaction of the SAM with the metal ion/atom but can also
affect the SAM structure. Therefore, the influence ranges from negligible (CH3 vs.
OH [37, 209]) to distinctly different (CH3 vs. SH [209]). Detailed studies of the
influence of the type of spacer on the deposition behavior are essentially lacking. One
study comparing SAMs of alkane with MBPm thiols of similar length showed better
passivation for the former [178].
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Irrespective of the lack of detailed knowledge at present, one can imagine that the
SAM-dependent conditions for bulk-metal deposition have potential for applications
since SAMs can be patterned on length scales ranging frommacroscopic dimensions
to sub-20 nm [5, 8]. Patterning combines favorably with another property of SAMs,
namely the tuning of interfacial energies and, thus, control of adhesion. All these
aspects open up interesting opportunities for electrochemical generation of metal
structures with SAM acting as templates in different ways.
There are several possibilities to exploit the inhibition ofmetal deposition by SAMs

and the most obvious way is to selectively passivate an electrode surface by a SAM
pattern and deposit metal on the SAM-free areas. On the scale of micrometers or
slightly below one micrometer this is straightforwardly done by a stamping tech-
nique, calledmicrocontact printing (mCP) [5]. A flexible polymeric stamp bearing the
pattern is inked with a thiol and brought into contact with the substrate upon which
the thiol transfers to the substrate in the areas defined by the pattern. For such
a selectively passivated surface, electrochemical metal deposition takes place only
in the uncoated areas [177]. In this context, a complementary procedure is worth
mentioningwhere the blocking properties of a SAMare utilized to generate a relief in
a metal substrate. An alkane thiol pattern on a copper substrate resulted in selective
electrochemical dissolution of the metal only in the SAM-free areas [235].
Another related approach starts from a uniform SAM and contrast is achieved

by selective modification of the SAM. Different methods can be applied based
on, for example, mechanical scribing [177], AFM [236], photons [237, 238] or elec-
trons [36, 223] and sub-100 nm features can be easily generated. For all these
techniques SAMs act as positive resists, that is, the SAM is locally removed or
chemically changed at least to an extent that its blocking properties are significantly
reduced compared to the native SAM and, therefore, metal deposition takes place in
the modified areas. In this context electron-beam lithography (EBL) is particularly
interesting. Besides offering very high resolution down to the sub-20 nm range, both
types of resists, that is, positive and negative, can be realized by proper choice of the
type ofmolecule. Alkane thiols act as positive resists since degradation of the layer by
the electron beam results in a loss of the blocking properties [36, 96, 223, 239]. In
contrast, aromatic thiols exhibit negative-resist behavior with irradiated areas be-
coming more passivating than native ones [96, 223, 239]. This is due to crosslinking
of the aromatic units [240], which reduces the size and number of defects acting as
nucleation sites for metal deposition. A demonstration of this scheme is shown in
Figure 5.23 where Cu was deposited onto an MBP12-modified electrode that was
irradiated with electrons through a mask. The optical micrographs shown in
Figure 5.23b evidence that extended structures can be deposited and the SEM image
demonstrates the possibility to generate structures in the submicrometer range.
However, the SEM image also highlights some of the issues that have to be addressed
to make not only EBL patterned but any patterned SAM routinely applicable to metal
deposition on a length scale well below 100 nm. There is, firstly, the need to further
suppress deposition in passivating areas. Even though the overall passivation in the
shown example of a crosslinked SAM is very good, growth of some isolated granules
still occurs. Secondly, the location of nucleation sites has to be exactly controlled as
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this will be a major factor in determining how small and well-defined any metal
structure can be produced. Nucleation and growth at random defects on which bulk
deposition has been relied on so far will not be sufficient. With respect to EBL it is
noted that for alkanethiols, which act as a positive resist, degradation is hard to
control exactly due to the chemical processes involved [241] leaving fragments on the
surface whose structural details are not clear. From that perspective, aromatic thiols

Figure 5.23 Electrochemical Cu deposition onto
a SAM of MBP12 on Au. (a) Patterning scheme
involving patterning by electron irradiation
through a mask and subsequent localized
electrochemical metal deposition. (b) optical
micrographs (right) and SEM image (left) of

deposited Cu patterns. (c) Illustration of the
deposition process. Copper deposition in areas
of the native SAM occurs at defects (1). Electron
irradiation links the biphenyl moieties that can
mask defects (2) or damage in the alkane chain
caused by electron irradiation (3). After Ref. [96].
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seem to be better suited as deposition is on areas of the native SAM with, hence, a
well-defined structure. As far as defects in the passivating areas are concerned it
remains to be clarified whether extrinsic contaminations are responsible, analogous
tometalUPDdiscussed in Section 5.4.3, orwhether this is a limitation intrinsic to the
statistical nature of the crosslinking process.
An alternative to patterning methods that involve chemical reactions such as

