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Foreword

It is a remarkable feature of modern electrochemistry that research is directed on 
one side to a deeper understanding of the very fundamentals, of the elementary 
steps of charge transfer at interfaces and charge propagation in phases—that is, the 
most simple electrochemical systems—and on the other side, that more and more 
complex systems are experimentally investigated; for example, multi-phase systems 
in which sometimes several electrochemically active centers are present, in which 
charge propagation may proceed on complex pathways, where electrocatalysis may 
be involved and where electrochemically initiated chemical conversions may take 
place. These complex systems are not only of applied significance—for example, in 
batteries and fuel cells—but they also prompt new developments of the understand-
ing of fundamental processes. Now the time is ripe for such complicated systems to 
be studied with all the modern techniques, of course including the most advanced 
spectroscopic and microscopic methods.

The author of this book has attempted to survey a specific but large area of 
modern electrochemical research, the electrochemistry of porous materials, and 
he was well prepared for this undertaking, as he has published extensively about 
such systems. Porous materials are very complex with respect to possible electro-
chemical reactions: The author covers materials with nanopores up to micropores, 
and he treats all these materials under the aspect of insertion electrochemistry, as 
electron and ion transfer processes are proceeding together. The range of different 
compounds and materials is impressive, and it is very rewarding for the reader to 
see a presentation of such great variety in one volume. This is a unique book in 
which for the first time a comprehensive treatment of the electrochemical features 
of porous materials is given. Because of the great technological importance of 
these materials, the book will be welcomed by the electrochemical community, 
and I am confident that the book will give an impetus to the theoreticians who 
may see in one glance what interesting and tempting systems the experimentalists 
have already studied and what tempting theoretical questions derive from these 
investigations.

Fritz Scholz
University of Greifswald, Germany
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Preface

In the past decades, research on porous materials has increased considerably because 
of their wide-ranging applications (e.g., sensing, gas storage, catalysis, energy trans-
formation and storage, among others). The term porous materials applies to a wide 
variety of substances, from clay minerals and silicates to metal oxides, metal-organic 
frameworks, or even thin films and membranes. Porous metals and carbons can also 
be included under such systems.

Electrochemistry plays an important role in both research and applications of 
porous materials via electroanalysis, electrosynthesis, sensing, fuel cells, capacitors, 
electro-optical devices, etc.

The purpose of this text is to provide an approach to the electrochemistry of 
porous materials that combines the presentation of a generalized theoretical model-
ing with a description of redox processes for different porous materials and a view of 
their electrochemical applications.

Because of the considerable variety of materials that can be classified as porous, 
the discussion will be limited to several groups: porous silicates and aluminosilicates, 
porous metal oxides and related compounds, porous polyoxometalates, metal-organic 
frameworks, porous carbons, carbon nanotubes, and several hybrid materials. All 
these materials can be viewed as relatively homogeneous from the electrochemical 
point of view. Metal and metal oxide nanoparticles, “organic metals,” fullerenes, and 
dendrimers, which can also be regarded as nanostructured materials, also displaying 
distinctive electrochemical features, will not be treated here for reasons of brevity, 
although their appearance in hybrid materials as modifiers for microporous materi-
als will be discussed.

This book is devoted to conjointly present the advances in electrochemistry of 
nanostructured materials. More specifically, the text presents the foundations and 
applications of the electrochemistry of microporous materials with incorpora-
tion of recent developments in applied fields (fuel cells, supercapacitors, etc.) and 
fundamental research (fractal scaling, photoelectrocatalysis, magnetoelectrochem-
istry, etc.). The book attempts to make electrochemistry accessible to research-
ers and graduate students working on chemistry of materials but also strives to 
approximate porous materials chemistry to electrochemists. To provide a reason-
able volume of literature, citations are limited to fundamental articles. Whenever 
possible, textbooks and review articles have been cited or, alternatively, recent 
articles covering wide citations of previous literature have been used in order to 
facilitate access to a more extensive literature for readers who are interested in 
monographic topics.

The book includes part of research performed in collaboration with Elisa Llopis, 
María José Sabater, Mercedes Alvaro, Pilar Navarro, María Teresa Doménech, 
Antonio Cervilla, Javier Alarcón, Avelino Corma, and Hermenegildo García, as well 
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as their coworkers, who have kindly provided materials for text and figures. Most 
of the original materials provided from research projects CTQ2006-15672-C05-05/
BQU (Spanish government) and AE06/131 (Valencian government) whose financial 
support (ERDEF funds) is acknowledged. I gratefully acknowledge Milivoj Lovric 
for his review with respect to theoretical aspects. I would also like to express my 
appreciation and thanks to Fritz Scholz for his friendship and revision of the overall 
manuscript and for valuable comments, criticisms, and suggestions. Finally, I would 
like to thank my family for its continuous support, attention, and patience.
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1

1 Porous Materials and 
Electrochemistry

1.1  Porous Materials, Concept, and Classifications

Porous materials have attracted considerable attention since the 1960s because of 
their wide variety of scientific and technological applications. In its most generalized 
definition, the term pore means a limited space or cavity in a (at least apparently) 
continuous material. Porous materials comprise from inorganic compounds such as 
aluminosilicates to biological membranes and tissues. According to the International 
Union of Pure and Applied Chemistry, pores are classified into three categories: 
micropores (less than 2 nm), mesopores (between 2 and 50 nm), and macropores 
(larger than 50 nm).

Porous materials discussed at the International Conference on Materials for 
Advanced Technologies 2005 included clay minerals, silicates, aluminosilicates, 
organosilicas, metals, silicon, metal oxides, carbons and carbon nanotubes, poly-
mers and coordination polymers, or metal-organic frameworks (MOFs), metal and 
metal oxide nanoparticles, thin films, membranes, and monoliths (Zhao, 2006).

Fundamental and applied research dealing with novel porous materials is 
addressed to improve template-synthesis strategies, chemical modification of 
porous materials via molecular chemistry, construction of nanostructures of 
metals and metal oxides with controlled interior nanospace, reticular design of 
MOFs with pore sizes ranging from the micropore to the mesopore scales, among 
others. Porous materials are useful for sensing, catalysis, shape- and size-selec-
tive absorption and adsorption of reagents, gas storage, electrode materials, etc. 
(Eftekhari, 2008).

Because of the considerable variety of materials that can be classified as porous, 
several classifications can be proposed. Thus, according to the distribution of pores 
within the material, we can distinguish between regular and irregular porous materi-
als, whereas, according to the size distribution of pores, one can separate between 
uniformly sized and nonuniformly sized porous materials.

From a structural point of view, porous materials can be viewed as the result of 
building blocks following an order of construction that can extend from the cen-
timeter to the nanometer levels. Porous materials can range from highly ordered 
crystalline materials such as aluminosilicates or MOFs, to amorphous sol-gel com-
pounds, polymers, and fibers. This text will focus on materials that have porous 
structures, so that ion-insertion solids having no micro- or mesoporous structures, 
such as the metal polycyanometalates, whose electrochemistry was reviewed by 
Scholz et al. (2005), will not be treated here. To present a systematic approach 
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2	 Electrochemistry of Porous Materials

from the electrochemical point of view, in this text, porous materials will be 
divided into:

Porous silicates and aluminosilicates•	
Porous metal oxides and related compounds (including pillared oxides, •	
laminar hydroxides, and polyoxometalates)
MOFs•	
Porous carbons, nanotubes, and fullerenes•	
Porous organic polymers and hybrid materials•	

Although it does not exhaust the entire range of porous materials, the list attempts 
to cover those that can be described in terms of extended porous structures and 
whose electrochemistry has been extensively studied. In addition, since 1990 there 
has been a growing interest in the preparation of nanostructures of metal and metal 
oxides with controlled interior nanospace, whereas a variety of nanoscopic poro-
gens such as dendrimers, cross-linked and core-corona nanoparticles, hybrid copoly-
mers, and cage supramolecules are currently under intensive research (Zhao, 2006). 
Several of such nanostructured systems will be treated along the text, although, for 
reasons of extension, the study in extenso of their electrochemistry should be treated 
elsewhere.

The most relevant characteristic of porous materials is the disposal of a high 
effective surface/volume relationship, usually expressed in terms of their specific 
surface area (area per mass unit), which can be determined from nitrogen adsorp-
tion/desorption data. Different methods are available for determining the specific 
surface area (Brunauer-Emmett-Teller, Langmuir, and Kaganer), micropore volume 
(t-plot, as, and Dubinin-Astakhov), and mesopore diameter (Barrett-Joyner-Halenda; 
Leroux et al., 2006). Table 1.1 summarizes the values of specific surface area for 
selected porous materials.

1.2  Mixed Porous Materials

Porous materials chemistry involves a variety of systems, which will generically 
be termed here as mixed systems, resulting from the combination of different 
structural moieties, resulting in significant modifications of the properties of the 

TABLE 1.1
Typical Values for Specific Surface Area  
of Selected Porous Materials

Material	S pecific Surface Area (m2/g)

Zeolite X	   700

SBA-15	   650
MCM-41	   850
Activated carbon	 2000
Nanocubes MOF-5	 3500
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Porous Materials and Electrochemistry	 3

pristine porous materials. In this group, we can include quite different materials, 
namely:

Composites, formed by addition of a binder to porous materials and eventu-•	
ally other components forming mixtures for definite applications. This type 
of system is frequently used for preparing composite electrodes.
Functionalized materials, prepared by attachment of functional groups to •	
a porous matrix.
Materials with encapsulated species, where molecular guests are entrapped •	
in cavities of the porous host material.
Doped materials, where a structural component of the material becomes •	
partially substituted by a dopant species or when external species ingress in 
the original material as an interstitial ion. The term doping is thus applied 
to, for instance, yttria-doped zirconias used for potentiometric determina-
tion of O2 but also to describe the incorporation of Li+ in polymers and 
nanostructured carbons.
Intercalation materials, in which different nanostructured components are •	
attached to the porous matrix. This is the case of metal and metal oxide 
nanoparticles generated into zeolites and mesoporous silicates or organic 
polymers intercalated between laminar hydroxides.

From several applications, it is convenient to describe much of the above sys-
tems as resulting from the modification of the parent porous materials by a second 
component. In this sense, one can separate network modification, network build-
ing, and network functionalization processes. Network modification exists when 
the final structure of the parent material is modified as a result of its combination 
with the second component, thereby resulting in the formation of a new system 
of links. Network building occurs when the material is formed by assembling the 
units of both components. Finally, functionalization involves the attachment of 
selected molecular groups to the host porous material without modification of its 
structure.

1.3 E lectrochemistry and Porous Materials

All the aforementioned materials, in spite of their variety of physicochemical and 
structural properties, can be studied via electrochemical methods and can be treated 
as materials for electrochemical applications. In most cases, porous materials can be 
synthesized, modified, or functionalized via electrochemical methods. Intersection 
of electrochemistry with porous materials science can be connected to:

Electroanalytical methods for gaining compositional and structural infor-•	
mation on porous materials
Electrosynthetic routes for preparing or modifying porous materials•	
Design and performance of electrocatalysts for synthesis and sensing•	
Characterization of photochemical and magnetochemical properties•	
Design and performance of electrochemical, electro-optical, etc., sensors•	
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4	 Electrochemistry of Porous Materials

Design and performance of porous materials such as electrode materials, •	
fuel cells, and the like
Design and performance of capacitors, electro-optical devices, solar cells, •	
and so forth

The relationship between electrochemical items and materials science can 
be grouped according to three main aspects as shown in Figure 1.1. It should be 
noted that electrosynthetic methods allow for preparing a variety of materials, from 
porous oxide layers in metal anodes, to MOFs (Mueller et al., 2006), layered double 
hydroxides (LDHs; Yarger et al., 2008), and porous carbons (Kavan et al., 2004). 
Furthermore, porous materials can be modified, functionalized, or hybridized (vide 
infra) via electrochemically assisted procedures, thus resulting in the preparation of 
novel materials.

Electrochemical methods can also be used for obtaining analytical informa-
tion on porous materials. Voltammetric methods and related techniques have been 
largely used to acquire information on reaction mechanisms for species in solution 
phase, whereas impedance techniques have been extensively used in corrosion and 
metal surface studies. In the past decades, the scope of available methods has been 
increased by the development of the voltammetry of microparticles (Scholz et al., 
1989a,b). This methodology, conceived as the recording of the voltammetric response 
of a solid material mechanically transferred to the surface of an inert electrode, 
provides information on the chemical composition, mineralogical composition, and 
speciation of solids (Scholz and Lange, 1992; Scholz and Meyer, 1994, 1998; 

Materials
Science

Synthesis

Characterization

Applications

Electrosynthesis
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Figure 1.1  Schematic diagram depicting the relationships between electrochemistry and 
porous materials science.
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Grygar et al., 2000; Scholz et al., 2005). Recent developments in this frame com-
prise the determination of absolute quantitative composition of electroactive species 
(Doménech et al., 2004a, 2006a) and topological distribution of electroactive species 
attached to solid networks (Doménech et al., 2009).

Electrochemical applications of porous materials involve important issues, 
including transduction (electro-optical, magneto-optical devices) and sensing; gas 
production and storage; electrosynthesis at industrial scale; and pollutant degrada-
tion. In the analytic domain, porous materials can be used in electroanalytical tech-
niques (potentiometry, amperometry) for determining a wide variety of analytes, 
from gas composition to pollutants or bioanalytes, with applications for tissue engi-
neering, DNA sequencing, cell markers, and medical diagnosis (Zhao, 2006). Porous 
materials not only find application in batteries, capacitors and supercapacitors, and 
fuel cells but also in the preparation of high-performance dielectric materials for 
advanced integrated circuits in the microelectronics industry.

1.4 S ynthesis of Porous Materials

Although traditional synthetic methods can be used for preparing a variety of 
porous materials, the development of template synthesis strategies has prompted an 
explosive-like growth of synthetic methods. Template synthesis roughly involves the 
use of a structure-directing reagent that facilitates the porous material to adopt the 
desired structure, followed by the template release. Three main types of templates, 
soft, hard, and complex, can be used (Zhao, 2006).

Soft templates, usually molecules and molecular associations such as amines, 
thermolabile organic polymers, and surfactants, can be removed by heat treatment. 
In addition, vesicles, ionic liquids, self-assembled colloidal crystals, and air bubbles 
have been used for soft templating synthesis.

Hard templates, whose release requires acid or basic attack such as zeolites and 
mesoporous silica, used as templates for porous carbon preparation (Kim et al., 
2003; Yang et al., 2005), can be taken as examples.

Complex templates combine soft and hard template techniques. This methodol-
ogy is used for synthesizing hierarchically bimodal and trimodal meso-macroporous 
materials with interconnected pore channels combining a surfactant template with a 
colloidal crystal template (Yuan and Su, 2004).

In parallel, sol-gel technologies have contributed to a significant growth of synthetic 
procedures for preparation of all types of materials (Wright and Sommerdijk, 2000).

In recent times, much attention has been paid to preparation of films of hybrid 
materials. Here, the composition (homogeneous, heterogeneous), structure (mono-
layer, multilayer), thickness, and texture (roughness) can notably influence the result-
ing optical and electrical properties of the system. Layer-by-layer (LbL) preparation 
involves the sequential deposition of oppositely charged building blocks modulated 
by their interaction with counterions.

A plethora of synthetic routes, however, is currently being developed. These 
include Ostwald ripening to build hollow anatase spheres and Au-TiO2 nanocompos-
ites (Li and Zeng, 2006), laser ablation (Tsuji et al., 2007), spray pyrolysis (Taniguchi 
and Bakenov, 2005), among others.
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6	 Electrochemistry of Porous Materials

Interestingly, porous materials can act as templates for synthesizing other porous 
materials, as, for example, the application of MOFs (Liu et al., 2008) and organo-
modified LDHs (Leroux et al., 2006) for porous carbon synthesis.

Techniques for thin-film deposition include vacuum thermal evaporation (Morales-
Saavedra et al., 2007) and organized assembly.

In addition, electrosynthetic methods can be applied in preparing or modifying porous 
materials. Within an extensive list of procedures, one can mention the following:

Preparation of porous oxide films by anodization of metal electrodes•	
Electrosynthesis of metal-MOFs (Mueller et al., 2006)•	
Electrosynthesis of porous carbons and nanotubes•	
Electropolymerization forming porous polymers•	

Electrochemical modification of porous materials involves:

Electrochemical doping via ion insertion in materials for lithium batteries•	
Electropolymerization of polymers attached to porous substrates•	
Nanoparticle electrogeneration and attachment to porous materials (Bessel •	
and Rolison, 1997a)

1.5  Material-Modified Electrodes

Roughly, electrochemical methods consist of recording the signal response of an 
electrode, which is immersed into an electrolyte solution, under the application of 
an electrical excitation signal. The potential of this electrode, the working electrode, 
is controlled with respect a reference electrode also immersed in the electrolyte. In 
solution electrochemistry, electroactive species are located in the liquid electrolyte, 
although eventually, formation of gas and/or solid phases can occur during electro-
chemical experiments. In solid state electrochemistry, the interest is focused on solid 
materials deposited on (or forming) the electrode, in contact with a liquid or, eventu-
ally, solid electrolyte.

A significant part of solid state electrochemistry is concentrated in the attachment 
of solid materials to the surface of a basal, inert electrode. This process will, in the 
following, be termed electrode modification.

The following methods have been proposed for electrode modification with 
porous materials.

Direct deposition from suspensions. In this procedure, a drop of a suspen-•	
sion of the solid in a volatile liquid is placed on the surface of the basal 
electrode, allowing the solvent to evaporate (Li and Anson, 1985).
Fixation/coverage into a polymer coating. Preparing a suspension of the •	
solid in a solution of the polymer in a volatile solvent and allowing the sol-
vent to evaporate (Ghosh et al., 1984). As a result, a coating of the solid par-
ticles embedded into the polymer coating is deposited onto a basal electrode. 
Alternatively, a microparticulate deposit obtained from evaporation of a sus-
pension of the studied solid in a volatile solvent is covered by a polymer 
solution, followed by evaporation of the solvent (Calzaferri et al., 1995).
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Attachment to carbon paste electrodes and formation of material/carbon/•	
polymer composites. Here, the powdered material is mixed with a paste 
formed with graphite powder and a binder. This is usually a nonconduct-
ing, electrochemically silent, and viscous liquid (nujol oil, paraffin oil), but 
electrolyte binders such as aqueous H2SO4 solutions have also been used 
(Adams, 1958; Kuwana and French, 1964; Schultz and Kuwana, 1965). 
Rigid electrodes can be prepared from mixtures of the material, graphite 
powder, a monomer, and a cross-linking agent, followed by radical-initiated 
copolymerization (Shaw and Kreasy, 1988).
Formation of material/conductive powder mixtures (or pressed graphite-•	
material pellets). This method involves powdering and mixing with graphite 
powder and pressing the powder mixture into electrode grids, as com-
monly done in the battery industry. The pressed mixture can be attached 
to a graphite electrode and immersed into a suitable electrolyte or, eventu-
ally, dry films of pressed pellets can be placed between planar electrodes 
(Johansson et al., 1977; Damertzis and Evmiridis, 1986).
Coelectrodeposition with conducting polymers from a material-monomer •	
slurry submitted to electropolymerization conditions. Thus, Rolison (1990) 
prepared uniform particle-polymer coatings from a drop of zeolite suspen-
sion in a pyrrole solution in Et4NClO4/MeCN (see also Bessel and Rolison, 
1997a).
Mechanical transference. According to Scholz et al. (1989a,b), this method is •	
based on the transference by abrasion of a few micrograms (or nanograms, 
if necessary) of solid particles of the sample to the surface of an inert elec-
trode, typically paraffin-impregnated graphite electrodes (PIGEs).
Adsorptive and covalent link to electrode surfaces. Particles of porous •	
materials can be adsorptively or covalently bound to electrode surfaces via 
intermediate groups able to connect the basal conducting electrode and the 
porous particles. The use of silanes enables covalent binding, as originally 
described by Li et al. (1989) for the covalent attachment of bifunctional 
silane to a single dense layer of zeolite Y to an SnO2 electrode. Adsorption 
can be facilitated by pendant groups, typically thiols with high affinity to 
gold surfaces. The use of thiol-alkoxysilanes has been applied to attach alu-
minosilicate materials to gold electrodes, here combining the thiol affinity 
for gold with the easy functionalization of aluminosilicates with alkoxysi-
lanes (Yan and Bein, 1992).
Layer and multilayer preparation methods. Under this designation, a variety •	
of methods recently developed for preparing material-modified electrodes 
can be included: spin coating and formation of Langmuir-Blodgett films 
are accompanied by continuous film synthesis on electrodes (Kornik and 
Baker, 2002), self-assembled monolayer formation (Jiang et al., 2006), LbL 
deposition (Zhang et al., 2003), electrophoretic deposition (Zhang and Yang, 
2007), and hydrothermal crystallization on conductive substrates (Kornik 
and Baker, 2002). The last method involves previous treatment of the 
basal electrode; for instance, zeolite-modified electrodes on glassy carbon 
electrode previously treated with a polycationic macromolecule to ensure 
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8	 Electrochemistry of Porous Materials

durable binding of the negatively charged zeolite seeds (Walcarius et al., 
2004). Other methods involve silanization, charge modification, and seed-
ing of the surface before hydrothermal crystallization of the porous mate-
rial (Mintova et al., 1997). Among others, LbL assembly by ionic linkages 
mediated by multilayers of oppositely charged electrolytes has also been 
reported (Lee et al., 2001).

1.6 E lectrode-Modified Materials

Porous materials can be electrochemically synthesized and/or electrochemically 
modified by using electrolysis methodologies. Apart from synthesis of, for instance, 
MOFs (Mueller et al., 2006) or fullerenes (Kavan and Hlavaty, 1999), porous materi-
als can be electrochemically modified in several ways.

One of the most intensively investigated possibilities results in the attachment of 
nanometric units to porous, electrochemically silent frameworks. This is the case 
of metal and metal oxide nanoparticles anchored to micro- and mesoporous alu-
minosilicates prepared by electrolyzing dispersions of, for instance, Pd(II)- and/
or Cu(II)-exchanged zeolites in appropriate electrolytes. Application of reductive 
potentials leads to the formation of metal and/or metal oxide nanoparticles in the 
zeolite framework. With appropriate control of the synthetic conditions, metal 
nanoparticles can be predominantly confined to particular sites (e.g., supercages 
in zeolites) in the porous framework (Rolison, 1990; Rolison and Bessel, 2000). 
Zeolite-supported Pt or RuO2 nanoparticles act as electron transfer mediators rather 
than as the controlling heterogeneous electron transfer surface and improve fara-
daic efficiency in electrolytic processes even in low-ionic-strength solutions (Bessel 
and Rolison, 1997a).

Metal nanoparticles housed in zeolites and aluminosilicates can be regarded as 
arrays of microelectrodes placed in a solid electrolyte having shape and size selectiv-
ity. Remarkably, the chemical and electrochemical reactivity of metal nanoparticles 
differ from those displayed by bulk metals and are modulated by the high ionic 
strength environment and shape and size restrictions imposed by the host frame-
work. In the other extreme end of the existing possibilities, polymeric structures 
can be part of the porous materials from electropolymerization procedures as is the 
case of polyanilines incorporated to microporous materials. The electrochemistry of 
these types of materials, which will be termed, sensu lato, hybrid materials, will be 
discussed in Chapter 8.

Another interesting and widely studied case is the formation of porous metal 
oxides by anodization of metals. Here, the electrolytic procedure yields a thin layer 
of porous materials applicable in catalysis, in anticorrosion, batteries, and other 
applications. Such materials will be discussed in Chapter 6.

1.7 G eneral Electrochemical Considerations

A variety of electrochemical techniques can be applied for obtaining information on 
the composition and structure of microporous materials. Roughly, we can divide such 
techniques into two main groups: first, “traditional” electrochemical methodologies, 
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mainly, cyclic voltammetry (CV), chronoamperometry, chronopotentiometry, and 
coulometry. Second, those involving impedance measurements particularly focused 
in electrochemical impedance spectroscopy (EIS). This brief enumeration, however, 
does not exhaust the scope of available techniques, because other extended methods, 
such as differential pulse- and square-wave voltammetries, electrochemical quartz 
crystal microbalance (EQCM), or electrochemical atomic force microscopy, can be 
used for characterizing microporous solids. Apart from this, electrochemical tech-
niques can be combined with other experimental procedures so that coupling with 
ultraviolet-visible spectrometry, Fourier-transform infrared spectroscopy, x-ray dif-
fraction, etc., is possible.

In a broad sense, electrochemical phenomena involve electron transfer processes 
through a two-dimensional boundary (interface) separating the electrode (metal-type 
conductor) and the electrolyte (ionically conducting). In the study of such phenom-
ena, one can distinguish between electrodics, focused on the heterogeneous elec-
trode/electrolyte charge transfer process, and ionics, devoted to the study of ionically 
conducting liquid or solid phases (Bockris and Reddy, 1977).

With regard to porous materials, it should be noted that more or less restricted 
ionic conductivity is a general property that can vary significantly depending on dop-
ing, type and concentration of defects, and temperature. Interestingly, several porous 
materials, such as hydrated aluminosilicates, can behave as liquid electrolyte-like 
conductors, whereas such materials behave as solid ionic conductors when dry.

The classical model for describing the electrode-liquid electrolyte junction con-
siders a highly structured region close to the electrode surface, the double layer, 
with dipole-oriented solvent molecules and a double layer of charge-separated ions, 
which creates a capacitive effect. At a greater distance from the electrode surface, 
there is a less structured region, the diffuse layer, which finally reduces to the ran-
domly organized bulk-electrolyte solution. The earlier formulation, according to 
Helmholtz, distinguished between the inner (Helmoltz) layer, which comprises 
all species that are specifically adsorbed on the electrode surface, and the outer 
(Helmholtz) layer, which comprises all ions closest to the electrode surface but are 
not specifically adsorbed (Bard et al., 2008). As far as the area and geometry of the 
electrode surface influence the double-layer capacitance, porous materials having 
large effective surface areas can yield significant capacitance effects, which will 
influence the electrochemical process.