bond cleavage, crosslinking or oxidation processes, is the use of a binary SAM with
one SAM being highly blocking and the other SAM allowing for metal deposition.
This introduces quite some flexibility with regard to the freedom of choice of
molecules. For the areas where metal deposition takes place, either poorly blocking
SAMs resulting in a mushroom-type growth or complexing ones allowing metal
deposition on top of the SAM can be used. While for a mere definition of areas of
metal deposition, patterns consisting of crosslinked and native SAMs or a blocking/
nonblocking combination of two types of molecules offer no advantage over patterns
defined by a single-component SAM and areas of clean electrode surface, there is a
decisive difference with respect to the adhesion of the depositedmetal structure onto
the electrode. On the SAM-coated electrode metal is deposited, as discussed, in a
mushroom-like fashion by defect-mediated deposition and a continuous layer results
upon further growth. As indicated in Figure 5.23a the deposited metal is only in
contact with the electrode metal through the trunks of the mushroom, which means
that the area of direct contact between substrate and deposit is greatly reduced
compared to deposition on a cleanmetal surface. Since the interaction betweenmetal
and SAM is dominated by dispersion forces, adhesion is very poor compared to
metal–metal interactions and the deposited metal can be easily lifted off. While
electrochemical metal deposition on a weakly interacting substrate with subsequent
transfer to an insulating substrate had been realized before [242], the nature of the
substrate used and the underlying mechanism, that is, step decoration on graphite,
restricted the process to the generation of nanowires. The limitation is lifted by use of
SAMs that can act not only as templates to define arbitrarily shaped 2D patterns but
can also be applied to nonflat geometries. The latter, pioneered by Schilardi et al. [176]
and discussed in detail in Ref. [30], allows for a highly conformal reproduction of
surface topographies. A master structure such as a grating, coated by an alkane thiol
SAM, serves as amold ontowhichmetal is deposited in amushroom-type fashion, yet
in a highly conformal way. Due to the small effective area of direct contact between
deposited metal and substrate the lift off is easily possible, thus, on the one hand,
leaving the master behind for another replication cycle. The replica, on the other
hand, can be used itself as a master and applying the same procedure to the replica,
the shape of the original master is reproduced. Despite the simplicity of this process
its precision is remarkable, as shown by the generation of an array of Cu dots from a
Aumaster with an hexagonal arrangement of holes. The holes with a depth of about
3 nmand adiameter of�50 nmwerewell reproduced bothwith respect to the inplane
and vertical dimensions. Two further points are also interesting for applications. One
is that depositionwas not restricted tometal but also successful deposition and lift off
of semiconducting Cu2O and ZnO structures were reported [30]. The other interest-
ing point is the use of Cu as thematerial for themaster substrate. Since, as discussed
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in Section 5.3, the higher stability of thiol SAMs extends the potential range to more
negative values, less-noble metals can be deposited. Even an alloy, namely CoNiFe,
was deposited [243, 244] which is appealing from the application point of view as this
alloy is magnetic. The possibility to lift off the structure evidences that the thiol SAM
is not desorbed reductively even at the negative potential required to deposit these
metals. In contrast, use of aAu substratewith amore positiveRDpotential resulted in

Figure 5.24 Template-directed metal deposition
and lift-off scheme based on a SAM defining a
pattern of blocking and nonblocking thiols.
(a) illustration of the process starting with the
generation of the master (i), metal deposition
(ii), attachment of an insulating transferring
substrate (iii) and subsequent lift off (iv).
Provided that the SAM is sufficiently robust the

original substrate can be repeatedly used for the
deposition/lift-off cycle. (b) Optical micrograph
(left) and SEM image (right) of Cu patterns
generated by a binary SAM consisting of MBP1
and MC16. Optical micrograph shows a Cu
structure on glass (step iv). The SEM image
shows a sample after step (ii).
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a well-adhering CoNiFe layer, thus indicating that the SAM was destroyed during
deposition.
An extension of the scheme just described is to use binary SAMs that consist of

blocking and non-blocking thiols and that bear a pattern defined by these two types
of molecules. This enables the scheme depicted in Figure 5.24a. Starting with the
preparation of amaster bearing a SAMpattern (i), localizeddeposition is accomplished
by the SAMacting as template (ii). After attachment of an insulating substrate (iii) and
lift off (iv), themaster can be reused (v). The advantage of the deposition/lift off cycle is
obvious, both for uniform and patterned SAMs, since it is fast, simple and scalable due
to the electrochemical process. Examples demonstrating the concept are seen in
Figure 5.24b. The SEM image showing a gap of about 50 nm between Cu lines
indicates that nanoscopic dimensions can be easily addressed. Envisaging the nano-
scopic length scale there is another crucial point,which is the fact that themaster canbe
reused. Therefore, themost sophisticated step in this scheme, that is, the generation of
themaster pattern has to be only done occasionally with the number of cycles possible
depending on the robustness of the SAM. Since the patterning process becomes
increasingly cumbersome due to the necessity of using serial techniques such as
an electron beam or scanning probe techniques this aspect becomes increasingly
attractive with shrinking dimensions. It has to be seen how far into the nanometer
dimension this scheme can be developed that, again, will depend on how well
nucleation can be controlled. Since for applications on the ultrasmall scale it is a
central issue to control the points of nucleation, the scheme based on two intact layers
appears of advantage over patterning involving chemical alteration of the SAM.

5.5
Summary and Outlook

Different aspects of thiol SAMs have been addressed in this chapter comprising the
interplay of structure-determining factors, patterning and manipulation, and electro-
chemical metal deposition. With respect to the latter, two complementary facets have
been highlighted that are modification of SAMs throughmetal UPD on the one hand
and control of metal deposition by SAMs on the other hand. The unique features
associated with an electrochemically controlled liquid/solid interface such as the
precise control of conditions, reversibility, scalability and simplicity, together with the
various possibilities to depositmetal on SAM-modified electrodes, that is, at the SAM/
substrate interface, on top of a SAMand in amushroom-like fashion, as summarized
in Figure 5.12, open a number of exciting perspectives for developments related to
nanotechnology. However, with studies of the underlying basic processes performed
almost exclusively onuniform, single-component SAMs, binary heterogeneous SAMs
with a random distribution of phases or patterned on a relative large length scale of
typically micrometers or somewhat below, the key question is to what extent it is
possible to exploit the combination of SAMs and electrochemistry for thenanoscale. A
characteristic effect of shrinkingdimensions, the breakdownof familiar conceptswith
the suddenly dominating role of processes that are of negligible influence on a larger
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scale, can safely be expected to become also a major issue for the combination of
electrochemistry and SAMs. One example, which might serve as illustration of
possible challenges ahead, is the patterned modification of a SAM by intercalation
of a UPD metal layer. While this is relatively straightforwardly achieved on a length
scale well above 10nm, as illustrated by Figure 5.21 the situation for even smaller
dimensions might be very different, as inferred from studies discussed in con-
junction with Figure 5.18. Defects with dimensions of a few nm exhibit a drastically
changed behavior compared to big defects as the associated UPD islands show an
individual growth behavior and even a fluctuating behavior with respect to their
growth rate. Therefore, reproducibility on the ultrasmall length scale requires
further advancement of our understanding of the molecular processes involved, of
which the dynamics of SAMs and its influence on electrochemical processes are of
particular relevance. Similarly, extension of defect-mediated bulk-metal growth as
discussed in Section 5.4.4 to the ultrasmall length scale will require a better
understanding of the influence of SAM molecules on nucleation and growth of
metal deposits. Another example refers to metal deposition on top of a SAM
(Figure 5.14). This type of metal-organic interface offers unprecedented opportu-
nities for tailoring properties of metal structures since for these low-dimensional
metal structures the interaction with the environment, that is, the SAM, is of major
influence on their electronic properties. Since this type of metallization involves
nucleation and growth processes on a substrate that is very different in terms of
structure and interactions compared to, for example, metal or inorganic insulating
surfaces, further developments in this area will be determined by the understand-
ing of the mutual influence of SAM and metal at the molecular level and by the
precision at which these processes can be controlled. While these few examples
illustrate that significant challenges lie ahead to harness the opportunities for
nanotechnological applications afforded by the combination of SAMs and electro-
chemistry, the knowledge acquired up to now is solid enough to make it an
endeavor well worth exploring further.
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Appendix: List of abbreviations

AFM Atomic force microscopy
BP Biphenyl
CV Cyclic voltammogram
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DFT Density functional theory
DMDS Dimethyldisulfide, CH3SSCH3

DOS Density of states
EBL Electron beam lithography
ECSTM Electrochemical scanning tunnelling microscopy
GXRD Grazing incidence X-ray diffraction
HER Hydrogen evolution reaction
MBPm o-(40-methylbiphenyl-4-yl)alkanethiols, CH3(C6H4)2-(CH2)mSH
MCm n-alkane thiols, CH3(CH2)m-1SH
mCP Micro contact printing
MD Molecular dynamics
MPA Mercaptopropionic acid, HOOC(CH2)2SH
MUA Mercaptoundecanoic acid (CH3(CH2)10SH)
NIXSW Normal incidence X-ray standing wave
NP Nanoparticle
OPD Overpotential deposition
PED Photoelectron diffraction
RD Reductive desorption
PZC Potential of zero charge
SAM Self-assembled monolayer
SECM Scanning electrochemical microscope
SEM Scanning electron microscopy
SHG Second harmonic generation
STM Scanning tunneling microscopy
UPD Underpotential deposition
UPS Ultraviolet photoelectron spectroscopy
XPS X-ray photoelectron spectroscopy
VI Vacancy island
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– islands 209
adsorption
– blueshifted 174
– CNTs 127
– ethanol 9
– gold-nanoparticle-reconstituted Gox 28
– hydrogen 21f.
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– oxydative 217
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– specific 213
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AFM (atomic force microscopy) 146, 179,
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– nanoparticles 3
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Avrami equations 215
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bandgap
– semiconducting NPs 174
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binding
– counterion 57
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– modes 214
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biochemiluminescence 44
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– factor 94
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– molecule–substrate 211
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Butler-Volmer equation 225
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– glassy (GC) 25f., 29, 35f., 117, 126, 136f.,