When a difference of potential is established between the electrode and the elec-
trolyte, there are several coupled processes occurring in the electrode/electrolyte 
region (the interphase): a process of charge transfer through the electrode/electrolyte 
interface (two-dimensional region of contact) and concomitant charge-transport pro-
cesses in the electrolyte and the electrode, in particular involving ion restructuring 
in the double-layer zone. As a result, the current flowing when a potential positive 
or negative of the potential of zero charge of the system can be described in terms 
of the sum of a faradaic current, associated to the electron transfer process across 
the interface, and a capacitive (or double-layer charging) current, associated to ion 
restructuring in the vicinity of the electrode surface.

Let us first consider an ordinary electrochemical process consisting of the reduc-
tion (or oxidation) of a given electroactive species at an inert electrode. Because 
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10	 Electrochemistry of Porous Materials

the flow of faradaic current is a direct expression of the rate of the electron transfer 
reaction at the electrode/electrolyte interface, the rate of mass transport of the 
electroactive species from the bulk solution to the electrode surface influences 
decisively the magnitude of the faradaic current. Mass transport can occur via 
diffusion (whose driving force is concentration gradients), convection (driven by 
momentum gradients), and migration of charged species (driven by electric fields). 
Convection phenomena appear when the solution is stirred or undergoes unwanted 
room vibrations. Ionic migration is suppressed at relatively high concentration 
of supporting electrolyte. Under planar, semi-infinite diffusion conditions (vide 
infra), the faradaic current, i, for the reduction of a species whose concentration 
in the solution bulk is c, and its diffusion coefficient is D, at a plane electrode is 
then given by:

	 i nFAD
c

x
x

= −




 =

∂
∂

0

	 (1.1)

where A represents the electrode area, n is the number of transferred electrons per 
mole of electroactive species, and x is the distance from the electrode surface. The 
current is proportional to the gradient of concentration of the electroactive species at 
the electrode/electrolyte interface.

The electron transfer process across the electrode/electrolyte interface is a hetero-
geneous reaction. The rate at which electron transfer takes place across that interface 
is described in terms of a heterogeneous electron transfer rate constant. The kinetics 
can be described via the Butler-Volmer equation:
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In this equation, cºox and cºred represent the surface concentrations of the oxidized 
and reduced forms of the electroactive species, respectively; kº is the standard rate 
constant for the heterogeneous electron transfer process at the standard potential 
(cm/sec); and a is the symmetry factor, a parameter characterizing the symmetry of 
the energy barrier that has to be surpassed during charge transfer. In Equation (1.2), 
E represents the applied potential and Eº ′ is the formal electrode potential, usually 
close to the standard electrode potential. The difference E − Eº ′ represents the over-
voltage, a measure of the extra energy imparted to the electrode beyond the equilib-
rium potential for the reaction. Note that the Butler-Volmer equation reduces to the 
Nernst equation when the current is equal to zero (i.e., under equilibrium conditions) 
and when the reaction is very fast (i.e., when kº tends to approach ∞). The latter is the 
condition of reversibility (Oldham and Myland, 1994; Rolison, 1995).

It should be noted that the overall electrochemical process can involve coupled 
chemical reactions in solution phase or involve gas evolution and/or deposition of 
solids and/or formation of adsorbates onto the electrode surface, so that electro-
chemical processes can, in general, be regarded as multistep reaction processes. As 
far as electrochemical responses are strongly conditioned, not only by the kinetics of 
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the interfacial electron transfer process, but also by the kinetics of coupled chemi-
cal processes, electrochemical methods are able to yield mechanistic information of 
interest in a wide variety of fields.

1.8 D iffusive Aspects

Oxidation or reduction of electroactive species at an electrode surface produces a 
depletion of its concentration in the diffusion layer, thus generating a concentration 
gradient between the interface and the bulk solution, which is the driving force for 
net diffusion of electroactive molecules from the bulk of the solution. In the fol-
lowing, it will be assumed that electrochemical experiments were conducted under 
conditions where no complications due to convection and migration effects appear. 
In short, this means that experiments are performed under quiescent, nonstirred 
solutions in the presence of an electrochemically silent (i.e., no redox activity) sup-
porting electrolyte in sufficiently high concentration. The most single electrochemi-
cal experiment involves stepping the potential from an initial value, far from where 
electrode reaction occurs, to one where the electrochemical process proceeds at 
a diffusion-controlled rate. The corresponding current/time record is the chrono-
amperometric curve.

For disk-type electrodes, usually with a radius of 0.1–1.0 cm2, the thickness 
of the diffusion layer that is depleted of reactant is much smaller than the elec-
trode size so that mass transport can be described in terms of planar diffusion 
of the electroactive species from the bulk solution to the electrode surface as 
schematized in Figure 1.2a, where semi-infinite diffusion conditions apply. The 
thickness of the diffusion layer can be estimated as (Dt)1/2 for a time electrolysis 
t and usually ranges between 0.01 and 0.1 mm (Bard et al., 2008). For an electro-
chemically reversible n-electron transfer process in the absence of parallel chemi-
cal reactions, the variation of the faradaic current with time is then given by the 
Cottrell equation:

	
i

nFAcD

t
=

1 2

1 2 1 2

/

/ /π 	
(1.3)

(a) (b)

Figure 1.2  Schematic layout of (a) linear diffusion and (b) radial diffusion to electrodes.
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12	 Electrochemistry of Porous Materials

It should be noted, however, that at short times in the experimentally recorded 
curves, deviations due to double-layer charging can appear, whereas at log times, 
convection can cause deviations from the expected response.

For microelectrodes, typically 5–10 µm in size, radial hemispherical diffusion 
conditions (Figure 1.2b) need to be considered. For the case of a spherical electrode 
of radius r, the chronoamperometric curve is described by:

	
i

nFADc

r

nFAcD

t
= +

1 2

1 2 1 2

/

/ /π 	
(1.4)

At sufficiently short times, the second term of the above equation dominates over 
the first, so that the current/time response approaches that described by Equation 
(1.3). At long times, the second, Cottrell-type, term decays to the point where its 
contribution to the overall current is negligible and then the currents tend to be a 
constant, steady-state value in which the rate of electrolysis equals the rate at which 
molecules diffuse to the electrode surface (Forster, 1994).

At porous electrodes, diffusion will be conditioned by the electrode geometry and 
pore-size distribution, so that under several conditions, semi-infinite diffusion holds; 
however, under several other conditions, the porous electrode can be treated as an 
array of microelectrodes (Rolison, 1994).

1.9  Voltammetry and Related Techniques

As previously noted, electrochemical methods are based on recording of the 
response of an electrode, in contact with an electrolyte, to an electrical excitation 
signal. Depending on the characteristics of the excitation potential signal applied to 
the working electrode and the measured signal response, one can distinguish differ-
ent electrochemical techniques. Voltammetry consists of the recording of current 
(i) versus potential (E) that is applied between a working electrode and an auxiliary 
electrode, the potential of the working electrode being controlled with respect to 
a reference electrode. In conventional three-electrode arrangements, a potentiostat 
controls the potential so that the current flows almost exclusively between the work-
ing electrode and the auxiliary electrode while a very small, practically negligible 
current is passing through the reference electrode.

In linear potential scan (LSV) and cyclic (CV) voltammetries, a potential varying 
linearly with time is applied between an initial potential, Estart, usually at a value where 
no faradaic processes occur, and a final potential (LSV) or cycled between two extreme 
(or switching) potential values at a given potential scan rate v (usually expressed 
in mV/sec). In other techniques, such as normal and differential pulse voltammetries 
(NPV and DPV, respectively), or square-wave voltammetry (SQWV), the excitation 
signal incorporates potential pulses to a linear or staircase potential/time variation.

In a typical CV experiment, the potential scan is initiated at the open-circuit 
potential and directed in the positive or negative direction. For a reversible process, 
when the potential approaches the formal potential of the involved couple, the cur-
rent increases rapidly while the concentration of the electroactive species in the 
vicinity of the electrode is depleted. As a result, a maximum of current is obtained, 
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thus defining a voltammetric (cathodic or anodic) peak. Note that the linear sweep 
voltammetric and the CV peak appear at a certain voltage fraction past the for-
mal potential, from which the current slowly decreases. In the subsequent cathodic/
anodic scan, a similar cathodic/anodic peak is recorded, defining a cathodic/anodic 
peak potential, Epc  /Epa, and a cathodic/anodic peak current, ipc/ipa. Then, the current 
reaches a maximum and subsequently decays. About 150–200 mV after the voltam-
metric peak, the current becomes diffusion controlled. The general expression for 
the current in the case of a reversible n-electron transfer is

	
i nFAcD
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v E E=
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where Y(E − Eº ′) represents a tabulated function of the difference between the 
applied potential and the formal electrode potential of the redox couple (Nicholson 
and Shain, 1964). In the reverse scan, the oxidized (or reduced) species electrochem-
ically generated, which remain in the vicinity of the electrode surface because the 
diffusion of products into the bulk of solution is slow, are reduced (or oxidized) to the 
parent reactant following a similar scheme. As a result, CVs for reversible electron 
transfer processes, involving two forms (oxidized and reduced) of an electroactive 
species in solution phase, consist of two peaks, cathodic and anodic, at potentials Epc 
and Epa, whose separation is related with the number of transferred electrons, n; but 
in the case of electrochemically irreversible or quasi-reversible electrode systems, 
they also depend on the kinetics of the electron transfer process and possibly also on 
the kinetics of coupled chemical reactions, adsorptions, etc. (Nicholson and Shain, 
1964). Figure 1.3 shows a typical CV for ferrocene in MeCN solution, an essentially 
reversible one-electron couple.

–2.7
1.2 1.0 0.8 0.6 0.4

Potential/V
0.2 0 –0.2 –0.4

–2.4
–2.1
–1.8
–1.5
–1.2
–0.9
–0.6
–0.3

0
0.3
0.6
0.9
1.2
1.5

Cu
rr

en
t/1

e-
5A

Figure 1.3  CV at Pt electrode for a 0.50-mM solution of ferrocene in 0.10 M Bu4NPF6/
MeCN. Potential scan rate, 50 mV/sec.
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For a reversible process involving species in solution, the absolute value of the 
peak potential separation, Epa − Epc, approaches 59/n (mV at 298 K), whereas 
the half-sum of such potentials can, in principle, be equal to the formal electrode 
potential of the couple. Under the above conditions, the peak current is given by the 
Randles-Sevcik equation (Bard et al., 2008):

	
i nFAc

nFvD

RTp
= 0 446.

	
(1.6)

The peak current is then proportional to the concentration of the electroactive 
species and the square root of the potential scan rate. A case of particular interest is 
when the electroactive species is confined to the electrode surface where it reaches 
a surface concentration, G. Here, symmetric, bell-shaped current/potential curves, 
described by Bard and Faulkner (2001),

	

i
n F vA b b nF E E RT

RT
=

−
+

2 2

1

G
ox ox red

( / ) exp[ ( º ) / ]

{

′
(( / )exp[ ( º ) / ]}b b nF E E RT

ox red
− ′ 2

	
(1.7)

may be obtained again for reversible behavior. Here, bi (i = ox, red) are equal to 
Giexp(−∆Gºi/RT), ∆Giº being the standard free energy for surface attachment. The 
peak current is then given by:
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(1.8)

Now, the peak current becomes proportional to the potential scan rate. It should 
be noted that Equations (1.7) and (1.8) are formally analogous to those obtained 
for species in solution diffusing in a restricted space, under the so-called thin-
layer conditions (by contraposition to unrestricted space diffusion, thick-layer 
conditions).

Laviron (1979) studied the voltammetric response of electroactive species con-
fined to the electrode surface. Interestingly, interactions between species in the 
adsorbed layer may lead to peak splitting, a situation relevant with regard to the 
electrochemistry of solids.

The expressions for the cathodic and anodic peak potentials and rate constant in 
the case of small concentrations of surface-confined species are

	
E E

RT
nF

F RT
pc

= +º ln[ / ]′
a

a
	

(1.9)

	
E E

RT
nF

F RT
pa

= + −º ln[( ) / ]′
a

a1
	

(1.10)

    
ln ln( ) ( ) ln ln( / ) ( )k RT nFv nF

s
= − + − − − −a a a a a a1 1 1 ∆EE RT

p
/ 	 (1.11)
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Here, a represents the electron transfer coefficient, ks is the apparent charge-transfer 
rate constant, and v is the potential scan rate. ∆Ep denotes the peak potential separa-
tion (=Epa − Epc).

Pulse voltammetric techniques are of interest because of its reluctance to charg-
ing effects. Their application is made difficult by the influence of pulse width in the 
shape of voltammetric curves. For SQWV under usual conditions, the net current 
flowing during the anodic and cathodic half-cycles can be approached by (Ramaley 
and Krause, 1969):

	

i C
n F AD cE f

RT

nF E E
dif

SW= −2 2 1 2 1 2

1 2

/ /

/

exp( ( º ) /

π
′ RRT

nF E E RT

)

exp( ( º ) / )1
2

+ − ′
	

(1.12)

where f is the square-wave frequency, ESW is square-wave amplitude (typically 25 mV), 
C is a numerical constant, and the other symbols have their customary meaning.

Obtaining information on the composition, structure, etc., of solid materials using 
voltammetric and related techniques can be performed by: (1) recording the response 
of the material attached to an inert electrode and immersed into a suitable electro-
lyte or (2) recording the modification of the response of an electroactive probe in the 
electrolyte solution in contact with the material-modified electrode. In addition, 
the electrochemical response of such systems under the application of optical or 
magnetic inputs can also be used.

In the first case, the voltammetric response can mainly be associated to reduc-
tive/oxidative dissolution processes and topotactic or epitactic solid-to-solid 
transformations, eventually confined to thin surface layers of the parent material 
(Scholz and Meyer, 1998; Grygar et al., 2000; Scholz et al., 2005). In the second 
case, among other possibilities, the solid can act as a preconcentrating system for 
enhancing the signal of the electroactive probe in solution, but also as a catalyst 
with regard to this process.

In the case of porous materials incorporating intercalated or entrapped electro-
active species, the response of such species will be significantly conditioned by 
electrolyte ions, because, as will be discussed in Chapter 2, charge conservation 
imposes severe constraints for possible charge-transfer processes. This aspect is also 
relevant for doping of nanostructured carbons and conducting polymers, discussed 
in Chapters 7 and 8, respectively.

1.10 R esistive and Capacitive Effects

It is well known that experimental CVs for species in solution phase frequently diverge 
from theoretical ones for n-electron reversible couples. The divergence can be caused 
by a variety of factors: deviations from reversibility, occurrence of coupled chemi-
cal reactions and/or surface effects, and resistive and capacitive effects (Nicholson 
and Shain, 1964; Nicholson, 1965a). These last effects will be briefly treated here 
because of their potential significance when microheterogenous deposits or more or 
less homogeneous coatings of microporous materials cover the electrode surface.
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16	 Electrochemistry of Porous Materials

In general, for a potential scan experiment initiated at a potential Estart and con-
ducted with a potential scan rate v, the applied potential E satisfies the relationship 
(see, e.g., Bard and Faulkner, 2001):

	
E E vt R dq dt q C= + = +

start
( / ) / 	 (1.13)

where q represents the charge passed at a time t, and R and C represent the resistance 
and the capacity of the system, respectively. This equation leads to the following 
expression for current i at time t:

	
i vC E R vC t RC= + − −( / ) exp( / )

start 	 (1.14)

Then, the background current-potential curve will be given by:

	
i vC E R vC E E vRC= + − − −( / )exp[ ( ) / ]

start start 	 (1.15)

In short, the capacitive plus resistive effects mainly result in an enhancement of 
the background currents in both the positive- and negative-directed scans. Apart 
from this, resistive and capacitance effects also influence the peak profile so that the 
peak is flattened and decreased and shifted toward more negative (cathodic peak) or 
more positive (anodic peak) potentials.

Equation (1.15) predicts that the capacitive plus resistive current is proportional 
to v. Since, in the case of diffusion-controlled processes, the peak current will vary 
with v1/2, one can expect that the capacitive plus resistive effects will decrease on 
decreasing potential scan rate. This can be seen in Figure 1.4, where CVs recorded 
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Figure 1.4  CVs for a 2.5-mM solution of K4Fe(CN)6 in water (0.15 M NaClO4) at a zeolite 
Y-modified glassy carbon electrode. Potential scan rates of 10, 100, and 1000 mV/sec.
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at different sweep rates for a zeolite Y-modified glassy carbon electrode immersed 
into an aqueous solution of K4Fe(CN)6 are shown. The cathodic-to-anodic peak 
potential separation, ∆Ep (=Epa – Epc), increases on increasing v but tends to 
the value in the absence of resistive effects when v tends to zero. The correspond-
ing variation with the potential scan rate of peak potentials for the Fe(CN)6

3−/
Fe(CN)6

4− couple at a zeolite Y-modified glassy carbon electrode is depicted in 
Figure 1.5.

To separate kinetic and resistive effects, one can perform experiments at vari-
able scan rate and at different concentrations of electroactive species. As a result, 
the peak potential separation increases on increasing v and the concentration of 
the depolarizer, allowing for estimation of the uncompensated resistance from the 
slope of the peak potential separation versus peak current plot for different analyte 
concentrations at a given potential scan rate (DuVall and McCreery, 1999, 2000) 
using the relationship:

	
∆ ∆E E i R

p p p
= +( )

kin
2

	 (1.16)

In this equation, ∆Ep represents the measured cathodic-to-anodic peak potential 
separation, and (∆Ep )kin denotes the value determined as the ordinate at the origin 
in the ∆Ep versus ip plot for different concentrations of electroactive species. That 
(∆Ep )kin value can be directly related with kinetic parameters for the interfacial 
electron transfer reaction (Nicholson, 1965b). The slope of the above representation 
allows for calculation of the uncompensated ohmic resistance in the cell. Figure 
1.6 shows ∆Ep versus ip plots for the Fe(CN)6

3−/Fe(CN)6
4− couple at zeolite Y- and 

hydrotalcite-modified glassy carbon electrodes immersed in K4Fe(CN)6 solutions in 
concentrations between 0.1 and 10.0 mM.
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Figure 1.5  Variation in potential scan rate of peak potentials for the Fe(CN)6
3−/Fe(CN)6

4− 
couple recorded from CVs in a 2.5-mM solution of K4Fe(CN)6 in 0.15 M NaClO4 at a zeolite 
Y-modified glassy carbon electrode.

K10316_Book.indb   17 10/28/09   12:47:00 PM

www.iran-mavad.com 
مرجع دانشجویان و مهندسین مواد



18	 Electrochemistry of Porous Materials

It should be noted, however, that cathodic-to-anodic peak potential separation can 
also be increased as a result of coupled chemical reactions. Frequently, resistive and 
capacitive effects are superimposed to more or less complicated reaction pathways. 
This can be seen in Figure 1.7, where a CV for a deposit of NiO in contact with 1.0 
M KOH is depicted. Here, ill-defined cathodic and anodic signals appear over a 
large background current. The oxidation process can be described as (Srinivasan and 
Weinder, 2000; Xing et al., 2004):

	 NiO + OH− (aq) → NiOOH + e−	 (1.17)

whereas the subsequent reduction step can be represented as:

	 NiOOH + H2O + e− → Ni(OH)2	 (1.18)

As far as two different couples with different electrode potentials are involved, the 
corresponding voltammetric profile differs from that expected for a single, uncom-
plicated electron transfer process involving a unique pair of species.

Interestingly, voltammetric methods provide information on purely capacitive 
responses characterized by CVs with characteristic rectangular, boxlike shape with-
out any redox peaks. An example of this kind of response is shown in Figure 1.8, a 
PIGE modified with a microheterogeneous deposit of zeolite Y. The capacitive cur-
rent satisfies the relationship icap = ACv. In this case, on increasing the potential scan 
rate the CV curves present a less rectangular response, thus suggesting that some 
limitations in the charging process occur.
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Figure 1.6  Plots of ∆Ep versus ip for the Fe(CN)6
3−/Fe(CN)6

4− couple recorded from CVs 
for K4Fe(CN)6 solutions (concentrations between 0.1 and 10.0 mM) in 0.15 M NaClO4 at 
glassy carbon electrodes modified with zeolite Y (upper) and hydrotalcite (below). Potential 
scan rate, 50 mV/sec.
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1.11 E lectrochemical Impedance Spectroscopy

Application of a time-dependent potential to an electrochemical cell in general gives 
rise to the appearance of a phase difference between the applied potential and the 
current response because diffusion, electron transfer, etc., processes yield an imped-
ance effect similar to that typically observed in alternating current circuits. EIS is a 
technique based on the measurement, under steady-state conditions, of the complex 
impedance of the electrochemical cell as a function of frequency f (or angular fre-
quency w = 2π f) of an imposed sinusoidal input of small amplitude. This situation 
can be represented in terms of a complex formulation where all involved quantities 
can, in general, be represented as having one real and one imaginary component. A 
vectorial formulation is usually used for representing impedances. The common cir-
cuit elements, resistors, capacitors, and inductances can be described as impedances 
of magnitude Z satisfying:

	
Z Z jZ j= + = −

real imag
( )1

	
(1.19)
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Figure 1.7  (a) CV and its (b) deconvolution for a NiO-modified graphite electrode 
immersed into 1.0 M NaOH. Potentials measured versus a Pt wire pseudoreference electrode. 
Potential scan rate, 50 mV/sec.
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20	 Electrochemistry of Porous Materials

Considering a conventional electrical circuit submitted to an alternating potential 
input of angular frequency w, the impedance for a resistor is Z = R, where R is the 
resistance of the resistor. For a capacitor of capacitance C, the impedance is Z = −j /Cw, 
whereas for an inductance L, the impedance is Z = jLw. For an idealized alternating 
current circuit containing a resistor R, the phase angle j is zero, whereas for a purely 
capacitive circuit and a purely inductive circuit, the phase angles would be −90° and 
90°, respectively. Typical imaginary impedance versus real impedance plots are shown 
in Figure 1.9a and Figure 19b for R and C circuits, respectively.

Electrochemical cells can be represented via an equivalent circuit formed by 
an association of impedances that pass current with the same amplitude and phase 
angle of the real cell under a given potential input. Thus, for a series RC circuit, the 
impedance and the phase angle are given by:

	    
Z R

j

C
= −

w 	
(1.20)

	 tan /j w= − 1 RC 	 (1.21)
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Figure 1.8  CV for a PIGE modified with a microheterogeneous deposit of zeolite Y. 
Potential scan rate, 50 mV/sec.
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Figure 1.9  Nyquist representations for (a) R, (b) C, (c) series RC, and (d) parallel RC 
circuits.
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22	 Electrochemistry of Porous Materials

For this circuit, the representation of Zimag versus Zreal, the so-called Nyquist plot, 
is shown in Figure 1.9c. For a parallel RC circuit, the total impedance and phase 
angle become:

	
Z

R

R C

jR C

R C
=

+
−

+1 12 2 2

2

2 2 2w
w
w 	

(1.22)

	 tan j w= − RC 	 (1.23)

The corresponding Nyquist representation, depicted in Figure 1.9d, corresponds 
to a circumference arc, whereas the phase angle varies with the angular frequency.

EIS is the experimental technique based on the measurement, under equilibrium 
or steady-state conditions, of the complex impedance of the cell at different frequen-
cies of an imposed sinusoidal potential of small amplitude. As a result, a record of the 
variation of impedance with frequency (impedance spectrum) is obtained. Typically, 
EIS experiments are conducted from millihertz to kilohertz, so that available infor-
mation covers a wide range of timescales (Retter and Lohse, 2005).

To properly describe the action of an alternating potential input on electro-
chemical cells, one can in principle consider at least two coupled interface pro-
cesses influencing the impedance of the system: the electron transfer process 
across the electrolyte/electrode interface and the double-layer effect. The equiv-
alent circuit typically used for representing this situation is the Randles circuit 
(Bard and Faulkner, 2001), constituted by a solution resistance, Ru, a charge 
transfer resistance, Rct (often called polarization resistance with a meaning dif-
ferent to that used in other contexts), and a double-layer capacitance, Cdl. This 
circuit is schematized in Figure 1.10, where Ru represents the uncompensated 
resistance of the electrolyte and other possible ohmic resistances, whereas Rct 
represents the ohmic drop that can be associated to the electron transfer pro-
cess. The double-layer effect, which roughly consists of charge separation in the 
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Figure 1.9  (Continued)
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electrode/electrolyte interphase as a result of charge migration, can be assimi-
lated to a capacitor of capacitance Cdl.

For this equivalent circuit, the Nyquist plot provides a circumference arc with a 
maximum of imaginary impedance located at wmax = 1/RctCdl. The variation of the total 
impedance with the angular frequency (in double-logarithmic scale), termed the Bode 
plot, is shown in Figure 1.11a. Interestingly, at the high-frequency limiting (w → ∞), the 
total impedance approaches Ru, whereas at the low-frequency limiting (w → 0), Z 
approaches Ru + Rct. For the Randles circuit, the phase angle varies with w as depicted 
in Figure 1.11b, the maximum j value being lower than 90°. At intermediate frequen-
cies, there is a linear variation of the total impedance (absolute value) with the angular 
frequency w (or frequency u), so that the slope of the corresponding linear representa-
tion is ∂(Z)/∂(logu) = −1, whereas the ordinate at the origin equals to 1/Cdl.