149, 182, 191
– paste 138, 149, 176
catalyst, see electrocatalyst
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charge–density profile 69f.
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– propagation 81f., 177ff.
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– transfer resistance 139f.
– transfer transition state 133
– transport 81
– trapping 88
chemisorption 201f.
chirality, see CNTs
chitosan matrix 25
chromatography 134
CNTs 23, 25, 29ff.
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– applications 147ff.
– artificial defects 135f.
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– chirality 129, 161, 163
– deposition on surfaces 135ff.
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– electrochemical properties 123ff.
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– morphology 121
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– oxidative scission 30
– plugging nanomaterials into proteins 29ff.
– purification 129f., 161
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– semiconducting 119ff.
– single-walled (SWNTs) 29f., 118ff.
– structure 118
CNTs synthesis 128ff.
– CVD (chemical vapor deposition) 129

– electric arc 129
– free-catalyst method 130
– impurities 128, 129f.
– laser ablation 129
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– dip-coating 63f., 175
– drop-casting 183f., 191
– electropolymerization 63
– spin 22, 63
colloidal
– materials 171f.
– ordered arrays 22
– solution 188f.
composite 7, 26, 138ff.
– CNT randomly dispersed 138ff.
– Pt/Fe(III) 26
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– channel 11
– long-range 83
– wire 11
conductivity 5f., 8f., 118f., 121
– CNTs 118f., 121
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– nanoparticle film electrodes 8
– polymer film electrodes 5
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– CNT 133
– p-electrons 31
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control
– chemical 2
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– molecular-level 19
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– spatial 2, 44f., 145
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counterion 57
– partition coefficient 59
– polyion-counterion pairing 57
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– acid–base and redox equilibria 78f.
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– electronic 31
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– polystyrene 132
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– density 13, 119
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current–potential
– curve 61f., 72
– wave 72
current response 23
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voltammograms
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deposition
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– chemical 13, 15ff.
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– copper 220, 230, 238f., 243
– CVD (chemical vapor deposition) 129
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– electrodeposition 21, 25, 176, 186
– electrochemical 12, 15ff.
– electrochemical metal 218, 224ff.
– electroless 199, 224, 228
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– evaporation 6, 199, 224
– hydrothermal 186f.
– layer-by-layer (LbL) 23, 57, 62ff.
– /lift-off cycle 244
– metal film 14, 199f.
– on-top 220ff.
– OPD (over-potential deposition) 219, 221ff.
– Pd islands 227
– plasma-enhanced chemical vapor

(PECVD) 143
– SAM-controlled 199f.
– silver 14
– solution 15
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– spin-, see coating
– sputtering 15ff.
– UPD (underpotential deposition) 220ff.
– UPD islands 231ff.
– vacancy islands 203f., 209, 214
deprotonation 62, 78
desorption
– copper 216, 229ff.
– odd-even effect 212, 230
– oxidative 210
– potential-dependent 211ff.
– rate constant 229

– reductive 209ff.
– SAMs 209ff.
– selective 210
– signal 210ff.
– silver 229, 231
– thiol 211ff.
– wave 213
detection
– biomolecules 9
– dopamin 26
– gaseous chemicals 9
– H2O2 2
– label-free 153
– limit of detection (LoD) 5, 10f., 21, 144,

155ff.
– NO 26
– organic vapors 6
– range 21
– serotonin 26
device
– amperometric sensors 144
– capacitor 18f.
– chemiresistor 7
– CMS (clinical microsensors) 36f.
– CNT/DNA genosensors 151ff.
– electrochemical actuators 157
– electrochemical energy-harvesting 157
– electrochromic 99, 105f.
– fuel cells 21, 27, 35, 158ff.
– high discharge device 19
– hydrogen storage 21
– immunosensors 156f.
– Li-ion batteries (LIBs) 18, 21, 158f.
– microfluidic 49
– optobioelectronic systems 46
– silicon-based electrochemical sensors 142f.
– solar cells 158ff.
– supercapacitor 158f.
– ultra-microelectrode arrays 143
– ultrasensitive sensors 121, 154
– write-read-erase information storage

systems 46
dielectric
– constant 95, 170
– encapsulation 143
– layer 213
diffusion
– bound diffusion model 61, 82f.
– charge 61, 81
– coefficient 18, 59, 81ff.
– constant 61, 82
– lateral 238, 240
– layers 144
– -limited steady-state currents 144
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– physical 59, 82
– rotational 62
– steady-state radial 145
– surface 211, 238
direct electron transfer 5, 23, 27ff.
– cytochrome 29
– enzyme 29
– glucose oxidase 34, 36
– long-distance 32, 35
– metalloproteins 151
– proteins 27ff.
– rate 28f., 35
– rate constant 29ff.
– SWNTs 126
– wild-type glucose oxidase 35
discharge rate 19
disproportionation 180
dissociation 102
DNA
– electrochemical investigation 126
– grafted 61f.
– hybridization 10, 151, 153ff.
– immobilization 151, 154
– -modified gold nanopartcles 11
– /SWNT 134
DOF (degrees of freedom)
– conformational 201f., 206f., 212
domain
– boundaries 201, 209, 215, 225
– crystallographic 216
– small 206f.
– stability 213
Donnan
– break-down 73
– partition model 59, 75f., 80, 96
– potential 73f., 76
DOS (density of electronic states) 119f., 228
double-layer, see electrical double-layer
DPV (differential pulse voltammetry), see

voltammograms
dynamic light scattering 174

e
EIS (electrochemical impedance

spectroscopy) 64, 81, 86f.
electrical double-layer 72, 159, 161, 169f., 224
electrocatalysis 1, 23
– biological 26
– copper nanoparticles 26, 169
– gold nanostructures 23ff.
– platinum nanoparticles 26
electrocatalyst
– ETEK/Pt NP 182
– fuel cell 169

– metal-oxide 183
– MnO2 180
electrocatalytic
– activity 47, 182f.
– cycle 101f.
– gold nanostructures 23ff.
– metal nanoparticles 26, 129, 169
– oxidation 23, 43, 49, 178
– reduction 32
– surface 22
electrochemical
– catalyze reactions 23
– communication 36f., 43, 156
– dissolution 241
– manipulation 41
– reduction 44
– template production 12
electrochemistry
– aqueous 46
– CNT-modified surfaces 117ff.
– electroactive surface-immobilized

nanoparticles 169ff.
– equilibrium 92, 97
– ferrocene 39, 43f.
– nonreversible 81
– organic-phase-type 46
– protein 36f.
– SAMs 199ff.
electrochromic 98, 105f., 189
electrode
– BBD (boron-doped diamond) 175, 187
– bridges 10
– CNT 29f., 118ff.
– CPE (carbon paste electrode) 138, 149, 176
– 3-D structure 4
– enzymatic 27f, 97ff.
– flat 18, 21, 63
– fouling 36f., 48f.
– FTO (fluorine-doped SnO2) 187
– GCE (glassy-carbon) 25f., 29, 35f., 117, 126,

136f., 149, 182, 191
– gold nanoparticle/ITO 24f.
– gold-nanoparticle-modified 9, 21, 23ff.
– graphite 32, 35, 176, 183
– hybrid-enzyme 34
– interdigitated 6, 8f.
– interface 1f., 27, 32, 37f.
– interfacial design 35, 39
– interfacing electrodes with

biomolecules 27ff.
– ITO (indium tin oxide) 3f., 24f., 105, 138,

175ff.
– limit of detection (LoD) 5, 10f., 21, 144,

155ff.
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– low-temperature performance 18
– microband 82
– multilayered nanoparticle 4
– Nafion-modified 23, 26, 58, 142, 176, 179f.
– nanofibrillar 13
– nanostructuring 2ff.
– nanoparticle modified 3f.
– passivation 37, 43, 47
– PEM-modified 57f., 98ff.
– performance 3, 18
– PIGE (paraffin impregnated graphite

electrodes) 186f.
– platinum 3, 5, 20f.
– pretreatments 146
– repeatability 9
– response rate 5, 15
– sandwich 82, 156
– selectivity 21, 24, 26
– sensitivity 2, 9f., 15, 156
electrode surface area
– electroactive 2ff.
– internal 3, 16
electrode surface
– antifouling 42, 48
– coverage 34f., 40
– curved 63
– hydrophilic 40
– hydrophobic 40
– magneto-switching 43ff.
– rough 63, 67
– switchable 2, 9, 39ff.
electrolyte
– composition 78
– concentration 73
– SEI (solid electrolyte interface) 158
– thiol–electrolyte reaction 213
electron
– antennae 23, 26
– ballistic flow 119
– 3-D conductivity 60
– exchange 177f.
– exchange rate constant 82
– –hole pair 160
– hopping 46, 59, 61, 82f.
– irradiation 242
– self-exchange 82
electron-transfer
– mediator-free detection 156
– reactivity 123, 125
electron tunneling 225f.
electroplating 15f., 218
electrostatic
– charge 78, 95
– potential profile 70, 96

ellipsometry 64, 70, 86f.
energy
– density 159
– Gibbs free 224
– standard free 95
entropy 90, 93
enzyme
– amperometric 156
– flavoenzymes 11, 27f.
– glucose oxidase 11, 27ff.
– immobilization 5, 15, 149
– -loaded microcapsule 13
– –mediator control 103
– tracer 155
– turnover 35
equilibrium
– acid–base 93f.
– ionization 57
– potential 218
– thermodynamic equilibrium constant 94
etching
– centers 215
– chemical 12
– plasma 19
extraction 5

f
FAD (flavin adenine dinucleotide) 27f., 31,

34, 150
– center 150
– cofactor carboxylic groups 30
– -modified NP 27f.
faradaic
– charge 212f.
– component 214
– current 214
– oxidation 169
– pseudocapacitance reactions 159
– reduction 169
Fermi
– energy 225f.
– level 119f., 133
film
– antifouling 36f., 39, 42f.
– capped 7f., 84f., 155
– composite 7, 26
– crosslinking of polymer 83
– defects 206, 209
– epitaxial 220
– flexibility 8, 33, 97, 177, 197
– floppy 84
– ITO/PDDA/NP 176f., 192
– ITO/PEI/MnO2 181
– mass 86, 88f.