For properly describing electrochemical processes, additional impedance ele-
ments have been introduced. The Warburg impedance (Raistrick and Huggins, 1982; 
Honders and Broers, 1985) is representative of diffusive constraints, being defined, 
for the case of linear diffusion, as a frequency-dependent impedance given by:

	
Z Q j( ) ( ) /w w= −

o
1 2

	
(1.24)

where Qo is a constant. The Warburg impedance, which represents a type of resis-
tance to mass transfer, can be considered as a member of a family of the so-called 
constant-phase elements (CPEs), frequently introduced for describing the electro-
chemistry of solid phases. CPEs can be represented via (Jonscher, 1980; Almond and 
West, 1983; Boukamp and Wiegers, 1983; Bruce et al., 1983):

	
Z Q j n( ) ( )w w= −

o 	
(1.25)

where n is a constant exponent. For n = 0, the CPE reduces to a resistance R = Zo, 
whereas for n = 1, the CPE reduces to a capacitance.

One of the most remarkable aspects of this technique is that in a unique experi-
ment, it provides information in phenomena occurring in considerably different time-
scales because frequencies between millihertz (or even microhertz) and kilohertz (or 
even megahertz) are available. The critical frequency, wc, for an electrochemical 
process is defined as the frequency at maximum of the impedance arc associated 

Rct

Ru

Cdl

Figure 1.10  Schematic layout for the Randles circuit.
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24	 Electrochemistry of Porous Materials

with the relaxation process. The relaxation time, t, for this process, can be calculated 
from the value of the critical frequency as t = 1/2πwc. This technique is of particular 
interest for studying electrode surfaces and has become an essential tool for examin-
ing electrode materials.

1.12 O ther Techniques

Two additional electrochemical techniques, electrochemical quartz microbalance, 
EQCM and scanning atomic force electrochemical microscopy, can be mentioned. 
EQCM is based on the piezoelectric properties of quartz and permits the user to 
evaluate mass changes occurring on an electrode supported over a quartz lamina.
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Figure 1.11  Bode plots representing (a) total impedance versus frequency and (b) phase 
angle versus frequency variations for a Randles circuit.
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Mass changes are determined from the measurement of the change in the oscilla-
tion frequency of the quartz crystal (Chen, 2008), given by the Sauerbrey equation:

	
∆

∆
f

f m
= −

2 2

1 2

π
µr

o

( ) / 	 (1.26)

where ∆f represents the frequency change, ∆m is the mass change per unit area, fo 
is the fundamental frequency of the quartz resonator, µ is the shear modulus, and r 
is the density of quartz. Frequency changes can be monitored simultaneously to the 
charge passed during electrochemical cycles, ∆q, so that for the deposition or dis-
solution of a compound of molar mass M, one can write:

	
∆ ∆

m
M q

nF
=

	
(1.27)

Accordingly, M can be determined from the slope of the ∆m versus ∆q representa-
tion (Uchida et al., 1997, 1998). Adsorption/desorption of ions and solvent molecules, 
however, can complicate data interpretation (Salgado et al., 2006).

EQCM provides in situ measurement of mass changes accompanying electro-
chemical processes, namely, absorption, electrodeposition, electrocrystallization, 
electrodissolution, intercalation, electrochromism, etc. Studies dealing with, for 
instance, manganese oxides (Wu et al., 1997) and fullerenes (Bond et al., 2000, 
2001) illustrate the capabilities of such technique in the context of the electrochem-
istry of porous materials.

Scanning electrochemical microscopy (SECM) is a technique based on the 
measurement of the current flowing through an ultramicroelectrode tip (diameter 
between 1 and 25 µm), submitted to potential inputs, whose position with respect the 
surface of the system to be studied remains constant or is changed. The tip electrode 
is associated to a three-electrode cell with a bipotentiostatic server. There are several 
modes of operation of SECM. In short, the tip can be regarded as a force sensor, 
thus providing topographic images of the studied surface, or as an electrochemical 
sensor, yielding an electrochemical image of the studied surface at nanometric scale. 
A detailed description of this technique and its applications can be seen in the text 
recently edited by Bard and Mirkin (2001), including concrete applications to the 
study of porous materials. An interesting comparison with other microscopy tech-
niques, generically labeled as scanning probe-microscopy techniques, can be seen in 
the work of Bard et al. (2008).
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2 Electrochemical Processes 
Involving Porous Materials

2.1 I ntroduction

In this chapter, existing theoretical approaches for describing the electrochemical 
behavior of microporous materials in faradaic processes will be treated. Such pro-
cesses involve the transfer of electrons from/to a conducting electrode to/from elec-
troactive species forming the framework of the porous material and/or attached as 
guests to this framework. The overall electrochemical process involves the propaga-
tion of the redox reaction across the solid via electron hopping between immobile 
redox centers. Charge conservation demands that this process be coupled with ion 
transport across the porous solid. Eventually, such charge transport processes can be 
restricted to the surface of the material particles.

With regard to the conducting characteristics of the microporous material, we 
can distinguish between “bulk” electron-conducting or semiconducting materials, 
those allowing for electron transport via conduction band of the material, and “bulk” 
nonelectron-conducting materials. In both cases, the material can either possess 
redox-active centers or not. If there are no electroactive centers in the material, this 
merely acts as a conducting layer, which can be seen as an electrode (bulk electron-
conducting materials) or as an ionic “sponge,” acting as a liquid electrolyte or, even-
tually, as an ionic conductor.

If the microporous material incorporates electroactive units, there is place for 
redox conductivity that is attained via electron hopping between immobile redox-
active centers in the material coupled with ion transport across the pores. Depending 
on the distribution of electroactive centers, we can discern two extreme situations: 
first, when the material itself is electroactive, such as several transition metal oxides 
or metal-organic frameworks; second, when the electroactive centers are isolated 
within a nonconducting matrix, such as in zeolites incorporating electroactive cat-
ions. Remarkably, in the first case, the advance of the electrochemical reaction 
through the material can involve significant structural modifications and eventually 
phase changes. In the second case, there is a variety of possible electroactive units, 
the most frequent being simple ions or neutral molecules encapsulated into the pores, 
functional groups anchored to the microporous support, or metal nanoparticles or 
nanoclusters (polyoxometalates, silicates, etc.). Figure 2.1 shows a schematic repre-
sentation of the case possibilities when redox center distribution and conductivity of 
the support are considered.

In this chapter, theoretical approaches for describing electrochemical processes in 
porous solids containing immobile redox-active centers will be discussed, whereas 
cases in which the entire porous material is electroactive will be further treated. In 
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28	 Electrochemistry of Porous Materials

the following, it will be assumed that conventional three-electrode arrangements are 
used. Here, the microporous material will be deposited onto the surface of an inert 
electrode, thus forming the working electrode. The reference and auxiliary electrodes 
complete the usual three-electrode arrangement. In general, the electrochemistry of 
microporous materials involves charge transfer in a (at least) three-phase system  
constituted by the material, a basal, electron-conducting electrode (usually a metal 
or graphite but also other materials such as boron-doped diamond or indium-doped 
tin oxide) and a liquid electrolyte. Depending on the spatial distribution of the corre-
sponding interfaces, we can consider three separate situations, schematically depicted 
in Figure 2.2. In the first case (Figure 2.2a), a discontinuous set of microparticles of 
the porous material is deposited on the electrode surface, thus remaining in contact 
with the electrolyte. An almost equivalent situation is obtained when the particles of 
the microporous material are embedded into a conducting matrix such as a conducting 
polymer or a carbon paste, thus forming a composite. In the second case (Figure 2.2b), 

(a) (b) (c)

Figure 2.2  Schematic representation of possible configurations for studying the electro-
chemistry of microporous materials. (a) Discontinuous deposit of microparticles, (b) continu-
ous layer, (c) material sandwiched between two electrodes.

Non electron-
conducting material.
Ion transport allowed  

Electron-conducting,
ion conducting
material  

Electroactive solid

Isolated
electroactive units 

Figure 2.1  Schematics of possible combinations of conducting properties with redox-
active centers distribution for porous materials.
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a continuous layer of the microporous material is interposed between the basal elec-
trode and the electrolyte. Finally, the electrolyte can be embedded within the microp-
orous material, which is sandwiched between two metal electrodes (Figure 2.2c). The 
two first arrangements are those usually taken for characterizing the electrochemis-
try of solids, whereas the last situation relates directly to batteries and will be only 
tangentially treated here.

2.2 G eneral Approach

Let us consider the case of a particle of microporous solid deposited on an inert 
electrode immersed into a suitable electrolyte. It will be assumed that the material 
is not a metallic conductor but incorporates immobile redox centers so that elec-
tron transport and ion transport are allowed through the solid via electron hopping 
between redox-active centers and ion diffusion across the micropores of the mate-
rial. This situation can be treated based on the description from theoretical stud-
ies dealing with the electrochemistry of redox polymers (Andrieux and Savéant, 
1980, 1982, 1984, 1988; Andrieux et al., 1982, 1984; Laviron, 1980) and the for-
mulation of Lovric and Scholz (1997, 1999), Oldham (1998), and Schröder et al. 
(2000) for the voltammetry of redox-conductive microparticles. Although several 
aspects of the electrochemistry of porous materials can be approached via the con-
cepts and methods developed for redox polymers, it should be noted that in such 
materials, a mixed-valent, self-exchange-based electron hopping mechanism occurs 
(Surridge et al., 1984) because the flexibility and ability of segmental motion of 
polymer chains make it possible to approach redox centers, thus facilitating elec-
tron hopping. Porous materials, however, cannot in general be treated as organic 
polymers capable of segmental motion, so that electron transfer between immobile 
redox centers attached to the porous matrix cannot be physically equated to poly-
meric motion-assisted processes occurring at redox polymer-modified electrodes 
(Rolison, 1995).

In the presence of a suitable monovalent electrolyte, MX, it will be assumed that 
each redox-active unit of the microporous material can be reduced (or oxidized) to an 
equally immobilized form. Charge conservation implies that the reduction process 
involves the ingress of electrolyte cations into the microporous system (denoted in 
the following by { }):

	 { } ( ) { }Ox M sol e Red M+ + →+ − +n n n� 	 (2.1)

Equivalently, the oxidation of immobile redox centers in the material could involve 
the concomitant entrance of electrolyte anions into the microporous material:

	 { } ( ) { }Red X sol Ox X e+ → +− − −n n n� 	 (2.2)

In cyclic voltammetric experiments, the inverse of the processes represented by 
Equations (2.1) and (2.2) should occur.

It is convenient to note that in most of the studied systems, such as in zeolites, the 
microporous solid frequently incorporates insertion ions (Li+, Na+, etc.). As a result, 
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30	 Electrochemistry of Porous Materials

the oxidation (reduction) process can occur via coupled issue of electrons and cations 
(anions) from the material to the electrolyte solution.

From a thermodynamic point of view, the variation of standard free enthalpy associ-
ated to the electron transfer process represented by Equation (2.1), ∆Gecº, can be related 
with the variation of such thermodynamic quantity for the electron transfer process for 
species in solution phase, ∆Gesº, and for the transfer of the oxidized, ∆Gtoxº, and reduced, 
∆Gtredº, forms of the electroactive species and the electrolyte cations, ∆GMº, from the 
solution phase to the porous solid. The corresponding Born-Haber-type cycle is shown in 
Figure 2.3 (Doménech et al., 2002a, 2003a). The relation between these quantities is

	
∆ ∆ ∆ ∆ ∆G G G G n Gº º º º º

ec es tred tox
= + − +

M 	 (2.3)

This equation reveals that not only the stability of the oxidized and reduced forms 
of the electroactive species but also the stability of the charge-balancing cations in 
the porous solid relative to their stability in solution phase are significant for deter-
mining the spontaneity of the redox process described via Equation (2.1).

Replacing, by simplicity, thermodynamic activities by concentrations, [ ], if 
equilibrium is reached, the reaction represented by Equation (2.1) should satisfy 
(Nernst equation):

	
[{ }] [{ ··· }]exp( ( ) )Ox nM nF E E RT= −+Red /

f 	 (2.4)

In this equation, E represents the applied potential and Ef is a formal electrode poten-
tial that can be expressed as a function of the concentration of charge-balancing 
cations, M+, in the electrolyte (Lovric et al., 1998):

	
E E RT nF K RT F

f
= + + +º ( ) ln ( ) ln[ ]/ / M

eq 	 (2.5)

Here, Eº represents the standard potential of the {Ox}/{Red} couple and Keq denotes 
the equilibrium constant for the ion transfer reaction:

	 { } ( ) }Red M sol {Red M+ →+ +n nL 	 (2.6)

{Guest+ } + nM+ (sol) + e- {Guest  + nM + }

Guest+ (sol) + e- Guest (sol)

∆GºM

∆Gºes

∆Gºtox

∆Gºec

∆Gºtrd

Figure 2.3  Thermochemical cycle for the electrochemical reduction of a monovalent cat-
ion guest attached to a porous solid.
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In the following, it will be assumed that the concentration of electrolyte cations, 
M+, in the solution is sufficiently high to ensure that ion transport phenomena occur-
ring in the electrolyte can be neglected.

2.3  Continuous Layer

Let us first consider the case of an infinite, uniform layer of microporous material 
attached to an infinite electrode. As depicted in Figure 2.4, the positive semiaxes x 
and y lie in the lamina/electrode interface, and the positive semiaxis z is placed along 
the lamina/electrolyte interface. It can be assumed that a redox reaction as described 
by Equation (2.1) occurs.

Then, the progress of the reaction across the microporous material involves a 
series of electron exchange plus ion exchange reactions between immobile redox 
centers, which can be represented via:

	 { } { } { } {Red M Ox Red M O
site A site B site B

L L+ ++ → + xx
site A

} 	 (2.7)

The charge exchange process represented by Equation (2.7) results in a net charge 
transfer along the z axis, which satisfies Fick’s law:

	
∂ ∂ = ∂ ∂+ +[Re ··· ] / [Re ··· ] /d M d Mn n

z
t D z2 2

	 (2.8)

The electrochemical response of this system will depend on the timescale of the 
involved electrochemical experiment. Thus, if the charge transport rate is signifi-
cantly faster than the experimental timescale, the oxidized/reduced site concentra-
tion ratio, [{ }] / [{ ··· }]Ox Red M+n , will be uniform throughout the microporous layer 
and in thermodynamic equilibrium with the applied potential. Thus, the concentra-
tion profiles (see Figure 2.5) for the oxidized and reduced forms of the electroactive 

Electrode

x

z

y

Microporous lamina

Figure 2.4  Coordinate system for the idealized representation of a lamina of a micropo-
rous material containing redox-active centers deposited on an electrode in contact with a 
suitable electrolyte.
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32	 Electrochemistry of Porous Materials

species will vary from the initial situation, depicted in Figure 2.5a for the case of a 
uniform concentration of the oxidized form, to that in Figure 2.5b.

If charge diffusion is significantly slower so that the distance of charge trans-
port, L, (=2(Dt)1/2) is clearly smaller than the thickness of the lamina, d, the electro-
chemical response will be equivalent to that recorded when reactants freely diffuse 
from an infinite volume of solution to the electrode. This situation, often termed as 
thick-layer behavior, corresponds to semi-infinite boundary conditions, and concen-
tration profiles such as that shown in Figure 2.5c are then predicted. Accordingly, 
Cottrell-type behavior is observed, for instance, in cyclic voltammetry (CV) and 
chronoamperometry (CA). In this last technique, a constant potential sufficiently 
cathodic for ensuring diffusion control in the reduction of {Ox} to {Red} is applied. 
The resulting current-time (i-t) curves should verify the Cottrell equation presented 
in the previous chapter (Equation (1.3)).

Here, c, represents the uniform concentration of the oxidized form of redox cen-
ters in the lamina of microporous material, A is the area of the upper and lower faces 
of the lamina, and the other symbols have their customary meaning.
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Figure 2.5  Concentration/distance profiles for the oxidized and reduced forms of an electro-
active species uniformly distributed into a microporous layer deposited on a metallic electrode.

K10316_Book.indb   32 10/28/09   12:47:11 PM

www.iran-mavad.com 
مرجع دانشجویان و مهندسین مواد



Electrochemical Processes Involving Porous Materials	 33

Finally, at an intermediate charge transfer rate, the diffusion gradients will 
impinge on the outer boundary lamina and finite boundary conditions, resulting in 
a thin-layer response apply, with characteristic concentration profiles as shown in 
Figure 2.5d. The finite diffusion current-time relationship is as derived for redox 
polymers (Daum et al., 1980):

	
i

nFAcD

t
k Dtk= − − − −

1 2

1 2 1 2
2 21

/

/ /
( ) [exp( ) exp(

π
d / (( ) ]k Dt+



=

∞∑ 1 2 2

0
d /

k 	
(2.9)

Many situations can be described in terms of biphasic diffusion, where a given 
species diffuses through the electrolyte and the electrode phases. For this situation, 
which parallels that for codiffusion of electroactive species in solution phase (Blauch 
and Anson, 1991; Oldham, 1991), two limiting cases can be distinguished, following 
the description of Andrieux et al. (1984) for redox polymer films:

	 1.	Full coupling of transport between the involved phases. This corresponds 
to a situation where there is a very fast cross-phase electron and/or mass 
transport exchange. Here, the “apparent” diffusion coefficient measured 
(e.g., via chronoamperometric experiments) should satisfy:

	
D x D x D

app 1 1 2 2
= +

	 (2.10)

In this equation, x1, x2 represent the molar fractions of the selected diffusing 
species in its partition between phases 1 and 2, and D1, D2 denote the respec-
tive diffusion coefficients.

	 2.	Lack of coupling between phases. Here, one can expect that the flux of the 
diffusing species to be the sum of two independent contributions. Then, the 
apparent diffusion coefficient becomes:

	
D x D x D

app 1 1 2 2
1 2 1 2 1 2/ / /= +

	 (2.11)

This last equation is valid as long as the diffusion front of the diffusing species 
in solution phase remains within the electrode coating, a condition that applies for 
times shorter than 10–20 msec (Miller and Majda, 1986, 1988). Dynamics of electron 
hopping processes have been recently modeled by Denny and Sangaranarayan (1998) 
using kinetic Ising model formalism.

Another interesting situation arises when there is proton insertion within the solid 
film so that protonation of immobile redox centers accompanies electron transfer of the 
type A + H+ + e− → HA, described by Wu et al. (1992) for redox polymers. Considering 
mass balance of protons over an infinitesimal film thickness in the boundary region of 
the film in contact with the electrolyte solution gives the diffusion equation:

	

D
c x

x

c x

t

c x

tH
H H

∂
∂









 =

∂
∂

±
∂2

2

( ) ( ) ( )
HA

∂
	

(2.12)

K10316_Book.indb   33 10/28/09   12:47:12 PM

www.iran-mavad.com 
مرجع دانشجویان و مهندسین مواد



34	 Electrochemistry of Porous Materials

where cH(x) and cHA(x) are the concentration of protons and protonated redox centers 
(HA) at a distance x from the electrolyte/film interface. The sign between the two 
terms in the above equation is + for reduction processes (ingress of protons and elec-
trons into the film) or − for oxidation (issue of protons and electrons from the film). 
Mass balance for A yields cA(x) + cHA(x) = cA(0) + cHA(0), where cA(0) and cHA(0) are 
the concentrations of A and HA at the interface, respectively. If protonation is faster 
than diffusion in the film, one can assume that chemical equilibrium is established 
at all points within the film and:

	

K
c x

c x c x

c

c c
A

= =HA HA
( )

( ) ( )

( )

( ) ( )
H H A

0

0 0
	 (2.13)

Combining the above relationships, one can arrive at the following expression for 
the effective diffusion coefficient of protons through the film, Deff, available from 
chronoamperometric data:

	

D
D

Kc Kceff
=

± +
H

A H
1 0 1 0( )[ ( )]

	
(2.14)

This expression is of interest as far as it relates to the diffusional properties 
through the solid film with proton concentration at the solid/electrolyte interface.

2.4  Microheterogeneous Deposits

Let us consider the case of a set of crystals of a microporous material deposited on 
the surface of a metallic electrode.

Here (see Figure 2.6), the positive semiaxes x and y are located in the crystal/
electrode interface, and the positive semiaxis z lies with the crystal/electrolyte inter-
face. It can be assumed that a redox reaction as described by Equation (2.1) is ini-
tiated at the three-phase particle/electrode/electrolyte boundary, further expanding 
through the crystal. Fick’s law can be expressed as:

  

∂ ∂ = ∂ ∂ + ∂+ +[Re ··· ] / [Re ··· ] / [Red M d Mn n
x y

t D x D2 2 2 dd M

d M

··· ] /

[Re ··· ] /

n

n
z

+

+

∂

+ ∂ ∂

y

D z

2

2 2

	
(2.15)

In the above equation, Dx, Dy, Dz represent the charge diffusion coefficients along 
the x, y, and z directions. This formulation assumes that both electrons and ions are 
exchanged simultaneously and that no charge separation effects occur. The above 
diffusion coefficients will depend, in general, on the orientation of the particles of 
microporous material.

Theoretical modeling for redox processes in ion insertion solids predicts that, 
in the presence of a sufficiently high concentration of electrolyte, the voltammetric 
response of electroactive centers attached to porous materials will be similar, in the 
case of reversible electron transfer processes, to that displayed by species in solu-
tion (Lovric et al., 1998). Figure 2.7 shows the square-wave voltammetry (SQWV) 
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response of 2,4,6-triphenylpyrylium (PY+) ion immobilized in zeolite Y (PY@Y), 
consisting of a well-defined peak at −0.26 V vs. AgCl/Ag. In contact with nonaque-
ous solvents with Li+- or Et4N+-containing electrolytes, a reversible one-electron 
process occurs (Doménech et al., 1999a, 2002b), which can be represented as:

	 {PY+@Y} + M+ (sol) + e− → {PY@Y…M+}	 (2.16)

x

z

Particle

Electrode

y

Figure 2.6  Coordinate system for the idealized representation of a particle of a micropo-
rous material containing redox-active centers deposited on an electrode in contact with a 
suitable electrolyte.
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Figure 2.7  SQWV for microparticulate deposit of PY+ ion attached to zeolite Y depos-
ited on paraffin-impregnated graphite electrode in contact with 0.10 M Et4NClO4/MeCN. 
Potential step increment, 4 mV; square-wave amplitude, 25 mV; frequency, 5 Hz.
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In the following, we will consider a deposit of N regular, cuboid-type crystals at 
rest on a plane basal electrode. Using the diagram shown in Figure 2.6, Dz can be 
identified as the diffusion coefficient for electrons (De), whereas Dx and Dy correspond 
to cation diffusion. Assuming isotropy (Dx = Dy = DM), numerical simulation using 
finite difference method provides two different regimes. During the initial period, 
that is, at short experimentation times, quasi semi-infinite conditions apply to the 
diffusion of both electrons and cations into the crystal. The resulting chronoampero-
metric current can be expressed as (Schröder et al., 2000; Doménech, 2004):

	

i nNFc p
zD xD
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(2.17)

In this equation, N represents the number of crystals, p is the length of the three-
phase junction (i.e., the perimeter of the electrode/crystal interface), and ∆x, ∆z 
denote the size of the discrete boxes in which the crystal is divided for numerical 
simulation procedures.

The above equation contains a Cottrell-type term, characterized by i ∝ t−1/2, 
accompanied by a time-independent term and a third term for which i ∝ t1/2. The 
time-independent term can be associated to the restrictions imposed by the finite 
character of the crystals, whereas the third term can be described as an edge effect, 
resulting from overlapping of the cation diffusion near the corners of the crystal and 
thereby its influence on the entire diffusion process (Schröder et al., 2000).

Plots of the product it1/2 vs. t yield characteristic curves with a maximum at a 
transition time t* given by:

	

t
p
D

* =
2

128
M 	

(2.18)

This transition time describes the point at which the transition from the three-
dimensional diffusion conditions to the planar diffusion conditions occurs. This 
magnitude is of interest because it allows for easy determination of diffusion and 
crystal size parameters.

Experimental data for zeolite-associated species were found to be in agreement 
with that model, as can be seen in Figure 2.8 for PY+ ion immobilized in zeolite Y 
immersed into 0.10 M Et4NClO4/MeCN (Doménech et al., 2002b) using CA data at 
an applied potential of −0.35 V vs. AgCl/Ag. This potential is sufficiently negative 
with respect to the voltammetric peak previously obtained (see Figure 2.7) to ensure 
diffusive control. Here, a well-defined maximum in the it1/2 vs. t plot is obtained at 
t = 15 msec. Taking a mean perimeter for the crystal/electrode junction of 500 nm, 
estimated from transmission electron microscopy (TEM) examination of deposits, 
one obtains DM = 1.3 × 10−9 cm2/sec.

At relatively long experimentation times, semi-infinite diffusion does not hold, and 
the predicted behavior depends on the values of the diffusion coefficients for elec-
trons and cations relative to the crystal dimensions. Roughly, when the diffusion of 
cations is fast compared to the diffusion of the electrons, the cations spread along the 
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electrode/crystal interface into the bulk of the crystal so that the oxidized redox centers 
along this interface are exhausted. Now, electron diffusion becomes rate-determining 
and the orientation of the equiconcentration lines becomes increasingly parallel to 
the electrode surface so that the systems tend to reach a two-dimensional diffusion. 
Following Schröder et al. (2000), the chronoamperometric current becomes:

	

i
nFNAD c

H

j D t

H
=

− −


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


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=
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(2.19)

where H denotes the crystal height and A an effective area. Here, the transition time 
for crystals of length L and width B is given by:

	

t
L B

L B D
*

. ( )
=

+

2 2

2 24 45
M 	

(2.20)

When electron diffusion is clearly faster than cation diffusion, the reaction zone 
initially spreads along the z-axis and reaches the top surface of the crystal. Now, the 
cation diffusion in the x and y directions becomes rate-determining and the transi-
tion time is given by:

	

t
H

D
*

.
=

2

1 1
e 	

(2.21)

The chronoamperometric long-time curves for crystals where B << L can be 
approached by:
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Figure 2.8  Plots of it1/2 vs. t for microparticulate deposit of PY+ ion attached to zeolite 
Y deposited on paraffin-impregnated graphite electrode in contact with 0.10 M Et4NClO4/
MeCN. Chronoamperometric data at an applied potential −0.35 V vs. AgCl/Ag.
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Interestingly, this model predicts that there is redox conductivity even if one of 
the diffusion coefficients is equal to zero; that is, when one of the charge transport 
processes is hindered through the solid. If De = 0, the reaction propagates along the 
particle/electrode interface, whereas if DM = 0, the reaction layer is confined to the 
lateral sides of the particle.

Comparable situations can be obtained when DM >> De or De >> DM. This last con-
dition appears to be the case for proton-assisted electron transfer processes involving 
organic molecules in contact with aqueous buffers. Here, charge transfer is ensured 
by proton hopping between immobile redox centers via chemical bond breaking and 
reforming rather than cation insertion into the organic lattice. As a result, one can 
assume that De >> DM, so that the electroactive region is confined to a narrow layer 
in the lateral sides of the crystals.

Interestingly, theoretical CVs for reversible electrochemical processes involv-
ing ion insertion solids, when the concentration of electrolyte is sufficiently high, 
are essentially identical to those predicted for reversible charge transfer processes 
between species in solution (Lovric et al., 1998). Then, the median potential, taken 
as the half-sum of the cathodic and anodic peak potentials, is equal to the formal 
potential in Equation (2.5). When the electrolyte concentration is low, the voltam-
metric peaks vanish and the median potential is given by (Lovric et al., 1998):

  
E E RT nF K RT nF D D

median eq solid
/ / /= + +º ( ) ln ( ) ln(2

ssolution
/) ( ) ln+ RT nF r

	 (2.23)

Here, r represents the density of the solid (mol/cm3) and Dsolid and Dsolution are the 
diffusion coefficients of the cation in the solid and the electrolyte, respectively.

2.5 D istribution of Species

Equations (2.14) to (2.23) were obtained on the assumption that electroactive mol-
ecules are uniformly distributed in the entire volume of the solid. However, this is 
an unrealistic assumption in cases where bulky guest species are entrapped within 
the cavities of the porous material. Here, ship-in-a-bottle synthetic procedures most 
likely yield a nonuniform distribution of guest species in the network of the host 
porous material. Electrochemical data can then be used for obtaining information on 
the distribution of electroactive species.

Initial evidence of nonuniform electroactive species distribution can be obtained 
from crossing short-time and long-time CA data for zeolite-associated species. For 
instance, for PY+@Y immersed into 0.10 M Et4NClO4/MeCN, the value of De can be 
estimated from the slope of the it1/2 vs. t plot in the linear descending branch, which 
can be observed at times between 30 and 120 msec in Figure 2.8, using Equation 
(2.17). For deposits of 1.5 mg of PY+@Y formally containing 3.7 × 10−4 mol/cm3  
PY+ ion, and assuming a volume particle of 1.2 × 10−16 cm3 and a material density of 
2.3 g/cm3, the coefficient of diffusion for electrons is De = 5.1 × 10−10 cm2/sec. However, 
long-time CAs (times ranging from 1 to 300 sec), which provide a current- 
time dependence as predicted by Equation (2.19), lead to a lower De value of 2 × 10−11 
cm2/sec. The discrepancy can be rationalized by considering that short-time experi-
ments reflect the electrochemical response of the more external PY+ ions, whereas 
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long-time experiments yield the response of a population of such ions more exten-
sively distributed within the zeolite framework. Accordingly, the average concentra-
tion of PY+ in the more external zeolite boundary should be larger than the average 
concentration when more depth layers are involved.

An estimate of the variation of the concentration of electroactive species with 
depth can be obtained from chronocoulometric data. In this technique, the charge 
passed (q) at time t upon application of a potential step is recorded. Roughly, the 
charge passed at time t can be associated to the number of electroactive species 
reached by the diffusion layer as it advances through the solid particle, so that the 
resulting q/t curves can be regarded as accumulated number of electroactive units/
depth profiles taking depth = (Dt)1/2 (see Section 1.7). Accordingly, the concentration 
of electroactive species at depth x, c(x), relative to the concentration at the external 
surface (x = 0), c(0), can directly be estimated as the quotient between the slopes of 
the q/t curve at times t = 0 and t. An example of this treatment is shown in Figure 2.9 
and Figure 2.10. Figure 2.9 presents the chronocoulometric curve recorded for PY+@Y 
immersed into 0.10 M Et4NClO4/MeCN, consisting of a monotonically rising curve 
that tends to a horizontal line denoting the limiting q value corresponding to the 
completion of the process with reduction of all accessible PY+ ions. The c(x)/c(0) 
vs. x plot estimated from the above data, taking De = 2 × 10−11 cm2/sec, is depicted 
in Figure 2.10. As expected, a rapid decrease in the concentration of PY+ ions on 
increasing depth is observed.

These concentration profiles, however, must be taken with caution. First of all, 
it should be noted that the obtained concentration profiles represent the distribution 
of effectively electroactive molecules within the solid but not necessarily the entire 
distribution of such molecules. As far as electron hopping and/or ion hopping can 
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Figure 2.9  Chronocoulometric curve recorded under application of a potential of 
−0.35 V for PY+@Y deposited on paraffin-impregnated graphite electrode in contact with 
0.10 M Et4NClO4/MeCN.
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40	 Electrochemistry of Porous Materials

be hindered in depth regions of the porous material, a significant portion of guest 
molecules do not exhibit electroactivity. Second, the advance of the diffusion layer 
is conditioned by the structural (bulk) and textural (surface) properties of the host 
material, and defects (cracks and crevices, dislocations, etc.) existing in the surface 
can significantly increase the external effective area exposed to the diffusion of 
charge-balancing electrolyte ions. At the same time, however, such defects produce 
more or less complicated topologies retarding charge diffusion and/or producing 
anisotropies in the same. As will be discussed in Chapter 4, in the case of systems 
such as zeolites, the electroactive layer, that is, the region of the crystals that is 
accessible to coupled electron and ion transport, is probably limited to an external 
boundary zone, so that depths in Figure 2.10 are probably overestimated. In spite of 
such limitations, the above treatment illustrates the capabilities of electrochemistry 
for providing relevant information for microporous materials.

2.6 R efinements

Dahms (1968) and Botár and Ruff (1985) studied exchange reactions such as those 
represented by Equation (2.6), stating that such processes can be described in terms 
of a second-order reaction kinetics, so that the apparent diffusion coefficient, Dapp, 
measured in electrochemical experiments (e.g., CA) under diffusion-controlled con-
ditions, can be expressed by:

	
D D

k c

sapp
= + e

d2

	
(2.24)

where s = 2, 4, and 6 for one-, two-, and three-dimensional diffusion, respectively. 
In the above equation, ke is the second-order rate constant, and c and d are 
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Figure 2.10  Concentration profiles estimated for the distribution of PY+ ion in the bound-
ary region of zeolite Y crystals estimated from chronocoulometric data in Figure 2.9.
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the concentration and the distance between the centers of the chemically equivalent 
species involved in the electron exchange, respectively.

The aforementioned picture of diffusion via electron hopping between localized 
centers and ion motion across the pore and channel system of the material does not 
specify whether the barriers for electron hopping or those for ion motion control the 
rate of charge transport. If the barrier is expressed in terms of a thermally activated 
diffusion, the following equation holds:

	
D D E RT1 2 1 2/ / exp( )= −

o a
/

	 (2.25)

where Ea is the activation energy for the diffusion process. The preexponential factor 
can be obtained from the Eyring model (see, e.g., Bowers and Murray, 1966) as:

	
D

e kT

h
S R

o
= l2

exp( * )∆ /
	

(2.26)

where l is diffusion jump distance and ∆S* represents the activation entropy.
The above treatments are based on a series of simplifying assumptions. Real 

systems, however, can significantly deviate from the expected behavior. The main 
issues, similar to those appearing for redox polymers (Daum et al., 1980), are:

Deviations from reversibility of the electrochemical process.•	
Continuum deviation when the number of immobile redox centers is too •	
large to ensure that the continuum approximation on which Fick’s laws are 
based remains operative.
Discontinuities and inhomogeneities in the microporous material and/or in •	
the distribution of redox centers throughout the material.
Uncompensated capacitive and resistive effects.•	
Presence of ion transport control due to a strong disequilibrium between the •	
concentration of cations in the electrolyte and the material, because ion dif-
fusion constants vary over the gradients of ion activity coefficients, solvent 
content, and electrostatic ion size effects.
Concentration polarization, associated to large changes in the ion concen-•	
tration in the microporous material. As a result, ions in the solution contact-
ing the microporous material may become concentration polarized.

Another set of refinements can arise when one considers diffusion in heteroge-
neous media containing obstructions of asymmetric shape (Ly and Cheng, 1997) and 
diffusion in periodic media (Koza, 2000; Jamnik et al., 2006).

2.7 F ractal Surfaces

Many systems exhibit fractal geometries, characterized by structures that look the 
same on all length scales (Mandelbrot, 1982). Fractal structures can be characterized 
by a scale law where the number of discrete units is proportional to the dF power of 
the size of those units, where dF represents the fractal dimension of the structure. 
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42	 Electrochemistry of Porous Materials

Diffusion in fractal media (Gefen et al., 1983; Giona and Roman, 1992) and diffusion 
toward and from/through interfaces (Le Mehaute and Crepy, 1983) are of interest in 
relation to electrochemical processes involving porous materials. Since the pioneer-
ing work of Nyikos and Pajkossy (1986), fractal geometry has provided a power-
ful tool in treating problems of mass transport toward and from/through interfaces 
between the electrode and the electrolyte (Nyikos et al., 1990; Borosy et al., 1991; 
Zuo et al., 1997).

It is well known that when mass transport is purely controlled by the reaction dif-
fusion in the electrode or electrolyte, the electrochemical responses at the rough inter-
face obey the generalized form of the Cottrell equation. For certain cases, however, 
classical fractal behavior under diffusion-controlled constraint is replaced by mixed 
kinetic/diffusive control (de Levie and Vogt, 1990; Kant and Rangarajan, 1995; Jung 
and Pyun, 2006a,b). Taking a = (dF − 1)/2, the chronoamperometric current becomes 
(Dassas and Duby, 1995; Stromme et al., 1995; Andrieux and Audebert, 2001):

	
i

nFAcD

t
=

1 2

1 2

/

/π a
	

(2.27)

This equation predicts a linear dependence of i on t−a, which can be tested from 
experimental CAs. An example is presented in Figure 2.11, where CA data at a poly-
acetylene-associated zeolite Y hybrid material (Doménech et al., 2006b) deposited 
over graphite in contact with aqueous K4Fe(CN)6 + 0.15 M NaClO4 solutions are 
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Figure 2.11  Plots of ln i vs. ln t for CAs at a polyacetylene-associated zeolite Y hybrid 
material deposited over graphite in contact with 3.5 (squares), 1.8 (rhombs), and 0.8 mM (tri-
angles) K4Fe(CN)6 solutions in 0.15 M NaClO4. Applied potentials +0.45 V vs. AgCl/Ag.
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shown. An excellent linearity was obtained, with the slopes of such linear represen-
tations providing dF values of 2.54 ± 0.15, which are clearly intermediate between 
those expected for planar electrodes and for ideally porous electrodes.

For a cyclic voltammetric experiment at a potential scan rate v, involving oxidized 
and reduced species with identical diffusion coefficient, D, the peak current, ip, is 
given by (Stromme et al., 1995):

	
i nFA

nFv D c
p

=
− − −G G( ) ( )( ) ( ) (/1 2 1 2 1a a gl c aa a a

max
))

( / )( )G 1 2 RT a
	

(2.28)

Here, G is the gamma function, l is the length corresponding to the inner cutoff for 
the fractal electrode, A is the macroscopic area, and g is a geometric factor close to 
1/π. The dimensionless function c(a) can be determined numerically.

Equation (2.28) predicts that the peak current in CVs will be proportional to va, a 
relationship that can easily be tested. Interestingly, under such conditions, the diffu-
sion layer length acts as a yardstick length for probing the fractal topography of the 
electrode surface (Pajkossy, 1991) and can be estimated as (Stromme et al., 1996a,b):

	

d = nFAcD

i
p 	

(2.29)

In the above equations, dF values should lie between 2 and 3, corresponding to 
a planar and a volumic electrode surface, respectively. Following Andrieux and 
Audebert (2001), both CA and CV experiments would be suitable in determining the 
fractal dimension dF of a volumic modified electrode. In the first case (CA), plots 
of ln i vs. ln t from CA data should provide straight lines of slope −a [= (dF − 1)/2]. 
In CV, successive experiments using different potential scan rates, v, have to be per-
formed so that plots of logip vs. logv should yield straight lines of slope a.

Analogously, the generalized Warburg equation, representative of the response of 
constant phase elements in electrochemical impedance spectroscopy experiments, 
becomes (Nyikos and Pajkossy, 1990; Dassas and Duby, 1995):

	
Z

nFAD

dE

dc
j( ) ( )

/
w w a=







−1
1 2

	
(2.30)

where E represents the applied potential and c is the concentration of the electroac-
tive species. The thickness of the diffusion layer can now be determined from the 
frequencies in which the constant phase element (CPE) operates, fCPE , as (Go and 
Pyun, 2004):

	

d
g

= D

f
CPE 	

(2.31)

The corresponding interval of frequencies can be obtained from the tan−1 

[d(−Zimag)/dZreal] vs. f plots. Figure 2.12 shows the corresponding representation for 
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Figure 2.13  TEM images determined from different V2O5-porous film electrodes. 
(Adapted from Jung and Pyun, 2006a. Electrochim. Acta 51, 2646–2655, with permission.)
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Figure 2.12  Plots of tan−1[d(−Zimag)/dZreal] vs. f for V2O5 film electrodes with various pore 
structures in 1 M LiClO4/propylene carbonate solution at an electrode potential of 3.1 V vs. 
Li+/Li. (From Jung and Pyun, 2006a. Electrochim. Acta 51, 2646–2655, with permission.)
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V2O5 film electrodes with various pore structures in 1 M LiClO4/propylene carbon-
ate solution (Jung and Pyun, 2006a). In this context, the fractal dimension values of 
several oxide surfaces were first determined by Farin et al. (1985) and Ozeki (1985).  
Generation of fractal metallic surfaces from electrochemical reduction of oxides has 
been studied by Kessler et al. (1996). The effect of pore structure in porous V2O5 
film electrodes has been investigated in terms of fractal geometry (Figure 2.13 and 
Figure 2.14) (Jung and Pyun, 2006a). Studies dealing with diffusion phenomena 
at fractal interfaces for diffusion-controlled and nondiffusion-controlled electron 
transfer processes have recently been reviewed by Go and Pyun (2007).
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Figure 2.14  Three-dimensional AFM images determined from different V2O5-porous film 
electrodes. (From Jung and Pyun, 2006a. Electrochim. Acta 51, 2646–2655, with permission.)
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3 Electrocatalysis

3.1 I ntroduction

Electrocatalytic processes have received considerable attention in the last decades 
because of their application in synthesis and sensing. The term catalysis is used for 
describing the modification in the reaction rate of a given chemical reaction by effect 
of the addition of a catalyst species. Two essential conditions have to be accomplished 
by catalytic processes: the thermodynamics of the reaction becomes unaltered, and 
the catalyst stays unchanged. Additionally, a common demand for catalysis is that the 
catalytic process involves small concentrations of the catalyst. In the most general 
view, the rate of the reaction can be either increased (positive catalysis) or decreased 
(negative catalysis), although, obviously, positive catalysis is preferentially desired.

The term electrocatalysis will be used in the following for designing electrochemi-
cal processes involving the oxidation or reduction of a substrate species, S, whose 
reaction rate is varied in the presence of a given catalytic species, Cat. The effect of 
electrocatalysis is an increase of the standard rate constant of the electrode reaction 
resulting in a shift of the electrode reaction to a lower overpotential at a given current 
density and a current increase. The faradaic current resulting from the occurrence of 
a catalytic electrode mechanism is called catalytic current. For a positive electroca-
talysis, the current obtained in the presence of the catalyst must exceed the sum of the 
currents obtained for the catalyst and the substrate, separately, under selected experi-
mental conditions (Bard et al., 2008). Three possible situations can be discerned:

	 1.	The catalyst and the substrate are in the same phase, usually dissolved in 
the bulk solution (homogeneous catalysis).

	 2.	The catalyst or the substrate is immobilized (via fixation, functionalization, 
adsorption, etc.) at the electrode surface (heterogeneous catalysis).

	 3.	The catalyst is electrochemically generated at the electrode/electrolyte 
interface.

Homogeneous electrocatalysis in solution phase can be described via a regenera-
tion mechanism where the catalyst reacts with the product of the electrode reaction 
involving the substrate to regenerate the initial electroactive species. This can be 
represented by the reaction sequence:

	 Sox + e− → Sred	 (3.1)

	 Sox + Catred → Sred + Catox	 (3.2)

The reaction described by Equation (3.1) must have a formal potential that is larger 
(more positive) than the formal potential of the Cat redox system, but it must be so 

K10316_Book.indb   47 10/28/09   12:47:22 PM

www.iran-mavad.com 
مرجع دانشجویان و مهندسین مواد
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irreversible that it is not significantly proceeding at potentials where Catox is reduced 
according to:

	 Catox + e− → Catred	 (3.3)

The mentioned thermodynamic prerequisite that the formal potential of the sub-
strate redox system must be more positive than the formal potential of the catalyst 
redox system means that, in principle, reduction of Sox is easier compared to Catox, 
but that kinetic constraints essentially hinder this process at potentials where the 
catalyst is oxidized. Then, the direct reduction of Sox does not proceed electrochemi-
cally at potentials where Catox is reduced (or maybe even at no accessible potential 
at all) but only via homogeneous redox reaction (Equation (3.2)) with Catred. In this 
context, the regeneration of the catalyst leads to much steeper concentration profiles 
of the catalyst in the diffusion reaction layer; that is, to a steeper concentration gradi-
ent that (see Chapter 1) means larger current.

The catalytic mechanism in solution phase described by Equations (3.1) and (3.2) 
is usually described in terms of a reversible electron transfer for the Cat system 
(Equation (3.3)) followed by a reaction operating under conditions of pseudo first- 
order kinetics (Nicholson and Shain, 1964). Thus, the shape of cyclic voltammo-
grams (CVs) depends on the parameter l = kccatt, where k is the rate constant for 
reaction (3.2) and ccat is the concentration of catalyst. For low l values, the catalytic 
reaction has no effect on the CV response and a profile equivalent to a single-
electron transfer process is approached. For high l values, s-shaped voltammetric 
curves are observed that can be described by (Bard and Faulkner, 2001):

	 i
nFAc
nF RT E Eº

/

≈
+ −

l1 2

1 exp )( )][( / ′
	 (3.4)

Remarkably, the limiting current becomes independent of the potential scan rate 
(ilim = nFAcDKccat l1/2), c being the concentration of substrate.

There are electrocatalytic systems where the catalyst is immobilized at the elec-
trode surface. Typical examples involve the use of redox polymers or adsorbed 
species so that the substrate interchanges electrons with the catalyst, which is elec-
trochemically regenerated (Murray et al., 1987). In this chapter, the electrocatalytic 
effects associated with porous materials will be discussed with regard to the two 
more frequent situations. The first one corresponds to cases in which the porous 
material acts as a catalyst for a given electrochemical process involving a substrate 
in solution phase, and the second corresponds to cases where the species in solution 
phase acts as a catalyst for an electrochemical process involving electroactive spe-
cies in the porous material. Both situations can be applied to isolated electroactive 
centers that become attached to an electrochemically silent porous network, as in 
zeolites with encapsulated redox-active guests and cases where the entire porous 
material, which eventually can have semiconducting character and/or incorporate 
electroactive centers (Rolison, 1994), possesses electrocatalytic activity, as occur-
ring in transition metal oxides (Lyons and Burke, 1987) and related materials.
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3.2 E lectrocatalysis by Surface-Confined Species

Rotating disk voltammetry is widely used for studying catalytic processes. For a revers-
ible n-electron transfer process controlled by mass transport in solution, the limiting 
current, ilim (µA), recorded in a linear potential scan voltammogram varies with the 
rotation rate, w (sec−1), following the Levich equation (Bard and Faulkner, 2001):

	 i . nFAcD / / /
lim

= −0 620 2 3 1 6 1 2u w 	 (3.5)

where D denotes the diffusion coefficient (cm2/sec) of the electroactive species, 
c is its bulk concentration (mol/cm3), n is the kinematic viscosity (cm2/sec) of the 
solution, A is the electrode area (cm2), and the other symbols have their customary 
meaning. This equation predicts that plots of ilim vs. w1/2 should be a straight line 
intersecting the origin. Deviations from the expected behavior can be attributed to 
deviations from ideality and kinetic complications.

Following Andrieux et al. (1982), for a mediated catalytic process, the limiting 
current should satisfy:

	 1 1 1 1/ / / /
cat

i i nFAck FAc D
k elim

[ ( )]= + −G d 	 (3.6)

where the kinetic current, ik, representing the current in the absence of mass transfer 
effect is introduced. In the above equation, G denotes the surface concentration of 
the catalyst in the film, k is the second-order rate constant for the catalytic reaction, 
d is the film thickness, De is the diffusion coefficient for electrons in the film, and ccat 
is the total volume concentration of the catalyst within the film. When the catalytic 
reaction becomes dominant, Equation (3.6) reduces to the Koutecky-Levich equation 
(Bard and Faulkner, 2001):

	 1 1 1 0 620 2 3 1 6 1 2/ / /i nFAck nFAcD
lim

/ / /.= + −G u w 	 (3.7)

and

	 i nFAck
k

= G 	 (3.8)

3.3 �E lectrocatalysis at Microparticulate 
Deposits of Porous Materials

Electrocatalytic sensing via microheterogeneous catalysts is based on the modifica-
tion of electrode surfaces by attachment of solid materials having an electrocatalytic 
ability with respect to the oxidation/reduction of selected analytes in solution. As a 
result, the obtained electrochemical signal is enhanced, whereas eventually the sig-
nals of interfering species remain unchanged or are even depleted, thus enhancing the 
sensitivity and selectivity for determinations (Cox et al., 1991; Rolison et al., 1991). 
Electrode modification procedures include chemisorption of the modifier, formation 
of covalent bonds between the substrate electrode and the modifier, formation of 
homogeneous film coatings on electrodes, and formation of heterogeneous layers.

Microparticulate deposits of inorganic solids mechanically transferred to the 
surface of inert electrodes or dispersed in carbon paste or composite electrodes 
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or embedded into a conducting polymeric matrix, further fixed on the electrode 
surface, have been extensively used for electroanalytical sensing. Thus, coatings 
of transition metal oxides and related compounds have been used as effective 
catalysts for a variety of electrochemical processes (Trasatti, 1994). Such modi-
fied electrodes are typically used as oxidizing agents in metal-based surface-modified 
glassy carbon electrodes for the amperometric sensing of substrates such as 
sugars and alditols, which are otherwise difficult to oxidize using conventional 
electrodes (see, e.g., Cataldi et al., 1995). Figure 3.1 shows an example of elec-
trocatalytic behavior, corresponding to that exerted by silicomolybdate-modified 
electrodes with respect to Cr(VI) oxidation in aqueous acidic media. The voltam-
metric response of the film electrode consists of three two-proton, two-electron 
couples, which can be represented by means of (Balamurugan and Chen, 2007):

	
H SiMo O H SiMo Mo O

4
VI

12 40
2H ,2e

6
VI

10
V

2 40
2+ −

 → HH ,2e

8
VI

8
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4 40
2H ,2e

10
H SiMo Mo O H

+ −

+ −

 →

 → SSiMo Mo OVI
6

V
6 40

	 (3.9)
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Figure 3.1  CVs for silicomolybdate-modified graphite electrodes immersed into 0.2 M 
H2SO4 containing: (a) 0.2 and (b) 0.0 mM concentrations of Cr(VI). Potential scan rate, 
100 mV/sec.
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In the presence of Cr(VI) species, the currents for such processes are significantly 
enhanced and progressively increased on increasing the concentration of Cr(VI), as 
can be seen in Figure 3.1. The overall catalytic reaction can be represented as:

	 PPy/H SiMo Mo O Cr O 8H PPy/H Si
10

VI
16

V
6 40 2 7

2
4

+ + →− + MMo O 2Cr 7H OVI
12 40

3
2

+ +

		  (3.10)

Dispersion of catalytic sites apparently enhances the electrocatalytic efficiency 
of such systems when compared to bulk metal electrodes (Casella et al., 1993). 
Accordingly, incorporation of catalytic centers into insulating materials can be con-
sidered a plausible methodology for obtaining sensitive and selective sensors. For this 
purpose, encapsulation of different redox-active species into micro- and mesoporous 
aluminosilicates has been described (Rolison, 1994; Rolison and Bessel, 2000). These 
systems combine site isolation, shape/size selectivity, and cation exchange capacity 
provided by the inorganic support with the intrinsic catalytic activity of redox cen-
ters. The protective effect exerted by the inorganic host can stabilize reactive organic 
intermediates (Scaiano and García, 1998; Doménech et al., 1999b; García and Roth, 
2002) and enzymes (Inagaki et al., 1999) with highly specific catalytic properties 
(Doménech and Alarcón, 2002a; Doménech et al., 1999a, 2002b, 2003b, 2004b,c).

This scheme can be extended to nonconducting or semiconducting nanoporous sol-
ids incorporating redox-active centers via chemical doping prompted by sol-gel method-
ologies (Doménech and Alarcón, 2002b, 2003; Doménech et al. 2004b–d). Eventually, 
the materials can be electrochemically modified (Rolison and Bessel, 2000).