Index j261



– nonredox 79
– organic 159, 199
– PB/PEI 189f.
– permselectivity 76, 85ff.
– platinum 20f.
– polyelectrolyte 23, 59, 64, 67f., 97ff.
– polymer 7f., 58f., 82
– polymer/NP 177
– porous SnO2 22f.
– PVS 88
– quality 231
– resistivity 88
– swelling 83, 86
– thickness 67, 76, 86, 102ff.
forces
– Coulombic 57, 93
– electrostatic 62, 70
– entropic 57
– osmotic 57
– van der Waals 41, 57, 70, 90, 93ff.
FTIRS (Fourier transform infrared

spectroscopy) 64, 68, 76
– SNIFTIRS (subtractively normalized

interfacial FTIRS) 86, 88
fuel cells, see device
FWHM (full width half-maximum) 37, 79f

g
Gouy–Chapman model 57
GPB (generalized Poisson–Boltzmann)

equation 95
graphene
– 2-D 119
– lattice 118
– layer 118, 128, 130
– semiconducting 120
graphite
– conductive powder 176
– edge pyrolytic 117, 125ff.
– HOPAG (highly oriented pyrolytic

graphite) 119, 124ff.
– powdered 117

h
high discharge device, see device
Hoiffmeinster series 88
hybrid approach 133f.
hydrogen evolution reaction (HER) 217,

229
hydrogen storage, see device
hydrolysis 41f.
hydrophilic surfaces 40, 46
hydrophobic
– magnetic nanoparticles 46

– surfaces 40, 46, 133, 136, 146
– tails 20

i
immobilization
– copper nanoparticles 26
– glucose oxidase 29
– gold nanostructures 24ff.
– ligand 41f.
– platinum nanoparticles 26
immunoglobin (Ig) 9, 61f.
– anti-IgG-modified nanoparticles 10
– multilayers 61f.
– test 10
immunoreagents 38
immunosensing 37f., 156f.
impedance spectroscopy 24, 139
impurities
– CNT-synthesis 128f., 161
– SAM solution 209
interaction
– antigen–antibody 97
– attractive 176
– avidin–biotin 97
– Coulombic 57, 93
– electrolyte–SAM 225
– electrostatic 62, 90, 94, 174ff.
– environment 202, 208, 213
– hydrogen-bond 177, 201
– intermolecular 201, 205, 208, 211
– lateral 80f., 96
– metal–metal 243
– metal–SAM 219
– molecule–substrate 206f.
– noncovalent 201
– p–H 201
– p–p 201
– polymer– polymer 93
– polymer–surface 93f.
– protein–polyelectrolyte 57
– repulsive 90f., 94, 175, 202
– van der Waals 41, 57, 70, 90, 93ff.
intercalation
– CNTs 135
– de- 158
– Li-ion batteries 158f.
– metal 219, 225, 228
– SAM/Au interface 202
interface
– electrode/electrolyte 84
– film/electrolyte 75
– metal/electrolyte 218
– metal/organic 224
– polymer/electrode 84
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– polymer/metal 160
– restructuring 207
– SAM/Au 202, 204, 234
– SAM/substrate 219f., 225f., 228ff.
– sensing 4
– tunable 4
interfacial
– assemblies 178
– structure 96, 202ff.
– tension 220
ion
– conductor 105
– density profiles 91f.
ion exchange 59, 84ff.
– LbL films 85
– polymers 57f.
ion
– flux 84
– mobile 91f.
– penetration 211
ionic
– hydratation 86
– strength 67, 70, 79
ionization
– degree 68
– equilibrium 57
IR spectroscopy 214
isoelectric point 59
ITO (indium tin oxide), see electrode

k
kinetic
– case-diagram 102f.
– -diffusion problem 101f.
kinetics
– adsorption 209
– charge-transfer 127
– electrode 137, 146
– electron-transfer 123, 125, 127, 130, 137,

161
– enzyme 102
– mediator-limited 102

l
labeled
– electroactive 155
– enzyme 156
– HRP (horseradish peroxidase) 156
– radio- 35, 85, 88
Lagrange multiplier 92
Langmuir–Blodgett transfer technique 61, 213
layer-by-layer (LbL) technique 23, 57, 62ff.
ligand
– carboxylate 6

– immobilization 42f.
– peptide 42
lithography
– DPN (dip-pen lithography) 11
– EBL (electron-beam lithography) 241f.
lyotropic liquid crystals 19ff.
– metallic films 21
– polymers 21

m
magnetic
– field 43f., 47f.
– particles 43f., 46ff.
membrane
– activated 16
– alumina 12f., 15ff.
– gold coated 13, 15
– honey comb-structured 19
– ion-selective 26
– polycarbonates 18
– pore densities 12
– pore size 12, 19
– porous alumina 3, 12f., 15ff.
Manning condensation 57
metal
– electronic properties 15
– growth 199, 214, 218f., 226, 231ff.
– metal/SAM/metal sandwich structure 220,

228
– metal/SAM/substrate sandwich

structure 219
– mushroom-like growth 219f., 240, 243
– nanostructured 15, 20
– nucleation 199, 214f., 219, 225, 234,