As occurring for thin films of redox polymers, there are three elements of porous 
electrode behavior crucial to its performance in electrocatalysis: the transport of a 
solution reactant to the catalytic sites within the porous system, the transport of elec-
trolyte charge-balancing ions, and the electron transport across the solid, a process 
responsible for the regeneration of the initial oxidation state of the catalyst.

There are several possibilities depending on the conductivity of the porous sup-
port, its pore size distribution, the presence and mobility of electrolyte ions and/
or mobile redox mediators, and the type of attachment of catalytic centers to the 
support and its distribution. In the following, electrocatalysis at microheterogeneous 
deposits of insulating materials on inert electrodes will be described assuming that 
the microparticulate deposit, which is in contact with a given electrolyte solution, is 
distributed along a microheterogeneous layer covering the surface of a basal, metal-
type conducting electrode. In the most direct electrocatalytic case, the solid incorpo-
rates electroactive centers, Cat, which can produce an electrocatalytic effect on the 
electrochemical oxidation/reduction of a given substrate, S, in solution. In classical 
electrocatalysis via redox films, there is a charge transfer process based on the dif-
fusion of substrate molecules through the solution, interchange of electron with the 
immobile redox centers in the film, and subsequent electrochemical regeneration of 
the mediator, as schematically depicted in Figure 3.2. More complicated situations, 
however, can be handled; for instance, a redox mediator can be intercalated between 
the surface-confined catalyst and the substrate in solution (see Figure 3.3).
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Description of electrocatalytic processes in such modified electrodes can be 
derived from the intersection between the theory of Andrieux and Savéant (1980, 
1988) for mediated electrocatalysis in redox polymers and those for metal oxide 
electrocatalysis (Lyons et al., 1992, 1994; Attard, 2001; Pleus and Schulte, 2001) and 
the recent models for the voltammetry of microparticles given by Lovric and Scholz 
(1997, 1999) and Oldham (1998) and combined by Schröder et al. (2000).

Following Schröder et al. (2000), electron transfer processes in these systems 
involve an initial reaction at the three-phase electrolyte/particle/electrode junction 
further extended via transport of electrons and charge-balancing ions in perpendicu-
lar directions. The propagation of the redox reaction in the particle implies electron 
hopping between immobile redox centers and the ingress/issue of charge-balancing 

e–

Catred

Sox Sred

Catox Immobilized
catalyst

Basal electrode

Electrolyte
solution

Figure 3.2  Schematic diagram of electrocatalysis performed with an immobilized catalyst.

e–

Catred

Sox Sred

Catox

MedredMedox

Immobilized
catalyst

Redox mediator
layer

Electrolyte
solution

Figure 3.3  Schematic diagram of electrocatalysis via an immobilized catalyst aided by 
a redox mediator.
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electrolyte ions into/from the lattice of the solid, as described in Chapter 2. Here, we 
consider that the catalyst can undergo a reduction process of the type:

	 { } { }Cat M e Cat Mox red+ + →+ − +n n nL 	 (3.11)

involving the entrance of electrolyte cations into the porous system. Following the 
same line of reasoning, oxidation processes involve the ingress of electrolyte anions 
into the solid:

	 { } { }Cat X Cat X ered ox+ → +− − −n n nL 	 (3.12)

Alternatively, reduction (oxidation) processes could involve the pass of mobile 
anions (cations) from the solid to the electrolyte, as previously discussed in Chapter 2. 
Unless stated, it will be in the following assumption that the above processes behave 
reversibly, the formal electrode potential of the Catox/Catred couple being Eº′cat.

In the case of microparticulate deposits, there is a possibility for different elec-
trochemical pathways. First, we consider the catalyst immobilized and the substrate 
dissolved. The catalyst is electrochemically reduced via the process described by 
Equation (3.11) and, as previously noted, the direct reduction of Sox (Equation (3.1) 
does not run electrochemically but only via heterogeneous redox reaction with Catred:

	 S Cat M Cat S Mox red ox red+ → + ++ +{ } { }Ln n 	 (3.13)

This situation is schematized in Figure 3.4. In several cases, the catalytic effect 
is exerted by electrochemically generated redox centers as described by Abbà et al. 
(1994) for the electroreduction of CO2 at Ni(II) complexes of azacyclams.

Sox

Sred

{Catred ··· nM+} + Sox {Catox} + Sred + nM+ 

{Catox} + nM+ + ne– {Catred ··· nM+}

e–

Figure 3.4  (See color insert following page 94.) Diagram for possible electrocatalytic 
processes involving immobilized catalyst species (E Sº′ > E catº′).
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In the second case, the substrate is immobilized and the catalyst is dissolved. 
Now, the kinetically constrained electrochemical reduction of immobilized species 
{Sox} can be represented as:

	 { } { }S M e S Mox red+ + →+ − +n n nL 	 (3.14)

Then, the catalyst species in solution, which can be electrochemically reduced as 
represented by Equation (3.3), can act as electrocatalyst for the oxidation or reduction 
of immobilized species, as schematized in Figure 3.5. The catalytic reaction can be 
represented as:

	 { } { }S Cat M Cat S Mox red ox red+ + → ++ +n nL 	 (3.15)

Finally, electrocatalysis can proceed via adduct formation between immobilized 
sites and species in solution and subsequent solid-state reduction of that adduct spe-
cies. For the case where the substrate is in solution and the catalyst is immobilized, 
this situation can be represented as (Figure 3.6):

	 S Cat M S Cat Mox red ox red+ →+ +{ } { }L L Ln n 	 (3.16)

	 { } { } {S Cat M S Cat M S Catox red red ox redL L L Ln n+ +→ → + oox M}+ +n 	 (3.17)

Catred
Catox

Catox

Catox + ne– Catred

Catred + {Sox} + nM+ Catox + {Sred
 ··· nM+}

e–

Figure 3.5  Diagram for possible electrocatalytic processes involving immobilized sub-
strate species.
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Depending on the possible interaction between substrate species and redox cen-
ters of the solid, one can consider: (1) outer sphere electron transfer processes in the 
electrolyte-particle interface and (2) inner-sphere mechanism, involving composition 
changes in the catalyst and the substrate.

Depending on the site isolation of the catalyst centers two possible extreme 
cases appear: (1) close vicinity with unhindered electron hopping between adjacent 
redox centers; (2) extreme site isolation, so that there is no possible electron hopping 
between redox centers of the solid. In this case, substrate-mediated electron transfer 
is the unique possibility for propagating the redox reaction through the particle.

Depending on the size of electrolyte ions and substrate molecules with respect to 
the size of the pores and channels of the solid, one can consider the following: (1) Both 
substrate molecules and electrolyte counterions can move across the solid; then, the 
catalytic process can occur in the entire bulk of the (porous) solid. (2) Only electrolyte 
counterions can diffuse within the solid or only substrate molecules can move across 
the solid. (3) Neither substrate molecules nor electrolyte ions can diffuse in the solid; 
here, the catalytic process is confined to the surface of the solid particles.

The possibility of different electrocatalytic pathways can be illustrated by the oxi-
dation of 1,4-dihydrobenzoquinone (H2Q) in aqueous media at nicotinamide adenine 
nucleotide coenzyme (NADH) encapsulated within SBA-15 and MCM-14 mesoporous 
aluminosilicates—NADH@SBA and NADH@MCM, respectively (Doménech et al., 
2006b). Here, a molecule with biocatalytic activity, NADH, and having a rich electro-
chemistry (Blaedel and Jenkins, 1975; Moiroux and Elving, 1978, 1979), was attached 
to two different mesoporous aluminosilicates that have in common an ordered structure 
based on hexagonal channels along with a complementary set of disordered micropores, 
which provides connectivity between the channels through the silica (Kruk et al., 2000; 
Ruthstein et al., 2003) but differing in their pore size and aluminum content (Si/Al 
molar ratio = 13 and ∞ for MCM-41 and for SBA-15, respectively). Figure 3.7 compares 
the CV response of a 2.5-mM solution of H2Q in phosphate buffer (pH 7.0) at unmodi-
fied and NADH@MCM- and NADH@SBA-modified glassy carbon electrodes.

In contact with phosphate buffer, NADH@MCM- and NADH@SBA-modified 
electrodes display a weak, apparently irreversible oxidation peak at ca. +0.74 V. This 
process corresponds to the electrochemical oxidation of NADH to b-nicotinamide 
adenine dinucleaotide, NAD+, which in turn, following literature (Moiroux and 
Elving, 1978), is electrochemically reduced to NADH at potentials ca. −1.0 V (small 
cathodic peak in Figure 3.7b).

At unmodified electrodes, the hydroquinone/quinone redox couple exhibits well-
defined peaks at potentials of +0.22 V (anodic) and +0.04 V (cathodic), as depicted 
in Figure  3.7a. This response corresponds to a relatively complicated mechanism 
involving proton-assisted electron transfer processes (Laviron, 1984; Howell and 
Wightman, 1984) also mediated by solution electron transfer reactions (Evans, 1990). 
At NADH@MCM-modified electrodes, the voltammetric profile remained essen-
tially unchanged, whereas H2Q-centered peak currents were significantly enhanced 
(Figure 3.7b). At NADH@SBA, however, the response of H2Q solutions consisted 
of two anodic peaks at +0.22 and +0.74 V (Figure 3.7c), both being significantly 
increased with respect to peaks recorded for NADH@SBA in the absence of H2Q 
and in H2Q solutions at unmodified electrodes.
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This response can be rationalized by assuming that two different electrocata-
lytic pathways, where H2Q acts as solution-phase catalyst on solid-state oxidation 
of NADH to NAD+, are operative. First, for NADH@MCM, a reaction/regeneration 
mechanism as described by Equations (3.15) and (3.16) operates, the catalytic process 
being initiated by the electrochemical oxidation of hydroquinone to quinone, Q:

	 H2Q (aq) → Q + 2H+ (aq) + 2e−	 (3.18)

The resulting quinone diffuses across the mesoporous system and reacts with the 
NADH catalyst. As a result, the direct reduction of the immobilized NADH sub-
strate does not proceed electrochemically but only via heterogeneous redox reaction 
with the oxidized form of the hydroquinone catalyst in solution (see Figure 3.5).

Because of the anionic nature of NADH (b-nicotinamide adenine dinucleotide 
reduced disodium salt), its attachment requires the parallel attachment of sodium 
ions, so that the materials can be represented as { }NADH NaL + . Then, the catalytic 
reaction can be represented as:

	 { } ( ) { } ( ) ( )NADH Na Q aq NAD HQ aq Na aqL + + − ++ → + + 	 (3.19)

	 HQ aq H aq H Q aq− ++ →( ) ( ) ( )
2

	 (3.20)

regenerating the hydroquinone catalyst, which reinitiates the catalytic cycle, thus 
resulting in significant current enhancement.

For NADH@SBA, a different mechanism can be proposed, assuming that H2Q 
forms a surface-confined adduct with the substrate, following the reaction scheme 

Sox

Sred

Sox + {Catred ··· nM+} {Sox ··· Catred ··· nM+}

{Sred ··· Catox ··· nM+} {Catox} + Sred + nM+

e–

Figure 3.6  Diagram for possible electrocatalytic processes involving surface adduct for-
mation between the substrate origin ally in solution and immobilized catalyst species.
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summarized by Equation (3.17). As a result, two successive substrate- and catalyst-
centered electron transfer processes are observed:

	 { } ( ) { }NADH Na H Q aq H Q NADH NaL L+ ++ → −
2 2 	 (3.21)

	 { } { } ( )H Q NADH Na Q NADH Na H aq e
2

2 2− → − + ++ + + −L L 	 (3.22)

	 { } { } ( ) ( )Q NADH Na Q NAD Na aq H aq e− → − + + ++ + + + −L 2 	 (3.23)

Charge conservation is ensured by the release of protons and/or sodium ions from 
the mesoporous system to the electrolyte solution. This mechanism is consistent with 
the observation of two peaks (see Figure 3.7c) at the potentials observed for the noncata-
lyzed oxidation of H2Q and NADH in solution. Consistently, chronoamperometric data 
(vide infra) can be approached to those theoretically predicted for an electron transfer 
process preceded by a chemical reaction in solution phase, as demanded, roughly, by a 
process where adduct formation (Equation 3.16) acts as a rate-controlling step.

The remarkable differences between the electrocatalytic responses observed for 
NADH@MCM and NADH@SBA can be attributed to the existence of at least two 
competing pathways represented by Equations (3.19)–(3.20) (reaction/regeneration 
scheme) and Equations (3.21)–(3.23) (adduct formation), respectively, where H2Q 
acts as catalyst in solution and NADH acts as immobilized substrate. Apparently, 
hydroquinone-NADH adduct formation is considerably slower at NADH@SBA than 
at NADH@MCM, a feature that would be associated to the different acidity/polarity of 
the lattices—because MCM-41 contains both Bronsted (Al(OH)Si groups) and Lewis 
(extraframework Al3+ centers) acid sites, whereas SBA-15 is a pure silica material—
and pore size (3.2 nm for MCM-41 and 6.0 nm for SBA-15). Taking into account that 
adduct formation presumably requires a preorganization of NADH units to adopt the 
most favorable conformation for lying with H2Q, larger cavities should favor confor-
mational preorganizing and, consequently, adduct formation, in agreement with the 
aforementioned observations, but a significant influence of polarity/acidity effects 
(Corma et al., 2004) cannot be ruled out.

3.4 � Modeling Electrocatalysis at Microheterogeneous  
Deposits of Porous Materials: the Steady-State  
Approach

Let us consider the formation of substrate-catalyst adducts that can be reduced/ 
oxidized via electron hopping. This situation can be represented by (see Figure 3.7):

	 S Cat S Cat S Catox red ox red red+  → −  → +{ } { } {
K kM c oox} 	 (3.24)

	 { } { }Cat e Catox red+  →− ke 	 (3.25)

In these and in subsequent equations, charge-compensating metal ions in the solid 
will be omitted for brevity. We are assuming that the catalyst is homogeneously 

K10316_Book.indb   57 10/28/09   12:47:32 PM

www.iran-mavad.com 
مرجع دانشجویان و مهندسین مواد



58	 Electrochemistry of Porous Materials

distributed in a thin film of the surface of a basal electrode (see Figure 3.8). If the 
substrate can diffuse through the catalyst layer under steady-state conditions, the 
equation describing the transport and kinetics in the layer will be

	 D
d S

dx

k c S

K SS
c

M

2

2
0

[ ] [ ]

[ ]
−

+
=cat 	 (3.26)

where DS represents the diffusion coefficient of the substrate through the layer, [S] is 
its concentration at distance x from the electrode, and ccat is the total concentration 
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Figure 3.7  CVs at a 2.5 mM H2Q solution in 0.50 M phosphate buffer, pH = 7, at  
(a) unmodified glassy carbon electrode; (b) NADH@MCM-modified electrode; and (c) NADH@
SBA-modified electrodes. Potential scan rate, 50 mV/sec. (From Doménech et al., 2006b. 
Electrochim. Acta 51, 4897–4908, with permission.) 
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of catalyst. Following Lyons et al. (1992), it will be assumed that Michaelis-Menten 
(or Langmuir-Hinshelwood) kinetics apply, kc being the catalytic rate constant (sec−1) 
and KM the Michaelis constant (mol/cm3). Neglecting concentration polarization in 
the solution, we consider several cases. First, if the concentration of the substrate 
can be taken as uniform throughout the catalyst layer, a situation approached by thin 
films, and assuming that there is no concentration polarization of the substrate in the 
film, the flux of substrate JS (mol/cm2 s) is given by:

	 J
k c Lc

K KcS
c S

M S

=
+
cat 	 (3.27)

where L is the thickness of the catalyst layer, cS is the concentration of substrate in 
the bulk of the solution, and K is the partition coefficient whose value can approach 
unity for porous materials. When the concentration of substrate in the film is not 
uniform, four extreme cases can be considered depending on film thickness and 
substrate concentration. For low substrate concentrations and thin films, the flux of 
substrate is described by:

	 J k c LKc K
S c S M

=
cat

/ 	 (3.28)

whereas for low substrate concentrations and thick films, the flux approaches:

	 J Kc k c DS K
S S c M

/= ( )
cat

/ 1 2 	 (3.29)

Here, the reaction kinetics will be more rapid than the diffusive transport of the 
substrate and there is a large concentration gradient of substrate across the film.

X = 0 

X

[S] = cS

[S] = 0 

DS

 

Electrolyte solution

Catalyst layer  
Uniform ccat

Support electrode

Figure 3.8  Schematic diagrams modeling electrocatalysis via microheterogenous systems 
under steady-state conditions.
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For high substrate concentrations, the catalyst is saturated by the substrate. Then, 
the flux of independent substrate concentration as well as the rate-determining step 
is the decomposition of the intermediate substrate catalyst adduct, described by the 
rate constant kc. Here, the flux of substrate satisfies:

	
1 1
J

k

K LKc c k Lc
S

M

c S c

= +
cat cat

	 (3.30)

This equation corresponds to the Lineweaver-Burk kinetic equation (Lyons et al., 
1992, 1994) and can be transformed into an equation giving the dependence of 
kinetic currents, ik, on the concentration of substrate in the solution bulk. Values of ik 
at different concentrations of substrate can be determined from the limiting, steady-
state currents, ilim, obtained, for instance, as plateau currents in rotating disk voltam-
metry, using Equation (3.6). For the case of thin films with a surface concentration of 
catalytic centers Gcat (mol/cm2) over an electrode of area A, one can write:

	
1 1
i

K

nFAk c nFAk
k

M

c S c

= +
G G

cat cat

	 (3.31)

Accordingly, plots of 1/ik vs. 1/cS should provide straight lines whose slope and 
ordinate at the origin enable calculating KM and kc, providing that Gcat is known.

The preceding expression can be rewritten to give the Eadie-Hofstee plot, which 
stems from the following equation:

	
i

c

nFAk

K

i

K
L

S

c

M

L

M

= +
G

cat 	 (3.32)

Application of such equations to the electrochemical oxidation of mannitol in 0.10 M 
NaOH aqueous solution (occurring at potentials greater than +0.90 V vs. AgCl/Ag) 
using rotating disk voltammetry at glassy carbon electrodes modified with a and m  
cobalt cordierites Co2Al4Si5O18, (Doménech et al., 2004d) is shown in Figure 3.9 and 
Figure 3.10. In these experiments, the concentration of mannitol was varied between 
2.0 × 10−5 and 2.0 × 10−3 M, and rotation rates ranged between 200 and 800 sec−1.

3.5 � Modeling Electrocatalysis at Microheterogeneous 
Deposits of Porous Materials: Transient Responses

Electrochemical data recorded under no steady-state conditions can also be used 
for studying electrocatalytic processes involving porous materials. In cases where 
the catalytic system can be approached by homogeneous electrocatalysis in solution 
phase, variation of cyclic voltammetric profiles with potential scan rate (Nicholson 
and Shain, 1964) and/or, for instance, square-wave voltammetric responses with 
square-wave frequency (O’Dea et al., 1981; O’Dea and Osteryoung, 1993; Lovric, 
2002) can be used. This situation can, in principle, be taken for highly porous mate-
rials where substrate transport, as well as charge-balancing ion transport, is allowed. 
On first examination, the catalytic process can be approached in the same manner 
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Figure 3.9  Linewaver-Burke plots of 1/ik vs. 1/c, from rotating disk voltammograms 
recorded for a (squares) and µ (rhombs) cobalt cordierite-modified glassy carbon electrodes 
(GCEs) in contact with a 1.25 mM mannitol plus 1.0 M NaOH aqueous solution. Potential 
scan rate, 50 mV/sec.
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Figure 3.10  Eadie-Hofstee plots of ik/c vs. ik, from rotating disk voltammograms recorded 
for a (squares) and µ (rhombs) cobalt cordierite-modified GCEs in contact with a 1.25 mM 
mannitol plus 1.0 M NaOH aqueous solution. Potential scan rate, 50 mV/sec.
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as in a solution phase described by Equations (3.1) and (3.2). The catalytic current is 
then expressed by:

	 i i kc t kc t erf kc t
t

/ /
cat d ca cat cat

/ = ( ) {( ) [( )1 2 1 2 11 2 1 2/ /kc t kc t] ( ) exp( )}+ −−
cat cat 	 (3.33)

where id denotes the current for the unaltered, diffusion-controlled, single-electron 
transfer process described by Equation (3.1). When the term kccat exceeds 2, the error 
function (erf) reduces to 1 and the above equation can be approached to:

	 i i kc t
d

/
cat cat

/ ≈ ( )π 1 2 	 (3.34)

In several cases, when the electrocatalytic pathway involves adduct formation 
between immobilized units of the catalyst and the mobile substrate permeating the 
porous solid, the mechanism can be described in terms of a charge transfer process 
preceded by a relatively slow chemical reaction. Here, the chronoamperometric cur-
rent can be approached by (Koutecky and Brdicka, 1947; Bard and Faulkner, 2001):

	 i nFAcD Kk Kk t erf Kk t
f f f

/= 1 2 1 2 1 2/ /( ) exp[ ][ ( ) ] 	 (3.35)

where kf represents the rate constant of the direct preceding (adduct formation) reac-
tion and K is the equilibrium constant for this process. Figure 3.11 compares experi-
mental data for chronoamperometries (CAs) recorded at NADH@SBA-modified 
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Figure 3.11  Plots of i vs. t−1/2 for CAs recorded at NADH@SBA-modified glassy car-
bon electrodes immersed into 2.0 mM H2Q solution in 0.50 M phosphate buffer (pH = 7.0). 
Experimental data points and theoretical curves from Equation (3.35) using different Kkf 
values. Applied potential +0.95 V vs. AgCl/Ag. (Adapted from Doménech et al., 2006b. 
Electrochim. Acta 51, 4897–4908, with permission.)
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glassy carbon electrodes in contact with H2Q solution in aqueous phosphate with 
theoretical curves from Equation (3.35) using different values of the Kkf parameter.

The case of charge transfer process preceded by a first-order bulk-surface reac-
tion has been described by Guidelli (1971). Here, the parent electroinactive species 
is transformed into an electroactive species both through a homogeneous chemical 
reaction taking place within a thin solution layer adjacent to the electrode (with rate 
constant, kf) and through a heterogeneous chemical reaction catalyzed by the elec-
trode surface (with rate constant kads). The chronoamperometric current becomes:

	
i

i i
t

k K k D K t

Dtd

/ f
/ /

−
=

+
1 2

1 2 1 23 5

12

( )[ ( ) ]

(

/ /
ads

G

//7 1 2π) / K+ G
	 (3.36)

In this equation, id represents the diffusion limiting current given by id = 
(12D/7π)1/2nFAct1/2.

3.6 E lectrocatalytic Mechanisms

Elucidation of the mechanism of the catalytic process is a relatively complicated task 
because of the variety of factors influencing the catalytic reaction. For instance, precon-
centration of redox species in the porous films can result in an apparent surface excess, 
similar to adsorption. Here, semi-integral analysis of voltammetric curves can aid in sep-
arating diffusional and surface-confined components (Freund and Brajter-Toth, 1992).

One of the most intensively studied systems is probably the oxidation of sugars 
and polyalcohols in aqueous alkaline solutions at electrodes modified with transition 
metal oxides, typically NiO. Here, oxidation signals at ca. +0.6 V vs. AgCl/Ag were 
obtained in 0.20 M NaOH.

Electrochemical oxidation of sugars and alditols is a kinetically controlled pro-
cess where the rate-determining step is the abstraction of hydrogen from the carbon 
atom in the a position with respect to the alcohol group, the overall electrochemical 
process being significantly influenced by molecular dimensions, preferred orienta-
tion, and steric hindrance as first described by Konaka et al. (1969).

Following Casella et al. (1993), one of the possible pathways can be represented 
by the following sequence of reactions:

	 NiO + OH− (aq) → NiOOH + e−	 (3.37)

	 RCH2OH (aq) + NiO → NiO(RCH2OH) (ads)	 (3.38)

	 NiO(RCH2OH) (ads) + NiOOH → NiO + NiO(R·CHOH) (ads) + H2O	 (3.39)

	 NiO(R·CHOH) (ads) + NiOOH → NiO + NiO(RCOH) (ads) + H2O	 (3.40)

where (ads) denotes adsorbed species. In this scheme, the rate-determining step 
would be reaction (3.39) (Xie and Huber, 1991). At more positive potentials, oxygen 
evolution is also catalyzed by active ·OH radicals generated in the oxide surface:

	 NiOOH → NiO + ·OH	 (3.41)

	 2 ·OH → H2O + ½ O2	 (3.42)
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with NiOOH being electrochemically regenerated via the process described by 
Equation (3.37).

To study the kinetics of the catalytic process, Tafel representations from the 
current-potential data in the rising portion of the voltammetric curve can be used 
(Doherty and Vos, 1992). Under several conditions, plots of log i vs. E lead to straight 
lines whose slope (TSL) satisfies (Lyons et al., 1994):

	 (TSL)
(log )

E
gF

2.303RT
= ∂

∂
=i b 	 (3.43)

Here, b represents the electrochemical symmetry factor (typically close to 0.5), and 
g is a numerical coefficient representative of the fraction of potential effectively 
experienced by the substrate. It is assumed that, if the initial electron transfer is 
rate-determining, then an inverse Tafel slope (TSL)−1 of 120 mV/decade would be 
predicted if the substrate was located at the outer Helmholtz plane (typically placed 
about 1 nm of the oxide surface) (Lyons et al., 1992, 1994). If the substrate is located 
in a reaction plane closer to the oxide surface than the outer Helmholtz plane when 
it undergoes a reaction, inverse Tafel slopes of ca. 240–300 mV/decade are predicted 
(Lyons et al., 1994).

An illustration of this type of analysis is provided by the catalysis associated to 
the electrochemical oxidation of cysteine at electrodes modified with vanadium-
doped zircons, VxZrSiO4, prepared from sol-gel methodologies (Doménech and 
Alarcón, 2003). Figure 3.12 shows x-ray diffraction patterns for VxZrSiO4 speci-
mens after annealing the corresponding gel precursor at 1600ºC for 24 h. Here, 
well-defined diffraction peaks of zircon, eventually accompanied by one cristo-
balite peak, appear.

Figure  3.13 presents typical square-wave voltammograms for (a) an unmodi-
fied electrode and (b) a V0.04ZrSiO4-modified electrode immersed into an alkaline 
solution of cysteine plus 0.10 M NaOH. Here, three oxidation signals appear: at 
+0.20, +0.60, and +0.80 V vs. AgCl/Ag. Figure 3.14 shows E vs. log i inverse Tafel 
plots from data recorded in the rising portion of each voltammetric peak in CV 
experiments at relatively low scan rate. The slope of such representations was 220 
± 15, 100 ± 10, and 250 ± 15 mV/decade for oxidation processes at +0.20, +0.60, 
and +0.80 V, respectively. The existence of two different slopes, complemented by 
peak potential shift with scan rate and peak current variation with potential scan 
rate, led researchers to propose different electrochemical pathways. Peaks at +0.20 
and +0.60 V can be attributed to thiolate-centered processes, whereas the peak 
at +0.80 V can be assigned to carboxylate oxidation, as judged via comparison 
with the electrochemistry of nonthiolated aminoacids. On the basis of the obtained 
inverse Tafel slope, the first thiolate-localized oxidation process involves a strong 
interaction between the substrate and the surface-confined vanadium centers, a sit-
uation that also applies to the oxidation wave at +0.80 V. In contrast, the oxidation 
at +0.60 V should involve cysteine molecules located in the outer Helmholtz plane. 
Since the oxidation potential is lower than that for the oxidation of vanadium cen-
ters (Doménech and Alarcón, 2003), the catalytic mechanism for strong cysteine 
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fixation (peak at +0.20 V) can be attributed the formation of vanadium-cysteine 
adducts subsequently oxidized:

	 V ZrSiO RS V ZrSiO RSIV IV
x x y

y
4 4{ } + → { }− −�( ) 	 (3.44)

	
V ZrSiO RS V ZrSiO RS eIV IV

x y x y
y

4 4{ } → { } ⋅ +− −� �( ) ( ) 	 (3.45)

	 V ZrSiO RS V ZrSiO / RS SIV IV
x y x

y z
4 4{ } ⋅ → { } + −�( ) ( )( RR) 	 (3.46)
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Figure 3.12  X-ray diffractograms for VxZrSiO4 specimens with different vanadium loadings 
after annealing the corresponding gel precursor at 1600ºC during 24 h. s, zircon; *, cristobalite. 
(From Doménech and Alarcón, 2003. Instrum. Sci. Technol. 31, 121–140, with permission.)
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Figure 3.13  Square-wave voltammograms at (a) unmodified graphite and (b) V0.04ZrSiO4-
modified graphite electrodes immersed into 2.50 mM cysteine plus 0.10 M NaOH. Potential 
step increment, 4 mV; square-wave amplitude, 25 mV; frequency, 5 Hz.
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Figure 3.14  Tafel plots for oxidation waves recorded in CVs at a V0.04ZrSiO4-modified 
graphite electrode immersed into 2.50 mM cysteine plus 0.10 M NaOH. Potential scan rate, 
20 mV/sec.
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the oxidation product being presumably a dimeric dimercapto form, as described for 
several thiol compounds (Howie et al., 1977). The thiolate-centered, outer sphere 
oxidation process occurring at +0.60 V, a potential slightly more positive than that 
for V(IV) to V(V) oxidation in VxZrSiO4 materials, can be assigned to an oxidation/
regeneration pathway of the type:

	
V ZrSiO OH aq V V ZrSiO OHIV V IV

x z x z z
z

4 4{ } + →−
−( ) ( ){{ } + −ze 	 (3.47)

      V V ZrSiO OH RS V V ZrV IV V IV

z x z z z y x z y
y

−
−

− − +{ } + →
4
( ) SSiO OH OH RS

4
( )

z y
y y

−
−{ } + + ⋅ 	 (3.48)

The carboxylate-localized oxidation recorded at more positive potentials involves 
electron transfer between surface V(V) centers electrochemically generated and the 
substrate. Tentatively, the process should be initiated by the electron transfer process 
described by Equation (3.47) and followed by:

	
V V ZrSiO OH RCH COO aq

V V

V IV

V

z x z z

z x

z−
−{ } + →

4 2
( ) ( )

−−
−{ } ( )z z z

IV ZrSiO OH RCH COO
4 2
( ) L

	 (3.49)

	
V V ZrSiO OH R CH COO

V ZrS

V IV

IV

z x z z z

x

−
−{ } ⋅( ) →

4 2
( ) L

iiO R CHCOO H O
4 2{ } ⋅( ) +−L

z
z

	 (3.50)

The reaction progresses by involving a subsequent multistep pathway. Such schemes 
are, in principle, consistent with the observed variation in peak currents and poten-
tials with frequency in square-wave voltammetries. In particular, it was observed that 
the height of peaks at +0.20 and +0.80 V, both involving strong substrate-catalyst 
interactions, increases at the expense of the peak at +0.60 V, which is associated to 
a weaker substrate-catalyst interaction, on decreasing square-wave frequency. This 
can be rationalized by considering that strong substrate-catalyst interactions are 
favored by long-time experiments, where penetration of the substrate in the external 
boundary region of the catalyst is larger than that in short-time ones.

For our purposes, the relevant point to emphasize is that electrocatalytic processes 
can involve different catalytically active sites and/or different catalytic mechanisms. 
These features are of considerable interest for sensing because they enhance the pos-
sibilities of obtaining highly selective responses for selected analytes by modulating 
the structural environment and concentration of catalytic sites in doped materials. 
This matter will be treated in more detail in Chapter 9.
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4 Electrochemistry of 
Aluminosilicates

4.1 I ntroduction

Aluminosilicates can be regarded as a large group of nanostructured materials having 
in common a skeleton based on tetrahedral SiO4 units in which a certain number of 
silicon atoms have been isomorphically substituted by aluminum ones. As a result, a 
defect of positive charge is produced in the lattice. Compensation of this excess of neg-
ative charge requires the attachment of cationic species to the aluminosilicate frame-
work. SiO4 and AlO4 tetrahedral units act as building units for constructing a wide 
variety of structures, including porous (zeolites, sepiolite) to laminar aluminosilicates 
(montmorillonite, kaolinite). Since the preparation (Beck et al., 1992) of periodic mes-
oporous silica (MCM-41), a variety of silica-based mesoporous materials have been 
synthesized with variable degree of ordering, stability, and Al/Si ratios. An important 
group of materials is constituted by porous silica spheres (Hah et al., 2003).

The ionic nature of the cationic attachment allows for an easy ion exchange in 
such materials, but at the same time rigid porous structures exert a remarkable size- 
and eventually charge-selectivity for incorporating guest ions. It should be noted, 
however, that adsorption of guest species onto the external surface of the crystals 
of such materials can, in general, occur. In particular, laminar silicates can adsorb 
guest species in the interlaminar spaces, thus acting as flexible hosts with low size 
selectivity. The dynamic size of species that can enter through the zeolite pores is 
given by their kinetic diameter, taken as the intermolecular distance of the closest 
approach for two molecules colliding with zero initial kinetic energy (Breck, 1974).

4.2  Zeolites

Zeolites are microporous crystalline aluminosilicates characterized by its molecular 
sieving performance, cation exchange capacity, and catalytic ability (Rolison, 1994). 
The chemical composition of zeolites can be represented by the general formula Mx/n

n+ 

(AlxSiyO2(x + y))x−·zH2O, M being a cationic species, generally alkaline or alkaline-earth 
metal, proton, ammonium ion, etc. The Al/Si molar ratio can vary from 1 (sodalite) to ∞ 
(silicalites). The isomorphic substitution of silicon atoms by aluminum ones produces a 
negative charge in the lattice that has to be neutralized by such cationic species.

Remarkably, zeolites can be completely hydrated and dehydrated without damage 
to the crystalline network. The structure of zeolites is formally constructed from 
conjoining SiO4 and AlO4 tetrahedral building blocks so that a variety of ringed 
structures, generically labeled as secondary building units (SBUs), can be formed. 
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70	 Electrochemistry of Porous Materials

Figure 4.1 shows the structures of zeolites A and X, Y (faujasite). As previously noted, 
zeolites are capable of restricting the size and shape of the molecules that enter, reside 
within, or exit the lattice. Structures of such zeolites comprise pore opening, cage, 
and channel structures; for instance, the pore structure of zeolite Y consists of almost 
spherical 13-Å cavities interconnected tetrahedrally through smaller apertures of 7.4 Å. 
Table 4.1 and Table 4.2 show the characteristics of several types of zeolites used in 
electrochemical studies. Zeolites possess high porosity, with large surface areas, typi-
cally ranging from 400 to 650 m2/g and pore volumes of up to 0.1 cm3/g.

For every aluminum atom in the lattice, a fixed negative charge results. This 
negative charge is counterbalanced by mobile cations, typically alkaline or alkaline- 
earth cations. In contact with aqueous solutions, these mobile cations can easily 
be exchanged for other cations (metal cations, cationic complexes) of appropriate 
dimensions, thus determining the remarkable ion exchange properties of zeolites.

Zeolites are traditionally regarded as “acid” materials. There are two types of 
acidic centers in zeolites. First, protons held in the zeolite form bridging hydroxyl 

TABLE 4.1
Characteristics of Several Zeolites

		N  umber of			 
Type of Pore	 Pore Size (Å)	T etrahedral Units 	 Channel Directions	E xamples

Middle	 4.8 × 3.5 [010]	   8	 2	 Ferrierite
		  5.4 × 4.2 [001]	 10		

Middle	 5.6 × 5.3 [010]	 10	 2	 ZSM-5
		  5.1 × 5.5 [100]	 10		
Large	 6.5 × 7.0 [001]	 12	 1	 Mordenite
		  5.7 × 5.6 [001]	 10		
Large	 7.6 × 6.4 [100]	 12	 3	 β-zeolite
		  5.6 × 5.6 [001]	 12		
Large	 7.4 × 7.4 [111]	 12	 3	 Y zeolite
Extra large	 8.2 × 8.1 [010]	 14	 1	 UTD-1

(a) (b)

FIGURE 4.1  Three-dimensional representation of the framework structure of (a) zeolite A 
and (b) X and Y.
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72	 Electrochemistry of Porous Materials

groups Si(OH)Al (Bronsted centers). A direct means of forming such centers is to 
interchange alkaline ions (e.g., Na+) by NH4

+ ions and further calcinations of the mate-
rial. As a result, NH3 is released, whereas Si(OH)Al groups are formed. In addition, 
charge-balancing cations and extra-lattice Al3+ ions act as Lewis acidic centers.

The density of Al atoms in the pores determines the polarity of internal spaces, 
thus determining the hydrophobicity/hydrophilicity of the material. In general, the 
hydrophobic character of the zeolites increases on decreasing the aluminum content. 
The coordinative environment of such aluminum centers notably influences their 
acidic properties, so that the incorporation of additional Al3+ centers alters the charge 
density of the original acid site. As schematized in Figure 4.2, increasing the number 
of aluminum atoms in the second coordination sphere of a given acid site decreases 
the acidity of the material.

Interestingly, zeolites can also present basic character, associated to oxygen atoms 
in the lattice having a large density of negative charge (Corma et al., 1990; Hattori, 
1995). The alkalinity of zeolites has been related with the aluminum content and the 
nature of charge-balancing cations. By the first token, alkalinity is promoted by high 
aluminum contents; by the second, highly polarizable cations increase the alkalinity 
of the zeolite with respect to less polarizable ones.

4.3 E lectrochemistry of Zeolite-Associated Species

From the seminal work of Lunsford et al. in the early 1980s (DeWilde et al., 1980; 
Quayle and Lunsford, 1982), “ship-in-a-bottle” synthesis of metal complexes in the 
zeolite supercages, encapsulation of catalytically, optically, and/or electrochemically 
active species within micro- and mesoporous aluminosilicates, has received consider-
able attention (Alvaro et al., 2003). Site isolation of individual guest molecules, com-
bined with shape and size restrictions imposed by the supercage steric limitations, 
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Figure 4.2  Two-dimensional representation of the Al-O-Si linkages creating the frame-
work structure of aluminosilicates.
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makes it possible for us to perform catalytic reactions combining the advantages of 
homogeneous and heterogeneous catalytic systems (Corbin et al., 1985; Tolman and 
Herron, 1988; Bresinska and Drago, 1990; Hanson, 1991). For instance, oxidation of 
water to O2 by zeolite Y-encapsulated tris(2,2′-bipyridine)ruthenium(III), Ru(bpy)3

3+, 
precludes multimetal-centered degradation reactions, resulting in ligand degradation 
and CO2 evolution, typically observed in solution (Ledney and Dutta, 1995).

The electrochemistry of zeolite-associated species, however, has become contro-
versial, the debate being focused on the extrazeolite/intrazeolite character of elec-
trochemical processes occurring at zeolite-modified electrodes (Baker et al., 1995; 
Li et al., 1995a; Senaratne et al., 1996; Bedioui and Devynck, 1996; Rolison et al., 
1996). Thus, Gemborys and Shaw (1986) first considered two possible electrochemi-
cal pathways: extrazeolitic and intrazeolitic. Shaw et al. (1989) and Li et al. (1989) 
considered a third mechanism—surface-mediated electron transfer—whereas Li et al. 
(1995b) further distinguished between ion transport and electron transport intrazeolitic 
mechanisms. Bessel and Rolison (1997a) concluded that the voltammetric response 
observed for zeolite-associated species essentially reflects the behavior of extrazeo-
lite ion-exchanged molecules and/or those located in the more external “boundary” 
layer of the zeolite and proposed that different discernible responses can be attributed 
to electroactive species located in different sites in the zeolite matrix: the so-called 
topological redox isomers. Data on the electrochemistry of zeolite-associated transi-
tion metal complexes (Sabater et al., 1997; Doménech et al., 2000a, 2002a) and reac-
tive organic intermediates (Doménech et al., 1999a,b, 2002a, 2003a, 2005b) provided 
results in agreement with such ideas.

Let us consider the electrochemical reduction of the oxidized form of an elec-
troactive species. The extrazeolitic mechanism involves two steps: first, the zeolite-
associated electroactive species is ion-exchanged with electrolyte cation, M+:

	 {Ox} + M+ (sol) → Ox (solv) + {M+}	 (4.1)

followed by reduction of the oxidized form in solution phase:

	 Ox (sol) + e− → Red (solv)	 (4.2)

In these equations, (sol) denotes solvated species in electrolyte solution and { } 
species attached to the zeolite framework.

The intrazeolitic mechanism involves the reduction of intrazeolite species coupled 
with the ingress of charge-balancing electrolyte cations into the zeolite framework:

	 { } ( ) { }Ox M sol e Red…M++ + →+ − 	 (4.3)

To elucidate reaction pathways, several experimental features have to be consid-
ered (Bessel and Rolison, 1997a; Doménech et al., 2002a, 2003a, 2004e):

	 1.	Voltammetric and coulometric data indicate that under ordinary experi-
mental conditions, only a small percentage (lower than 1–2%) of guest mol-
ecules is electroactive.

	 2.	Voltammetric responses displayed by zeolite probes containing electroac-
tive guests in contact with size-excluded electrolyte countercations such as 
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Hex4N+ and Bu4N+ are clearly lower than those of the same materials in 
contact with less size-excluded counteractions such as Et4N+ or Li+.

	 3.	 In the presence of size-excluded electrolyte counteractions, the voltammet-
ric signals are rapidly exhausted under repetitive cycling of the potential, 
whereas in the presence of less size-excluded counteractions, voltammetric 
signals decay slowly under repetitive voltammetry.

	 4.	Voltammetry of zeolite-associated electroactive species in contact with size- 
excluded electrolyte counteractions produces single signals, whereas in the pres-
ence of less size-excluded counteractions, peak splitting frequently appears.

	 5.	Electrocatalytic effects eventually exerted by zeolite-attached species on 
selected processes also become significantly dependent on the size of elec-
trolyte cations.

Interestingly, anionic species can also be entrapped into zeolites and mesopo-
rous aluminosilicates, although studied cases are currently limited to few inorganic 
(Breck, 1974; Barrer, 1978; Bresinska and Drago, 1990; Pastore et al., 1993) and 
organic (Kuchi et al., 1999; Chretien et al., 2002; Herance et al., 2005) anions. The 
reason for this paucity is that zeolite frameworks produce a significant energy barrier 
for the ingress of anions due to coulostatic repulsion exerted by the zeolite frame-
work. Since no mobile negatively charged species exist in zeolites, anchorage of 
anionic species requires the coupled ingress of cations to maintain charge neutrality 
in the solid. Accordingly, the encapsulation of anionic species into zeolites occurs as 
the ionic pair ingress (Herance et al., 2005). This can be presented as:

	 {} ( ) ( ) { }+ X solv M sol X …M− + − ++ → 	 (4.4)

The electrochemistry of organic anions attached to zeolites can be described in 
terms of oxidation steps involving the issue of metal cations and reduction steps 
involving the ingress of electrolyte cations into the zeolite pore/channel system 
(Doménech et al., 2005a).

4.4 T opological Redox Isomers

Turro and García-Garibay (1991) introduced the idea that different topological iso-
mers should be considered for explaining the photochemistry of zeolite systems. 
Bessel and Rolison (1997a) first applied this idea to electrochemistry of zeolites, 
coining the term topological redox isomers for designing redox-active guest species 
associated to different sites in the aluminosilicate framework. These authors distin-
guish four basic types of topological redox isomers:

	 1.	Located outside the zeolite, with no bonding or sorptive association
	 2.	Bound to the external surface of zeolite particles
	 3.	Adsorbed into the voids of the zeolite but able to sample the global pore 

lattice topology
	 4.	Size-included in the interior of supercages or channel intersections of the 

zeolite framework

Electrochemical methods provide information on the coexistence of different 
topological redox isomers. Discrimination between different redox isomers can 
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be obtained from differences in the electrolyte size influence and electrochemical 
mechanism that can be observed in zeolite-modified electrodes. The attachment of 
bulky cationic guests, unable to migrate within the zeolite framework, is of par-
ticular interest. It should be noted that zeolites are able to stabilize elusive cationic 
organic intermediates that tightly fit into the cavities of the aluminosilicate due to 
intense electrostatic fields experienced inside the pores, stabilizing cationic species, 
and by the blocking effect with respect the attack of nucleophilic reagents. In fact, 
several organic cations and radical cations became indefinitely persistent when they 
are encapsulated in appropriate zeolites (Scaiano and García, 1999).

A typical case is that of 2,4,6-triphenylthiopyrylium ion associated to zeolite Y 
(TPY+@Y). The significant electrolyte dependency of the electrochemical response 
of zeolite-associated species can be seen in Figure 4.3, where square-wave voltam-
metries (SQWVs) for TPY+@Y immersed into different MeCN electrolytes can be 
compared. A one-electron reversible voltammetric response was obtained (Doménech 
et al., 1999a, 2002b) similar to that described via Equation (2.16).

In contact with size-excluded Hex4N+ and Bu4N+ cations, an apparently unique, 
broad reduction peak is obtained. In the presence of Et4N+, the voltammetric signal 
becomes significantly enhanced and reduced to a tall peak. Chronoamperograms 
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FIGURE 4.3  Deconvoluted SQWVs for TPY+@Y-modified paraffin-impregnated graphite 
electrodes in contact with 0.10 M solutions of (a) Hex4NPF6, (b) Bu4NPF6, (c) Et4NPF6 in 
MeCN. Potential step increment, 4 mV; square-wave amplitude, 25 mV; frequency, 10 Hz.
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for TPY+@Y-modified paraffin-impregnated graphite electrodes in contact with the 
above electrolytes also reveal significant differences, as shown in Figure 4.4.

These features can be rationalized on assuming that the observed electrochemical 
response corresponds to the superposition of that due to at least two different topo-
logical redox isomers: guest TPY+ ions externally adsorbed onto the zeolite surface 
(“surface isomers”), thus displaying a genuine extrazeolite mechanism, and guest 
TPY+ located in sites in the more external, electrochemically accessible regions of 
the zeolite grains (“boundary isomers”). In addition, it has been observed that the vol-
tammetric response of external surface isomers approaches diffusive control under 
semi-infinite conditions, or thick-layer behavior, whereas the response of boundary 
isomers approaches thin-layer conditions (Doménech et al., 2002a).

As described in Chapter 2, diffusion coefficients for electrons and electrolyte cations 
can be calculated from chronoamperometry (CA) using the model developed by Schröder 
et al. (2000) (Doménech, 2004). Values for De and DM are listed in Table 4.3 using data 
for graphite electrodes modified with Mn(salen)N3

- and 2,4,6-triphenylthiopyrylium-
containing zeolite Y, immersed into Et4NClO4/MeCN, LiClO4/MeCN, and Bu4NPF6/
MeCN electrolytes. CA data for the first two electrolytes fit well with the theoretical 
model, whereas data obtained in the presence of Bu4N+ deviate from theory, in agree-
ment with the expected purely extrazeolitic nature of electrochemical processes in con-
tact with that electrolyte cation. Accordingly, estimated D values contained in Table 4.3 
for Bu4N+ represent merely the result of a forced fit of experimental data with theory.

It should be noted that the high site isolation of electroactive guest molecules 
into zeolite hosts suggests that electron hopping between zeolite-encapsulated spe-
cies, demanded by the propagation of the redox reaction (see Chapter 2) through 
the material particles, should be highly hindered. Voltammetric data suggest that 
although restricted to external zeolite regions, there is a place for a certain degree 
of redox reaction propagation across the boundary zone. Consistently, spectroscopic 
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FIGURE 4.4  CAs for TPY+@Y-modified paraffin-impregnated graphite electrodes in con-
tact with 0.10 M solutions of (from upper to below): Et4NPF6, Bu4NPF6, and Hex4NPF6, in 
MeCN. Applied potential, −0.35 V vs. AgCl/Ag.
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studies reveal that significant electronic interactions between adjacent entrapped 
molecules occur when assisted by small, mobile charge-balancing ions. Thus, stud-
ies on intrazeolitic photochemical charge transfer for methylviologen and Ru(bpy)3

2+ 
indicate that an efficient electron transfer coupled with recombination occurs at high 
guest loadings (Dutta and Turbeville, 1992; Ledney and Dutta, 1995; Yoon and Park, 
1996; Sykora et al., 1999; Vitale et al., 1999).

4.5 Sp ecies Distribution

As mentioned in Chapter 2, it appears reasonable to assume that molecules entrapped 
into the voids of microporous aluminosilicates will be not uniformly distributed in the 
bulk of the material. The determination of distribution of guest molecules in the voids 
of the aluminosilicate host is an obvious target for elucidating the chemical and photo-
chemical reactivity of the resulting materials (Bruhwiler and Calzaferri, 2004). Thus, 
Layné et al. (1996), while studying the distribution of tris(2,2′-bipyridine)ruthenium(II) 
complex (Ru(bpy)3

2+) in the supercages of zeolite Y, concluded that at low complex 
loadings, a mean distribution of one complex per two supercages occurs, whereas for 
relatively high ruthenium loadings, there is an increasing amount of biproducts, for-
mally Ru(bpy)n(NH3)6-2n

2+. For larger ruthenium loadings, the complex tends to accu-
mulate toward the surface of the zeolite microcrystals instead of a random distribution 
in the aluminosilicate bulk.

In support of the foregoing considerations, variation of peak currents for cyclic vol-
tammetries (CVs) and SQWVs of selected zeolite-associated systems exhibits a signifi-
cant variation with the potential scan rate and the square-wave frequency, respectively. 
Figure 4.5 shows SQWVs for TPY+@Y deposited on a graphite electrode upon immer-
sion into 0.10 M Et4NClO4/MeCN at two different frequencies. Variation in peak cur-
rent with square-wave frequency is depicted in Figure 4.6. At f < 50 Hz, the peak  
current increases on increasing frequency; at larger frequencies, however, the peak 
current decreases on increasing frequency, contrary to that observed for diffusion-con-
trolled processes in solution phase. This behavior can be rationalized on assuming that 

TABLE 4.3
Diffusion Coefficients for Electrons and Electrolyte Cations Calculated from 
CA Data for Graphite Electrodes Modified with Mn(Salen)N3-Containing 
Zeolite Y and Immersed into Et4NClO4/MeCN, LiClO4/MeCN, and Bu4NPF6/
MeCN Electrolytes (All in Concentration 0.10 M)

	 Mn(Salen)N3@Y	 Mn(Salen)N3@Y	T PY+@Y	T PY+@Y
Electrolyte Cation	 DM (cm2/sec)	 De (cm2/sec)	 DM (cm2/sec)	 De (cm2/sec)

Bu4N+	 (1 × 10−12)	 (2.3 × 10−12)	 (1 × 10−12)	 (1 × 10−12)

Et4N+	 1.1 × 10−9	 3.5 × 10−11	 5.0 × 10−9	 2.0 × 10−11

Li+	 7.8 × 10−10	 2.0 × 10−11	 4.6 × 10−9	 2.2 × 10−11

Source: Data taken from Doménech et al. (2002a, 2003b)

Figures in parenthesis are uncertain values.
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the electrochemically accessible TPY+ ions are concentrated in the external boundary 
of zeolite crystals, their concentration decreasing rapidly with depth.