242
– optical properties 15
– penetration 224f., 228, 231, 239
– surface tension 227
– UPD islands 231ff.
metal oxides 178ff.
Michaelis
– constant 102
– –Menten 103
microcontact printing (mCP) 40, 222, 241
molar mass exchange 88
molecular
– activation-limited rate constant 82f.
– defects 198, 201
– post 34f.
– recognition 97, 102
– volume 95
– weights 21
molecular theory of polyelectrolyte-modified

electrodes 68f., 89ff.
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molecular wires 30ff.
molecules
– biorecognition 37
– complex 6
– entrapment 160
– free diffusing 27
– interfacing electrodes with

biomolecules 27ff.
– linker 8, 24
– OEG (oligoethylene glycol) 36ff.
– organic binding 24
– packing density 204f., 211
– redox 33
– rigid 32ff.
– SAM-forming 198ff.
– trapping 140
Monte Carlo simulations 83, 216
MPCs (monolayer-protected clusters) 170
Mulder model 215
multilayer, see SAMs

n
Nafion, see electrode
nanocluster 170, 224, 226
nanofiber 13, 15
– gold 15
– V2O5 18
nanomaterials plugging into proteins 27ff.
nanoparticles (NPs)
– Ag 14
– Ag/Ag2O 176, 186
– aggregation 175, 179
– Au 6, 11, 16f., 178ff.
– Au/PB 191
– capped 170f., 173, 178
– coated 172, 175
– core-shell 172f., 176, 179, 186, 191
– CoOx 185f.
– CuO 186
– CuPB 190f.
– diameter 174, 178f., 182ff.
– diamond 176
– dispersity 174
– electroactive NPs 169ff.
– FAD-modified 27f.
– faradaic electroactive nanoparticles

(NPs) 169ff.
– Fex 184f., 188f.
– gel 175
– growth 11, 199, 214, 218f., 226, 231ff.
– hollow 172
– immobilization 24f., 170, 174ff.
– IrOx 187
– latex 9

– metallic- 23ff.
– MnO2 176, 180ff.
– MnOx 180ff.
– NiOx 185f.
– plugging nanomaterials into proteins 27ff.
– Prussian Blue 169, 175, 187ff.
– Pt 178
– RuOx 187
– synthesis 171ff.
– TiC 175, 179
– TiO2 169, 175, 178ff.
– TiOx 178ff.
– uncapped 175f.
– WO3 176, 187
nanopores 236
nanorods 5, 17, 182f.
– aspect ratio 182
– Au 17
– MnO2 182
– MnOOH 182f.
nanotubes 2, 13
– alumina membrane 15ff.
– arrays 16f., 30
– aspect ratio 172
– Au 17
– carbon, see CNT
– enzyme-loaded 13f.
– growth 15
– metallic 16
– optical properties 15f.
– polyaniline 14f.
– surface 15
nanowires
– adaptive 48f.
– Au 11, 25
– Au/Ni 49
– catalytic Ni 47ff.
– magnetic 11
– semiconductor 11
Nernst equation 94, 218f.
Nernst potential 231
Nernstian behavior 79
neutron reflectometry 64
nuclear fission particles 12

o
osmotic
– balance 84
– pressure 92
Ostwald ripening 216
oxidation 4
– bioelectrocatalyzed 43, 49
– catalytic 23, 178
– electrochemical 46, 84
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– magneto-triggered electrochemical 45
– peak 23f., 37

p
packing constraint 91ff.
patterning 221ff.
PBD (probe beam deflection) 59, 84, 88
– oxidation transitions 84f.
– transients 91
percolation process 82
permeation 82
permselectivity, see film
pH 59, 70
– bulk 78
– adsorption 67
– assembly 76, 83f.
– -responsive redox brushes 62
– solution 78f.
phase transition 202, 208
phenomenological models 96
polarized infrared absorption

spectroscopy 15
polyelectrolyte
– brushes 61f.
– charge 67
– complexes 57
– –enzyme system 60
– film structure 64ff.
– interpenetration 66
polyelectrolyte modified electrodes 57ff.
– molecular theory 68ff.
– electrochemical response 72
polyelectrolyte
– Nafion 23, 26, 58, 142, 176, 179f.
– PAH (poly(allylamine hydrochloride) 23f.
– PDDA (poly

(diallyldimethylammonium) 176ff.
– PEI (poly(ethyleneimine) 181, 189f.
– PEM (polyelectrolyte multilayers) 57, 62f.,

97ff.
– PL (poly-(lysine)) 58
– PSS (poly(sodium 4-styrene-sulfonate) 23,

58
– PVP (poly(vinylpiridine)) 58
– PVS ((poly(vinylferrocene) 88
– RPEM (redox PEM) 57
polyion
– –counterion pairing 57
– –polyion pairing 76
polymer
– backbone 68ff.
– binder 177, 182, 190
– brushes 61f.
– conductive 12, 15