As previously noted (see Section 2.5), the depth reached in a given experiment can, 
in principle, be approached by the advance of the diffusion layer if the diffusion coeffi-
cient for the rate-determining charge transport is known. Then, at short times, only the 
electrochemical response of the guest molecules externally adsorbed or located in the 
more external layers of the crystals will be electroactive. At longer times, the observed 
response will reflect the contribution of molecules located deeper in the host crystals.

Then, the quotient between the concentrations of accessed molecules at a given 
depth and the total electrochemically accessible molecules in the solid can roughly 
be estimated from CVs or SQWVs. In this second case, taking a characteristic time, 
tD, for the advance of the diffusion layer as a function of the square-wave frequency 
(SQWV), tD = 1/f. Accordingly, the depth, x, can roughly be estimated as (DtD)1/2. 
Since the peak current can be taken as representative of the average concentration of 
electroactive species in the accessed zones of zeolite grains, the quotient between the 
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Figure 4.5  SQWVs for microparticulate deposit of 2,4,6-triphenylpyrylium ion attached 
to zeolite Y deposited on paraffin-impregnated graphite electrode in contact with 0.10 M 
Et4NClO4/MeCN. Potential step increment, 4 mV; square-wave amplitude, 25 mV; frequency: 
(a) 50 Hz, (b) 500 Hz.
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concentration at a given depth and the concentration in the surface can be approached 
by the quotient between the peak current at a given frequency and the peak current at 
low frequencies (or extrapolated at frequency zero).

Figure 4.7 compares the concentration profiles calculated for TPY+@Y in con-
tact with different MeCN electrolytes using chronocoulometric data, as described in 
Section 2.5. It was assumed that electron diffusion acts as a rate-determining step 
and De values listed in Table 4.3 were taken for estimating depths.

It should be emphasized, however, that the above calculations involve a simpli-
fied view of zeolite structure and species distribution because an ideal, semi-infinite 
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Figure 4.6  Variation of the peak current with the square-wave frequency for deposits 
on graphite of microparticles of zeolite Y having attached 2,4,6-triphenylthiopyrylium ion 
(TPY+) upon immersion into 0.10 M Et4NClO4/MeCN.
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Figure 4.7  Variation of the c(x)/c(0) ratio with depth for TPY@Y in contact with different 
MeCN electrolytes from chronocoulometric data at sample-modified paraffin-impregnated 
graphite electrodes immersed into 0.10 M Hex4NPF6/MeCN (triangles), 0.10 M Bu4NPF6/
MeCN (squares), and 0.10 M Et4NPF6/MeCN (rhombs).
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diffusion through homogeneous zeolite particles is assumed. A pictorial scheme for 
the reduction of guest electroactive species attached to porous aluminosilicates is 
depicted in Figure 4.8. A more accurate description should take into account a more 
precise description of the zeolite topology where truncated cages, fractures, etc., 
provide opportunity for the access of bulky electrolyte counterions to regions beyond 
the ideal external surface of crystals (see Figure 4.9).

M’+

Figure 4.9  Schematics for the electrochemical reduction of a species immobilized into 
the voids of a porous aluminosilicate involving considering surface defects.

M+

M’+

e–

Figure 4.8  (See color insert following page 94.) Schematics for the electrochemical reduc-
tion of a species immobilized into the voids of a porous aluminosilicate involving the ingress 
of size-allowed electrolyte cations (M+). Size-excluded electrolyte cations cannot contribute 
to intrazeolite redox conductivity.
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4.6  Mesoporous Materials

The electrochemical response of mesoporous aluminosilicates has attracted atten-
tion because of their potential applications in catalysis, separations, adsorption, 
coatings, and microelectronics. Such materials (MCM-41 periodic mesoporous 
silica as representative example) provide considerably less exigent size restric-
tions than zeolites with regard to ion diffusion, the electrochemical response being 
dependent on: (1) the electrochemical properties of the guest, (2) its concentration, 
(3) the size of the separation between cavities able to attach electroactive guest spe-
cies, (4) the type of association of the electroactive species with the aluminosili-
cate framework, and (5) the more or less ordered nature of the mesoporous host. 
As in the case of zeolites, however, charge conservation requires the ingress/issue 
of charge-balancing electrolyte ions coupled to electron transfer steps. As described 
in Chapters 1 and 2, the advance of the redox reaction across the porous materi-
als involves electron hopping between immobile redox centers coupled with the 
transport of mobile ions through the pore/channel system of the aluminosilicate  
framework. Obviously, there is opportunity for charge transport associated to the 
motion of redox-mediators, a situation that was discussed in Chapter 3. Eventually, 
charge transport could involve proton hopping between silanol groups and acid sites.

Given the adsorbent properties of mesoporous aluminosilicates, these materials 
can be used for preconcentrating more or less selectively species in solution, follow-
ing a scheme also used in zeolites (Kruk et al., 2000). Accumulation is driven by 
the ease of transport of the analyte to binding sites, so that efficiency is high when 
using materials displaying high specific surface area and regular channels of tailor-
made monodispersed dimensions. Compared to amorphous silica gel, the regular 
tridimensional structure of systems such as MCM-41 makes it easier for guest spe-
cies to bind with host-binding sites (Walcarius and Bessière, 1999).

As described in Chapter 1, a variety of functionalization and electrode modification 
procedures are available. These include formation of self-assembled monolayers (Jiang 
et al., 2006), layer-by-layer deposition (Zhang et al., 2003), electrophoretic deposition 
(Zhang and Yang, 2007), and hydrothermal crystallization on conductive substrates 
(Kornik and Baker, 2002), among others. Figure 4.10 schematizes the assembly of mer-
capto-trimethoxysilanes and zeolite nanocrystals on gold electrode (Jiang et al., 2006).

Preconcentration of transition metal cations, of obvious interest for environ-
mental sensing and remediation, involves reaction with silanol groups via con-
densation processes. For instance, for mercury in aqueous solution, the prevailing 
species at pH values between 4 and 7 are the complexes Hg(OH)2 and Hg(OH)+. 
Their attachment to mesoporous silicates can be presented as (Schindler and 
Stumm, 1987):

	 {≡SiOH} + Hg(OH)2 (aq) → {SiO–Hg–OH} + H2O	 (4.5)

	 {≡SiOH} + Hg(OH)+ (aq) → {SiO–Hg+} + H2O	 (4.6)

In general, immobilization of selected species into mesoporous aluminosili-
cates provides opportunity for studying their electrochemistry under site isolation 
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conditions; that is, bypassing parallel chemical reactions in solution and/or undesired 
electrode surface effects. This is the case of studies dealing with protein electro-
chemistry. The facilitation of electron transfer between proteins and the electrode 
is of interest for fabricating biosensors, bioreactors, and biomedical devices without 
using mediators (Hamachi et al., 1997; Armstrong and Wilson, 2000). The inacces-
sibility of the electroactive units in the large three-dimensional structure of proteins 
and the pre- and post-electron transfer passivation due to protein adsorption makes it 
difficult to establish direct electron transfer between proteins and conventional elec-
trodes. Thus, the immobilization of the protein on micro- or mesoporous surfaces is a 
plausible strategy that has aroused interest among researchers (Heering et al., 2004). 
Micro- and mesoporous aluminosilicates can provide an electron-transfer-facilitating 
environment, block undesired adsorption effects, and protect proteins from biodegra-
dation. The use of electrode modification methods such as self-assembled monolayer 
formation layer-by-layer deposition favors the acquisition of well-defined electro-
chemical responses, as described by Dai et al. (2004) for cytochrome c immobilized 
on NaY zeolite and Sun et al. (2008) for hemoglobin assembled with Al-MSU-S 
particles.

It should be noted that chemical modification of the mesoporous host—for 
instance, by thiol groups—can provide not only functional attachment to electrode 
surfaces but also specific binding sites for preconcentration of selected analytes. The 
modified electrode configuration (monolayer, multilayer, etc.) can significantly influ-
ence the final electrochemical response.

4.7 E lectrochemistry of Related Materials

In the above-studied systems, the aluminosilicate framework merely acts as a 
porous, electrochemically inert support embedding the redox-active guests. In 
contrast to this, the presence of electroactive atoms in the composition of the alu-
minosilicates renders the solid electroactive. This applies to the case of titanium 
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Figure 4.10  Schematics of the assembly of mercapto-trimethoxysilanes and zeolite nano-
crystals on gold electrodes.
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silicalite, whose framework contains isolated, tetrahedrally coordinated Ti4+ ions. 
De Castro-Martins et al. (1994) studied the voltammetric behavior of titanium 
silicalites in contact with aqueous electrolytes obtaining a single-peak couple at a 
midpoint potential of +0.59 V vs. SCE, corresponding to the Ti(IV)/Ti(III) inter-
conversion. A further study on different alkaline-free calcined Ti/beta zeolites, 
synthesized by hydrothermal crystallization, differing in their aluminum content 
and crystallinity, provided a more complicated electrochemical response attrib-
utable to the distribution of Ti centers between different sites (Doménech et al., 
2000b). The reduction of titanium centers can be presented as:

	 {≡TiIV–O} + H+ (aq) + e− → {≡TiIII–OH}	 (4.7)

It should be noted that thermal treatments applied to aluminosilicates can 
vary significantly with their properties. For instance, silica calcination at tem-
peratures ca. 900°C produces condensation of neighboring silanol groups to form 
silanoxy bridges (Hozumi et al., 2000; Naono et al., 2000). This process can be  
schematized as:

	 {≡Si–OH} + {HO–Si≡} → {≡Si–O–Si≡}	 (4.8)

From the electrochemical point of view, an important class of materials is that 
constituted by aluminosilicates incorporating cobalt, iron, etc., centers. In the case 
of Fe-based zeolites with Mobil Five structure (FeZSM-5) materials, different 
forms of iron can coexist. These include isolated ions either in framework posi-
tions (isomorphously substituting silicon centers), isolated ions in cationic positions 
in zeolite channels, binuclear and oligonuclear iron complexes in extra-framework 
positions, iron oxide nanoparticles (size <2 nm), and large iron oxide particles 
(Fe2O3) in a wide distribution (up to 25 nm in size) located in the surface of the 
zeolite crystal (Pérez-Ramírez et al., 2002). The electrochemistry of such materials 
will be reviewed in Chapter 8.

4.8 Sp eciation: The Maya Blue Problem

The study of Maya Blue (MB), an ancient nanostructured organic-inorganic hybrid 
material, illustrates the capabilities of electrochemical methods to obtain informa-
tion on microporous systems and, in particular, for facing speciation problems. MB 
is a pigment widely used in wall paintings, pottery, and sculptures (see Figure 4.11) 
by the ancient Mayas and other Mesoamerican people for centuries (Reyes-Valerio, 
1993). This material claimed attention by its peculiar palette, ranging from a bright 
turquoise to a dark greenish blue, and its enormous stability with regard to the attack 
of acids, alkalis, organic reagents, and also biodegradation. The nature of MB, how-
ever, has challenged chemists for decades and, in fact, despite intensive research, 
several controversial aspects remain unsolved.

Shepard (1962) first introduced the idea of MB being an unusual material consisting 
of a dye attached to certain Yucatán clays. Van Olphen (1967) prepared synthetic speci-
mens with chromatic and chemical properties analogous to those of MB by crushing 
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palygorskite, a local clay, and indigo. Arnold et al. identified palygorskite in Yucatán 
clays and localized sites for its extraction (Arnold, 1967, 1971; Arnold and Bohor, 1975).

Currently, it is known that MB is a material resulting from the attachment of 
indigo, a blue dye extracted from leaves of añil or xiuquitlitl (Indigofera suffruticosa 
and other species) to the clay matrix of palygorskite, a fibrous phyllosilicate of ideal 
composition Si8(Mg2Al2)O20(OH)2(OH2)4·4H2O whose structure can be described as 
a continuous set of layers formed by two-dimensional tetrahedral and octahedral 
sheets. The tetrahedral and octahedral mesh gives rise to a series of rectangular 
tunnels of dimensions 6.4 × 3.7 Å. Palygorskite crystals are therefore crossed by 
zeolite-like channels and permeated by weakly bound, nonstructural (zeolitic) water. 
Magnesium and aluminum cations complete their coordination with tightly bound 
water molecules (structural water).

The nature of the indigo-palygorskite association and the reasons for the hue 
and durability of MB have become controversial. Thus, José-Yacamán et al. 
(1996) reported the presence of nanoparticles of iron metal encapsulated in an 
amorphous silicate substrate accompanied by iron oxide nanoparticles on the 
surface of that substrate. On the basis of those observations, it was suggested 
that Mie-type light dispersion in nanoparticles should produce the characteristic 
hue of MB.

Subsequent studies reported by Sánchez del Río et al. (2004, 2005) did not find 
either iron in metallic form or goethite in archeological MB. In the most recent lit-
erature, it is commonly accepted that MB coloration is mainly due to batochromic 
shift of the indigo absorption bands as a result of the association of the dye to the 
inorganic support (Reinen et al., 2004).

Figure 4.11  (See color insert following page 94.) Image of Maya wall paintings in the 
Substructure I of Calakmul (Campeche, México), Early Classical Maya period. Photograph 
courtesy of María Luisa Vázquez de Agredos Pascual. (From Doménech et al., 2007b. Anal. 
Chem. 79, 2812–2821, with permission.)
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The application of solid-state electrochemical methods, supported by vis-
ible and infrared spectroscopies and nuclear magnetic resonance (NMR) data, led 
Doménech et al. (2006c) to insert a new piece into the MB puzzle: dehydroindigo 
(see Figure 4.12). Comparison of square-wave voltammograms of indigo and MB 
samples allowed researchers to detect unambiguously the presence of the dye associ-
ated to the palygorskite matrix. The common presence of indigo and dehydroindigo 
attached to the palygorskite matrix could be responsible for the peculiar hue of MB, 
as clearly suggested by spectral data (Doménech et al., 2006c). In addition, electro-
chemical data, confirmed by spectral measurements, made it possible to detect the 
presence of MB in wall paintings of Substructure IIC in the archeological site of 
Calakmul, dated in the Early Classical period (440–450 BC), thus providing evi-
dence on the use of this pigment 700–750 years before the date currently accepted. 
Thermochemical data (see Table 4.4) for the association of indigo, dehydroindigo, and 
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Figure 4.12  Structural diagrams for indigo, dehydroindigo, and leucoindigo.

TABLE 4.4
Thermochemical Parameters for the Association of Indigo, Dehydroindigo, 
and Leucoindigo to Palygorskite Calculated from the Variation with Temperature 
(Temperature Range 0–60°C) of Peak Potentials Recorded in SQWVs of Maya 
Blue Samples Attached to Paraffin-Impregnated Graphite Electrodes in Contact 
with 0.50 M Acetate Buffer and 0.10 M NaOH

Process

Dye (solid) + palygorskite (solid)		
→ Maya Blue (solid)	 ∆Hº (kJ/mol)	 ∆Sº (kJ/mol K)

Indigo-palygorskite	 +101	   0.32
Dehydroindigo-palygorskite	   +65	 +0.46
Leucoindigo-palygorskite	 +118	 +0.25

Source: Described in Doménech et al. (2006a)
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leucoindigo, the reduced form of indigo, to the palygorskite framework were also cal-
culated from temperature-dependent electrochemical parameters (Doménech et al.,  
2006c, 2007a,b). Figure 4.13 shows SQWVs of paraffin-impregnated graphite 
electrodes modified with indigo microparticles (Figure 4.13a) and the MB sample 
(Figure 4.13b) from Substructure II-C in the archeological site of Calakmul. The 
sample, dated in the Late Preclassical period, may be the most ancient sample of MB 
currently detected. Aqueous acetate buffer was used as electrolyte. In the voltam-
mograms, the peaks at +0.45 and −0.30 V corresponding to the oxidation of indigo 
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Figure 4.13  SQWVs of (a) indigo microparticles and (b) MB sample from Calakmul, 
Substructure II-C, immersed into 0.50 M acetate buffer, pH 4.85. Potential scan initiated 
at −750 mV in the positive direction. Potential step increment 4 mV; square-wave ampli-
tude 25 mV; frequency 5 Hz. The sample, dated in the Late Preclassical period, may be the 
most ancient sample of MB currently detected. (Adapted from Doménech et al., 2007b. Anal. 
Chem. 79, 2812–2821, with permission.)
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to dehydroindigo and the reduction of indigo to leucoindigo, respectively, can be 
observed. The first process can be presented as:

	 {H2IN} → {IN} + 2H+ (aq) + 2e−	 (4.9)

where { } denotes palygorskite-associated species.
In turn, the reduction of palygorskite-attached indigo to palygorskite-attached 

leucoindigo can be formulated as:

	 {H2IN} + 2H+ (aq) + 2e− → {H4IN}	 (4.10)

Notice that in both processes, charge conservation is ensured by the ingress/issue 
of protons to/from the palygorskite framework.

The aforementioned data are consistent with the idea that the ancient Mayas were 
probably able to change the hue of the pigment by crushing indigo and palygorskite 
and submitting the system to different thermal treatments (heating at 100–190°C; 
Doménech et al., 2006c, 2007a,b,c). Increasing the temperature should result in an 
increase in the dehydroindigo/indigo ratio, thus increasing the greenish hue of the 
pigment, as can be deduced from the consideration of visible spectra for indigo, 
dehydroindigo, and MB samples from Ek Balam (Yucatán, Mexico, Late Classical 
period), depicted in Figure 4.14. Further studies allowed researchers to propose that 
different procedures (evolving along the Maya times) for the preparation of MB were 
probably used by the ancient Mayas, eventually involving the use of additives such 
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Figure 4.14  Visible spectra for indigo (rhombs), dehydroindigo (squares), and MB sample 
from Ek Balam (triangles). Spectra are vertically translated for clarity. Spectra of indigo and 
dehydroindigo were translated from Klessinger and Lüttke (1963).
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as ochre (Doménech et al., 2007b), and the appearance of minority indigoid prod-
ucts such as indirubin (Doménech et al., 2007c, 2009). More recently, Arnold et al. 
(2008) have reported that burning incense was one means used by ancient Mayas to 
make MB in the context of ritual ceremonies, a proposal consistent with the forego-
ing set of considerations.

Microscopic examination of palygorskite and MB samples provides support 
for the ideas described above. Figure 4.15 shows atomic force microscopy (AFM) 
images of pristine palygorskite and a genuine MB sample from the archeological 

(a)

(b)

Figure 4.15  (See color insert following page 94.) AFM images for (a) pristine palygorskite 
crystals from Sacalum and (b) MB sample from Dzibilnocac (Yucatán, Maya Late Classical 
period). (From Doménech et al., 2006c. J. Phys. Chem. B 110, 6027–6039, with permission.)
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site of Dzibilnocac, Late Classical period. Palygorskite crystals show an elongated 
shape of 0.5–1 µm having fine fiber structures of 30–60 nm, whereas MB samples 
contain irregularly shaped palygorskite crystals divided into almost square domains 
of rough texture. These features can be attributed to the effect of thermal treat-
ments resulting in the loss of zeolitic water. In agreement with that idea, transmis-
sion electron microscopy (TEM) offers different images of MB samples, including 
from irregular-shaped palygorskite crystals to crystals crossed by a dense array of 
pores whose sizes range from 2 to even 20 nm (see Figure 4.16). Since such pores 
can unambiguously be attributed to the segregation and evacuation of physisorbed 
and zeolitic water, the observed differences in their shape, size, and distribution on 
the surface of palygorskite crystals can be taken as indicative of the use of different 
preparation procedures for MB.

(a)

50 nm

(b)

100 nm

Figure 4.16  Micrographs obtained by TEM for (a) pristine palygorskite from Sacalum 
and (b) MB sample from Mayapán, Postclassical period.
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Interestingly, such textural differences can be correlated with the observed 
variation of electrochemical parameters, so that a classification of MB voltam-
mograms into different “electrochemical types” can be made. Then, application 
of multivariate chemometric techniques allows for establishing definite relation-
ships between samples from different archeological sites. It was concluded that 
a ramified scheme applies with regard to the evolution of MB preparation proce-
dures, thus enabling for obtaining a fine chronology of Maya history (Doménech 
et al., 2007b).

The nature of the indigo-palygorskite association, however, remains unsolved. Van 
Olphen (1967) suggested that indigo molecules are too large to enter the channels of 
palygorskite, so that they become, to an extent, sealed at their ends by dye molecules. 
Kleber et al. (1967) suggested that in view of the dimensions of indigo molecules 
and palygorskite channels, partial or even deep penetration of indigo molecules into 
the palygorskite channels cannot be excluded. Recent formulations include forma-
tion of hydrogen bonds between the carbonyl and amino groups of indigo with edge 
silanol units of the clay, thus closing palygorskite channels (Hubbard et al., 2003), 
hydrogen bonds between indigo carbonyl and structural water (Fois et al., 2003), and 
formation of hydrogen bonds between C=O and N–H groups of indigo molecules 
and structural water molecules (Giustetto et al., 2005). It should be noted that there 
is a serious discrepancy between computational methods applied to the refinement 
of the indigo-palygorskite structure, which indicates that structural water lies only 
with carbonyl groups of indigo, and molecular modeling coupled to spectroscopic 
data, which suggests that both C=O and N–H indigo groups are involved in hydro-
gen bond formation with structural water. Apart from hydrogen bonding, however, 
van der Waals interactions and a direct interaction between indigo and clay octahe-
dral cations, not mediated by structural water, could also play an important role in 
anchoring indigo molecules (Fois et al., 2003), as suggested by thermochemical data 
(Doménech et al., 2007a).

The most recent electrochemical data (Doménech et al., 2009) suggest that there 
are different topological redox isomers of indigo attached to the palygorskite matrix. 
This can be seen in Figure 4.17, where the SQWV in contact with aqueous acetate 
buffer for different Maya blue-type specimens prepared by crushing indigo (1% w/w) 
and palygorskite and submitted to different thermal treatments, are shown. In the 
unheated sample (Figure 4.17a), two main peaks at +0.45 and −0.28 V vs. AgCl/Ag 
appear, attributable to the aforementioned oxidation of indigo to dehydroindigo and 
the reduction of indigo to leucoindigo. Upon heating in a furnace above 130–180°C, 
the voltammetric response of the MB-type specimens changed significantly, with the 
peak at +0.45 V appearing like several overlapping signals (Figure 4.17b). This is in 
agreement with current ideas on MB preparation—the heating process favoring the 
attachment of indigo to the palygorskite framework. Specimens treated at 180°C can 
exhibit up to three different topological redox isomers as judged by peak splitting 
observed in voltammograms. 13C NMR data in Figure 4.18 suggest the presence of 
different indigo/dehydroindigo isomers.

Similar features were obtained for sepiolite-based specimens, but no compa-
rable variation of the electrochemical response was obtained for indigo associated 
to laminar clays such as kaolinite and montmorillonite or for alizarin-palygorskite 
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specimens. All these features clearly suggest that peak splitting can be attributed 
to a specific indigo-palygorskite and indigo-sepiolite interaction that differs for a 
merely external adsorption, as occurring for alizarin-sepiolite, alizarin-palygorskite, 
indigo-montmorillonite, and indigo kaolinite specimens.

Consistently, upon repetitive scanning of the potential for palygorskite-based 
samples, the peak recorded at more positive potentials in freshly prepared electrodes 
vanishes, whereas the other signals remain essentially unchanged, with only a slow 
peak current decay in successive scans. This is just one of the conditions character-
izing the electrochemistry of species strongly attached to microporous aluminosili-
cates (Bessel and Rolison, 1997a), thus suggesting that such signals can be attributed 
to a strongly palygorskite- or sepiolite-associated species.

Further support for the above scheme was obtained in experiments for MB-type 
samples in contact with MeCN solutions containing Hex4N+, Bu4N+, and Et4N+ 
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Figure 4.17  SQWVs for paraffin-impregnated graphite electrodes modified with indigo 
(1% w/w) plus palygorskite specimens, (a) unheated and (b) treated at 180°C for 24 h in a 
furnace, in contact with 0.50 M acetate buffer at pH 4.75. Potential step increment, 4 mV; 
square-wave amplitude, 25 mV; frequency, 5 Hz.
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electrolyte ions. As shown in Figure 4.19, samples in contact with (a) Hex4NPF6/
MeCN and (b) Bu4NPF6/MeCN electrolytes displayed a unique, weak peak at a 
potential almost identical to that recorded for indigo dissolved in organic solvents. 
This signal can be assigned to the reduction of external indigo to its corresponding 
radical anion, as described by Bond et al. (1997). This process can be presented as:

	 H2IN (ads) + e− → H2IN·− (ads)	 (4.11)

where (ads) denotes adsorbed species.
In contrast, in the presence of Et4N+ electrolyte, the voltammogram consists of 

two well-separated peaks at −0.54 and −0.76 V (see Figure 4.19c). This electro-
chemistry can be described assuming that palygorskite-associated molecules remain 
electrochemically silent as far as the electrolyte contains bulky Hex4N+ and Bu4N+ 
cations, both unable to enter into the palygorskite channel system. If the electro-
lyte contains Et4N+ cations, which can enter into the clay framework, palygorskite-
associated species can be reduced, thus yielding the peak at −0.54 V. This peak can 
unambiguously be assigned to the reduction of palygorskite-associated species:

	 {H2IN} + Et4N+ + e− → {H2IN·− … Et4N+}	 (4.12)

Concentration profiles for the variation of the concentration of the different 
topological redox isomers with depth were estimated from chronoamperometric 
and chronocoulometric data. Application of methods described in Section 2.5 led 
researchers to establish that the electrochemical process represented by Equation (4.9)  
is controlled by electron diffusion with De = 1 × 10−11 cm2/sec (Doménech et al., 
2009). Resulting curves are shown in Figure 4.20 for a three-isomer system.