– conjugated 159f.
– crosslinked network 59, 83
– electrical properties 15
– fiber 15
– flexibility 60f.
– flexible network 7f., 60
– insulating 11
– MPMDMS ((3-mercaptopropyl)

methyldimethoxysilane)) 3
– optical properties 15
– PAMAM (poly(amidoamine)) 6
– PEG (polyethylene glycol) 61
– polypyrrole 12f.
– PPh (poly(phenylene)) 6
– PPI (poly(propyleneimine)) 6f.
– PS (polystyrene) 22
– PTFE (poly(tetrafluoroethylene)) 182
– segmental motion 59
polymerization
– chemical 14
– in-situ 132
– reaction 59f.
pore
– densities 12
– orderes arrays 10
– size 12, 19, 21
– spacing 21
potential
– anodic 84
– cleavable molecules 41f.
– corrugation 206
– Donnan 73f., 76, 80, 87
– drop 15, 224
– electrode 79f.
– electrostatic 70f., 73, 76, 90
– equilibrium 218
– half-wave 34
– interfacial 73f., 80
– membrane 59, 73
– peak 77f., 81, 96
– square-wave 89
– standard chemical 93, 218, 225
– surface–solution 76
precursor
– platinum 20
– TIVO (tir-isopropoxyvanadium) 18
proteolytic digestion 4
proton injection 184
protonation 87

q
quantum dots 155
QCM (quartz crystal microbalance) 8, 59, 64,

88, 179ff.
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– EQCM (electrochemical quarz crystal
microbalance) 86f., 182

r
radical organic species 132
Raman spectroscopy 140
reaction
– bioelectrocatalytic 43, 49
– electrochemical 44f.
– enzymatic 155
– Diels–Alder 42
– enzymatic 11, 15, 25
– place-exchange 8
– surface condensation 143
readsorption 210
recognition 37, 97, 102, 154
– antibody/antigen 156
redox-active
– bridging molecules 3f.
– centers 3, 27ff.
– counterions 58
– molecules 23
– species 3
redox
– cycling 88f.
– –enzyme catalytic cycles 101
– hydrogels 59f.
– mediator 44, 59, 100, 102
– polyelectrolyte-modified electrodes 60ff.
– polymer brushes 61f.
– potentials 45, 58f., 80f., 94
– switching 82, 84, 86
– waves 80
reduction
– electrocatalytic 46
– four-electron 182f.
– HAuCl4 5f.
– O2 11
resistance
– nanoparticle film electrode 9f.
– polymer film electrode 5
– SnO2 nanostructured films 22f.
rotating disk-ring technique 216
RTILs (room-temperature ionic liquids) 181

s
SAMs (self-assembled monolayers)
– adatom islands 207
– aryl diazonium salt 36f.
– blocking 229, 231, 241, 243ff.
– blocking/nonblocking 243f.
– capped 84f.
– connectivity 33
– controlled electrometallization 218

– crosslinked 241
– defects 206, 209, 221, 224f., 235f.
– electrochemistry 199ff.
– flexibility 8, 33, 97, 177, 197
– formation 209f.
– homogeneous 237
– heterogeneous 211, 228
– high-quality aromatic 231
– lattice mismatch 206f., 228
– mixed 33, 41, 211, 236
– modified gold 29
– –network hybrid 237ff.
– organosulfur 197
– passivation 240
– PEM, see polyelectrolyte
– pyridine-terminated 32
– quality 237
– reductive desorption 209ff.
– stability 209, 212, 221, 228f., 235
– structural transformation 208
– structure 200ff.
– supramolecular 61
– switchable surfaces 39ff.
– thickness 33
– thiols 27, 197ff.
– vacancy islands 203f., 209, 214
SECM (scanning electrochemical

microscopy) 59
SEM(secondary electronmicroscopy) 25, 178
– FE-SEM (field emission secondary electron

microscopy) 175, 181
semiconducting
– CNTs 119ff.
– graphene 120
– NPs 170, 174
signal
– amperometric 97f., 144
– amplification 155
– coupling 155
– potentiometric 21, 45, 91, 97, 155
single base-pair mismatches 10f.
solvent
– exchange 84, 86
– polar 20
spacer 197, 221ff.
– chain 204, 212
– aliphatic 204
spring force constant 62, 83
STM (scanning tunneling microscopy) 178,

200, 203f., 206f., 226, 231, 233ff.
– ECSTM (electrochemical scanning tunneling

microscopy) 214
substrate
– Au 141, 200ff.
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– Au/mica 200, 212f., 239
– bond angle 205
– conductive 82
– coverage 205, 211, 216, 226
– glass 6, 8, 11, 22
– Pt 183, 200
– Si 141ff.
– topography 198
surface
– low-index 216
– polycrystalline 216
– -potential model 76
– -to-volume ratio 2, 153
surfactant 19f.
switching
– electrostatic 40
– polyaniline 15
– redox 40
– reversible 40
– time 9

t
TEM (transmission electron microscopy) 20,

22, 128, 174, 184
templating
– colloidal 3, 22f.
– lyotropic liquid crystals 19ff.
– porous alumina membrane 3, 12f., 15
– track-etched 12f.
trace analysis 48
transduction 15, 27, 154
tunneling, see electron

u
ultracentrifugation 134
ultraviolet-(UV) visible spectroscopy 64, 174,

181

v
Van Hove singularities 120
viscoelastic
– changes 59
– film 86
voltammetry
– stripping 49, 155
– thin layer voltammetric equation 72
voltammograms 72, 87
– CNTs 126, 128
– CV (cyclic voltammogram) 3f., 24, 34, 45f.,

61f., 64, 72ff.
– DPVs (differential pulse

voltammograms) 23, 137
volume–fraction profile 68ff.

w
wettability 40, 210

x
XPS (X-ray photoelectron spectroscopy) 64,

76, 183
X-ray diffraction 174

z
z-potential 64
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