Application of available methods (Scholz and Hermes, 1999; Doménech et al., 
2000a, 2002c) for voltammetric measurements provides information concerning 
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Figure 4.18  1H-13C CP/MAS NMR for (a) indigo and MB-type samples prepared by crush-
ing palygorskite with indigo; (b) 6% w/w of dye; (c) 1% w/w of dye, heated at 130°C; (d) as  
before, but heated at 180°C.
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the oxidation state of the electroactive centers in porous materials (Doménech 
et al., 2007c). The method of Scholz and Hermes is based on the fact that the 
entire CVs for solutions of the reduced and the oxidized forms of the depolarizer, 
although identical in shape, are shifted along the current axis depending on the 
redox state. As a result, a direct estimate of the molar fraction of the oxidized form 
of the couple, aox, can be obtained from the currents at the extreme potentials of 
the voltammogram (switching potentials). The second method derives from the 
comparison of peak currents in the first and second potential scans in CVs initiated 
just at the midpoint potential between cathodic and anodic peaks. For minimizing 
disturbing effects due to ohmic drops in the cell and capacitive effects, a calibra-
tion was performed using CVs for microparticulate deposits of indigo using peaks 
I and II as representative of systems containing aox = 0 and aox = 1, respectively 
(Doménech et al., 2009). Using CVs at different potential scan rates, an estimate 
of the variation of the molar fraction of indigo, aDI, with the depth in palygorskite 
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Figure 4.19  SQWVs for paraffin-impregnated graphite electrodes modified with indigo 
(1% w/w) plus palygorskite specimen heated at 180°C for 24 h in a furnace, in contact with 
0.10 M solutions of (a) Hex4NPF6, (b) Bu4NPF6, and Et4NClO4 in MeCN. Potential step incre-
ment, 4 mV; square-wave amplitude, 25 mV; frequency, 10 Hz.

K10316_Book.indb   93 10/28/09   12:48:04 PM

www.iran-mavad.com 
مرجع دانشجویان و مهندسین مواد



94	 Electrochemistry of Porous Materials

or sepiolite crystals can be made. The resulting aDI vs. xapp plots for MB@P180 and 
MB@SP180 are shown in Figure 4.21.

All these results are illustrative of the inherent capability of electrochemical 
methods to provide information relevant to the knowledge of structure and reactivity 
of electroactive species incorporated into porous materials.
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Figure 4.20  Variation with the apparent depth, xapp (=(Det)1/2), of estimated amount of 
different topological isomers responsible for signals (see Figure 4.17b) at +0.45 V (squares), 
+0.55 V (triangles), and +0.62 V (rhombs) in synthetic MB-type samples prepared from 
indigo and palygorskite and heated at 180°C for 24 h. From chronocoulometric data.
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Figure 4.21  Variation with the apparent depth, xapp ( =(Det)1/2), estimated molar fraction 
of dehydroindigo, for synthetic MB-type samples prepared from indigo and palygorskite 
(rhombs) and sepiolite (bars), heated at 180°C for 24 h; from coulometric and cyclic voltam-
metric data, respectively.
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5 Electrochemistry of Metal-
Organic Frameworks

5.1 I ntroduction

Metal-organic frameworks (MOFs) are crystalline systems that can be described as 
infinite networks resulting from the bonding of metal ions, which act as coordination 
centers, with polyfunctional organic molecules. First prepared by Tomic (1965) and 
Yaghi et al. (1996), MOFs can be regarded as coordination polymer “sponges” by 
virtue of their large surface area, high porosity, and permeability to guest molecules 
(Kitagawa et al., 2004; Rowsell and Taghi, 2005). Remarkably, and in contrast with 
other microporous materials, there is a lack of any volume inaccessible to guest 
molecules or ions. Organic linkers contain carboxylate, cyanide, or pyridine coor-
dinating groups. A schematic representation of the Cu(bpy)(H2O)2(BF4)2(bpy) MOF 
(Jiang et al., 2008) is shown in Figure 5.1.

The singular porosity of MOFs allows for a significant redox conductivity that, in 
contrast with zeolites and other microporous aluminosilicates, can involve all units 
of the material. This is the case of Cu2+- and Zn2+-based MOFs with terephtalic acid; 
in these materials, both metal centers and organic units are potentially electroactive 
in contact with suitable electrolytes.

The relevant properties of MOFs have prompted their use for catalysis, gas stor-
age, and separation (Janiak, 2003; Chun et al., 2005; Kaye and Long, 2005; Rowsell 
and Yaghi, 2006), as well as for fuel cells (Mueller et al., 2006), Li-based batter-
ies (Li et al., 2006; Férey et al., 2007), and electrocatalysis (Wang et al., 2008). 
Conversely, MOFs can be synthesized electrochemically, as described by Mueller 
et al. (2006). MOFs are indirectly related with other electrochemical applications 
acting as a template for the synthesis of porous carbon to be applied as double-layer 
electrochemical capacitor (Liu et al., 2008).

The electrochemistry of MOFs should, in principle, be based on redox processes for 
both metal ions and polyfunctional organic molecules coupled with the ingress/issue 
of electrolyte ions in/from the MOF lattice. In view of the large ionic permeability 
of MOFs, one can expect that an internal diffusion occurs. This means that the redox 
reactivity can be significantly (and rapidly) extended along the crystal. Accordingly, 
redox conductivity should be heavily influenced by the structure of the material and 
possible structural conditioning (anisotropy, reticular defects). Conversely, coopera-
tive, large-scale structural effects (crystalline domains, secondary phases) might be 
produced as a result of the application of electrochemical inputs.

In addition, the involvement of certain transition metal ions makes it possible for 
us to study electrochemical processes resulting in the formation of metal particles or 
deposits from MOFs. This is of interest with regard to recent developments in oscillatory 
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electrodeposition (Strasser et al., 1999). Thus, formation of ordered metallic nanostruc-
tures by modulating oscillatory electrodeposition through changes in electrochemical 
parameters (Switzer et al., 1998; Saliba et al., 2002; Zhang et al., 2004) or using organic 
additives (Yu et al., 1999; Trejo et al., 2001) has been recently reported.

In this chapter, the electrochemistry of MOFs will be studied with particular 
attention to their peculiarities with respect to other microporous materials. Two gen-
eral types of electrochemical processes will be considered: those involving an ion 
insertion–driven electrochemical process that, in principle, does not demand sharp 
structural changes and those involving formation of metal particles, thus requiring 
the formation of a new phase. The electrochemistry of solid materials with miscibil-
ity gaps has been theoretically treated by Lovric et al. (2000).

Several related materials, such as metal coordination oligomers and polymers (Ye et 
al., 2005), interpenetrating two-dimensional cationic coordination frameworks (Wang 
et al., 2008), “organic metals,” among others, are currently under intensive research, 
and their electrochemistry will probably be attracting attention in the next few years.

5.2 I on Insertion–Driven Electrochemistry of MOFs

The first remarkable feature is the significant dependence of the electrochemical 
response on the size of electrolyte ions (Doménech et al., 2006d, 2007d). This is 
illustrated in Figure 5.2 for the reduction of a deposit of Cu-MOF immersed into 
different MeCN electrolytes. In contact with Bu4NPF6/MeCN, weak reduction 
peaks were obtained in the +0.60 to −1.85 V vs. AgCl/Ag potential region. In the 

Organic linkers

Metal ion or cluster

Figure 5.1  Schematic representation of the ab plane of the Cu(bpy)(H2O)2(BF4)2(bpy) 
MOF crystal. (Adapted from Jiang et al., 2008. J. Catal. 257: 390–395, with permission.)
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presence of Et4NClO4/MeCN, reduction peaks at +0.20 and −0.65 V were recorded. 
Upon immersion into LiClO4/MeCN electrolytes, the above peaks are enhanced and 
exhibit peak splitting, whereas a prominent cathodic peak appears at −1.75 V. These 
features can be rationalized on assuming that the reduction of Cu2+ centers existing 
in the MOF involves the coupled ingress of electrolyte cations into the solid micro
porous lattice. This ingress of such cations should be significantly size hindered, 
so that bulky Bu4N+ ions cannot enter into the MOF. In contact with Bu4N+/MeCN 
electrolytes, only ill-defined cathodic waves, which can be attributed to the reduction 
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Figure 5.2  Square-wave voltammograms of Cu-MOF immersed into (a) 0.10 M Bu4NPF6/
MeCN, (b) 0.10 M Et4NClO4/MeCN, and (c) 0.10 M LiClO4/MeCN. Potential scan initiated at 
+1.65 V vs. AgCl/Ag in the negative direction. Potential step increment, 4 mV; square-wave 
amplitude, 25 mV; frequency, 5 Hz. (From Doménech et al., 2006d. Electrochem. Commun. 
8: 1830–1834, with permission.)
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of external Cu2+ centers, appear. In contrast, for Et4N+/MeCN and Li+/MeCN elec-
trolytes, the ingress of Li+ ions and, partially, Et4N+ ions should be allowed, thus 
permitting the record of well-defined voltammetric peaks corresponding to the prop-
agation of the redox reaction to the Cu-MOF bulk. Consistently, the net amount of 
charge transferred was found to be dependent on the electrolyte concentration, as 
expected for ion insertion solids (Scholz and Hermes, 1999).

Reduction of Cu2+ centers to Cu+ ones can, in principle, occur via four different 
electrochemical pathways:

	 1.	Topotactic solid-state transformation coupled with the ingress of electrolyte 
cations, M+, into the solid:

	
{Cu R} M sol e {Cu R MII I

n n
n n+ + →+ − +( ) }L 	 (5.1)

	 2.	Proton-assisted topotactic solid-state transformation involving the protona-
tion of organic groups in the solid lattice:

	 {CuIIR}n + nH+ (sol) + ne− → {CuI(RH)}n	 (5.2)

	 3.	Reductive reorganization involving the loss of organic polyfunctional units:

	 {CuIIR}n + ne− → {CuIR1/2}n + (n/2)R2− (sol)	 (5.3)

	 4.	Reductive dissolution process:

	 {CuIIR}n + ne− → nCu+ (sol) + nR2− (sol)	 (5.4)

In all these expressions, {} denotes, as customary along the text, solid phases, 
whereas (sol) represents solvated species existing in solution phase. Processes (3) 
and (4) can eventually be proton assisted.

Evidence for the ingress of electrolyte cations into the Cu-MOF lattice clearly 
suggests that the reaction schemes (1) and (2) would be operative.

The ingress of electrolyte cations into the MOF framework was confirmed by 
scanning electron microscopy/energy-dispersive x-ray (EDX) analysis of elec-
trochemically treated deposits of Cu-MOF. Results obtained after application of 
a reductive potential step to Cu-MOF crystals in contact with acetate buffers are 
shown in Figure 5.3. Here, EDX spectra for (a) pristine Cu-MOF and (b) Cu-MOF 
after application of a constant potential of −1.0 V for 10 min are shown. EDX spectra 
of original Cu-MOF crystals exhibits prominent Cu peaks at 1.0, 8.0, and 8.4 keV 
accompanied by a Si signal at 1.9 keV. After the electrolysis step, an additional Na 
peak at 1.1 keV appears.

Interestingly, electrochemical processes associated with redox changes in the 
organic polyfunctional units are also dependent on the composition of the supporting 
electrolyte. Voltammograms in Figure 5.4, initiated at −2.05 V in the positive direc-
tion, correspond to Cu-MOF immersed into: (a) 0.10 M Bu4NPF6/MeCN, (b) 0.10 
M Et4NClO4/MeCN, and (c) 0.10 M LiClO4/MeCN. In these voltammograms, the 
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prominent anodic peak at +0.05 V corresponds to the stripping oxidation of Cu metal 
generated by electrochemical reduction of Cu2+ centers at the negative potentials 
applied at the beginning of the voltammetric scan. This peak results in the release of 
Cu+ ions to the solution, further oxidized to Cu2+ at +1.6 V:

	 Cu+ (sol) → Cu2+ (sol) + e−	 (5.6)

Remarkably, a prominent Cu stripping was obtained in contact with Bu4NPF6/
MeCN and M Et4NPF6/MeCN electrolytes but not in contact with LiClO4/MeCN. 
This difference can be attributed to a different metal deposition mode associated 
with the different permeability of the material to cation transport (vide infra).

Oxidation pathways involve anion insertion coupled to electron transfer process. 
In experiments performed on Cu-MOF modified electrodes such as those shown in 
Figure 5.4, additional anodic peaks located in the +0.60 to +1.80 V potential region 
are attributable to the oxidation of polyfunctional organic groups. Such oxidation 
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Figure 5.3  EDX spectra recorded for a Cu-MOF deposit (a) before and (b) after application 
of a constant potential of −1.0 V during 10 min in contact with 0.50 M acetate buffer (pH 4.85). 
(From Doménech et al., 2006d. Electrochem. Commun. 8, 1830–1834, with permission.)
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processes should involve the ingress of electrolyte counteranions coupled with the 
issue of electrons into/from the MOF lattice:

	
{ } ( ) { }Cu R X sol Cu R X eII II ox

n n
n n+ → +− − −L 	 (5.7)

Now, in the presence of bulky PF6
− anions, only Cu-associated oxidation peaks 

appear (Figure 5.4a,b), whereas in the presence of ClO4
− ions, additional anodic peaks 

are recorded (Figure 5.4c). Differences in these last processes in LiClO4/MeCN and 
Et4NClO4/MeCN electrolytes are attributable to the coexistence of a competing 
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Figure 5.4  Square-wave voltammograms of Cu-MOF immersed into: (a) 0.10 M Bu4NPF6/
MeCN, (b) 0.10 M Et4NClO4/MeCN, and (c) 0.10 M LiClO4/MeCN. Potential scan initiated 
at −2.05 V vs. AgCl/Ag in the positive direction. Potential step increment, 4 mV; square-wave 
amplitude, 25 mV; frequency, 5 Hz.
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mechanism, involving the issue of cations previously entered into the MOF material 
as a result of reductive processes. This can be represented as:

	 { } { } ( )Cu R M Cu R M sol eI I oxL + + −→ + +
n n

n n 	 (5.8)

Simultaneously, the oxidation of Cu(I) to Cu(II) can occur via such compet-
ing pathways:

	
{ } ( ) { }Cu R X sol Cu R X eI II

n n
n n+ → +− − −L 	 (5.9)

	
{ } { } ( )Cu R M Cu R M sol eI IIL + + −→ + +

n n
n n 	 (5.10)

5.3  Metal Deposition Electrochemistry of MOFs

Figure 5.5 shows a typical cyclic voltammetry (CV) for Cu-MOF in contact with aque-
ous acetate buffer. Here, two overlapping cathodic peaks at −0.21 and −0.46 V, pre-
ceding an ill-defined wave near −1.0 V, appear. In the reverse scan, a typical stripping 
peak at +0.37 V is recorded. This peak, associated with the oxidation of copper metal 
electrochemically formed, disappears when the potential is switched at potentials ca. 
−0.25 V but is clearly recorded for switching potentials more negative than −0.35 V. 
As a result, it is concluded that Cu2+ centers are reduced to Cu+ ones at potentials less 
negative than −0.30 V. At more negative potentials, metallic copper is formed.

–1.2–0.8–0.40.0
Potential/V

50 µA

0

0.40.8

Figure 5.5  CV of a polymer film electrode modified with Cu-MOF immersed into 0.25 M 
HAc + 0.25 M NaAc, pH 4.85. Potential scan rate, 50 mV/sec. (From Doménech et al., 2007d. 
J. Phys. Chem. C 111, 13701–13711, with permission.)
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Figure 5.6 shows CVs of (a) polymer film electrode (PFE) modified with Zn-MOF 
immersed into acetate buffer and (b) an unmodified GCE in contact with a 1.0 mM 
solution of Zn(NO3)2 in the above electrolyte. In both cases, although with different 
profiles, a reduction wave at highly negative potentials is recorded, followed, in the 
subsequent anodic scan, by a prominent stripping peak.

The Cu2+ to Cu+ reduction, however, appears as a relatively complicated process, 
as denoted by peak splitting observed in square-wave voltammetric experiments, as 
shown in Figure 5.7. Here, peak splitting features are significantly sensitive to varia-
tions in the square-wave frequency (i.e., in the timescale) of the voltammetric experi-
ment, thus denoting that different electrochemical pathways are probably involved.

This is consistent with data from atomic force microscopy (AFM) examination of 
Cu-MOF deposits submitted to a cathodic input. As shown in Figure 5.8a, pristine 
Cu-MOF particles appeared as elongated crystals 100–200 nm in size with a cor-
rugated surface texture. Upon application of a constant potential step at −250 mV 

–1.6–1.2–0.8–0.40.40.81.2

0

0

50 µA

(b)

(a)

0.0
Potential/V

Figure 5.6  CVs of: (a) PFE modified with Zn-MOF immersed into 0.25 M HAc + 0.25 
M NaAc, pH 4.85; (b) an unmodified GCE in contact with a 1.0 mM solution of Zn(NO3)2 in 
the above electrolyte. Potential scan rate, 50 mV/sec. (From Doménech et al., 2007d. J. Phys. 
Chem. C 111, 13701–13711, with permission.)
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during 5 min, a contraction of the crystals was observed, accompanied of a small 
variation in their profile, as shown in Figure 5.8b (Doménech et al., 2007d).

Peak splitting observed for the reduction signals at potentials less negative than 
−0.50 V (see Figure 5.7) can be attributed to: (1) reduction of different topological 
redox isomers of Cu2+ located, for instance, in the external faces of Cu-MOF crystals, 
in near surface cracks and crevices, or in the bulk of the crystal; (2) reduction via 
different mechanisms (probably pathways (a) and (b)); (3) appearance of anisotropic 
effects for electron hopping between Cu2+ centers and cation diffusion across the MOF 
lattice (and/or, eventually, proton hopping between organic polyfunctional units).

Reduction of Zn-MOF and Cu-MOF can lead to the formation of metallic Zn 
and Cu, respectively, as indicated by CV in Figure 5.6 for Cu-MOF. In the case of 

–1.2–0.8–0.4
Potential/V

0.00.40.8

(c)

(b)

(a)

20 µA

Figure 5.7  SQWVs of Cu-MOF-modified electrodes in contact with 0.25 M HAc + 0.25 
M NaAc, pH 4.85. Potential step increment, 4 mV; square-wave amplitude, 25 mV; frequency: 
(a) 500, (b) 100, (c) 15 Hz. (From Doménech et al., 2007d. J. Phys. Chem. C 111, 13701–13711, 
with permission.)
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Zn-MOF in contact with aqueous electrolytes, potentials of ca. −1.0 V are required 
(see Figure  5.6). As in the case of Cu-MOF, reduction of Zn-MOF involves the 
ingress of electrolyte cations so that voltammetric profiles are strongly electrolyte 
dependent, as shown in Figure 5.9.
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Figure 5.8  (See color insert following page 94.) AFM images recorded on a Cu-MOF-
modified electrode in contact with 0.50 M acetate buffer (pH 4.85): (a) pristine sample; (b) 
after application of a potential step at −250 mV for 5 min. (Adapted from Doménech et al., 
2007d. J. Phys. Chem. C 111, 13701–13711, with permission.)
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Formation of metal deposits in such cases, however, is strongly influenced by 
the electrochemical conditions (potential and time of electrodeposition in con-
stant potential steps, potential scan rate in scanning methods). As can be seen in 
AFM images shown in Figure 5.10 for Cu-MOF, application of a potential stage 
at −0.50 V, a series of discrete, lightly marked, transversal structures appear 
crossing pristine Cu-MOF crystals. By applying a potential step at more negative 
potentials (−0.85 V), a different series of marked transversal structures 10–15 
nm in size and regularly spaced at 45–50 nm appear. If more negative potentials 
are reached, formation of external deposits of metal particles, similar to those 
obtained in conventional electrodeposition experiments from Cu2+ ions in solu-
tion, is observed. Such transversal sheets can unambiguously be attributed to 
Cu metal deposits because (1) such sheets increased in thickness on prolonging 
the time duration of the potential step and/or applying more negative potentials, 
and (2) on returning the potential at values close to −0.35 V, the above features 
entirely disappear.

AFM images recorded during the application of different potential steps to micro-
heterogeneous deposits of Zn-MOF presented significant differences with those 
obtained for Cu-MOF. As shown in Figure 5.11a, Zn-MOF consisted of irregular 
20- to 30-nm-sized particles. Upon application of potentials of −0.94 V, the crystals 
show a set of small circular-like surface features, ca. 10 nm in size, growing in the 
MOF crystal body, as can be seen in Figure 5.11b. Application of potentials of −1.25 
V or more negative ones produced similar features with the parallel appearance of 
external Zn deposits.

These features suggest that the formation of metal deposits occurs via structure-
driven processes; that is, that preferential reduction directions are involved. The overall 
reduction process can be described for Zn-MOF in terms of three extreme models:

–2.4–1.8–1.2–0.60.6
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0.0
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Figure 5.9  SQWVs of Zn-MOF immersed into: (A) 0.10 M Bu4NPF6/MeCN, (B) 0.10 M 
Et4NClO4/MeCN, (C) 0.10 M LiClO4/MeCN. Potential step increment, 4 mV; square-wave 
amplitude, 25 mV; frequency, 5 Hz. (From Doménech et al., 2007d. J. Phys. Chem. C 111, 
13701–13711, with permission.)
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106	 Electrochemistry of Porous Materials

	 1.	Extensive bulk reduction with epitactic formation of an external metal deposit

	 {ZnIIR}n + 2ne− → {Zn}n + nR2− (sol)	 (5.11)

	 2.	Cation-assisted reduction with formation of metal clusters incorporated 
within the MOF framework (0 < x < 1)

	 {ZnIIR}n + 2nxM+ (sol) + 2nxe− → {ZnII
1−x(Zn)x(M+)2xR}n	 (5.12)
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Figure 5.10  (See color insert following page 94.) AFM images recorded on a Cu-MOF-
modified electrode in contact with 0.50 M acetate buffer (pH 4.85): (a) after application of a 
potential step at −0.50 V for 5 min; (b) id. at −0.85 V. (Adapted from Doménech et al., 2007d. 
J. Phys. Chem. C 111, 13701–13711, with permission.)
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	 3.	Proton-assisted reduction with formation of metal clusters incorporated 
within the MOF framework (0 < x < 1)

	 {ZnIIR}n + 2nxH+ (sol) + 2nxe− → {ZnII
1−x(Zn)xR1−x(RH2)x}n	 (5.13)

At moderate reduction potentials, the electrochemical pathways (2) and (3) apply, 
thus resulting in the formation of intercalated structures. Differences in Cu-MOF 
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Figure 5.11  (See color insert following page 94.) AFM images of Zn-MOF-modified elec-
trode immersed into acetate buffer: (a) pristine sample; (b) after application of a potential step 
at −935 mV for 5 min.
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108	 Electrochemistry of Porous Materials

and Zn-MOF metal intercalated deposits schematized in Figure 5.12 can be corre-
lated with the different symmetry of such materials (see Figure 5.1).

Transmission electron microscopy (TEM) monitoring of morphological changes 
occurring in Cu-MOF crystals during the application of highly cathodic potentials 
yields significant results. As shown in Figure  5.13a, pristine crystals of Cu-MOF 
show a cubic structure 1–1.5 µm in size. After the application of a constant potential 
of −1.0 V for 5 min, Cu-MOF crystals presented a surface divided into rectangular 
domains separated by holes (Figure  5.13b). These images can be rationalized by 
assuming that a fast reductive dissolution with issue of Cu2+ ions from the Cu-MOF 
lattice with concomitant formation of external deposits of Cu metal occurs. As 
before, privileged crystallographic directions are involved, so that a regular distribu-
tion of holes results. Figure 5.14 shows a pictorial representation of reduction pro-
cesses along selected crystallographic directions.

Description of the overall electrochemical processes requires consideration of at 
least two steps: (1) reduction of solid materials coupled with ion insertion and (2) 
formation of metal deposits via nucleation and nuclei growth/diffusion processes. In 
this regard, the model of Lovric, Scholz, and Oldham and coworkers (see Schröder 
et al., 2000) for the propagation of electrochemical reactions through ion-permeable 
solids can be combined with different models for metal electrodeposition: two- 
dimensional (Schultze and Lohrengel, 1983), three-dimensional (Sharifker and Hills, 
1983), layer-by-layer (Obretenov et al., 1994), among others (Nakanishi et al., 2005). 
The model of Sharifker and Hills (1983) considers two extreme cases involving 
three-dimensional instantaneous nucleation and progressive nucleation. In the first 
case, predicted chronoamperometry (CA) curves are given by:

	
i

nAFcD

t
N kDt= − −

1 2

1 2 1 2
1

/

/ /
*[ exp( )]

π
π

	
(5.14)

(a) (b)

Figure 5.12  Pictorial representation of metal deposition modes for (a) Cu-MOF,  
(b) Zn-MOF.
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whereas for progressive nucleation, it is predicted:

	
i

nAFcD

t
AN kDt= − −

1 2

1 2 1 2
21 2

/

/ /
*[ exp( )]

π
π /

	
(5.15)

In these equations, A represents the electrode area and D is the diffusion 
coefficient of the electroactive ions in the bulk of the solution. For layer-by-layer 

Electron image 1
(a)

1 µm

Electron image 1
(b)

1 µm

Figure 5.13  TEM images recorded for Cu-MOF crystals (a) before and (b) after application 
of a constant potential of −1.0 V during 5 min in contact with 0.50 M acetate buffer (pH 4.85).
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deposition with instantaneous nucleation, CA curves can be described by (Milchev 
and Heerman, 2003):

	

ln ln ln ( ) l
/

/
/ *1 1

1 2

1 2
1 2−









 − = +π π

nFcAD
it N kD nn t

	

(5.16)

whereas for progressive nucleation, the following current-time variation is predicted:

	

ln ln ln (
/

/
/ *1 1 2

1 2

1 2
1 2−









 − =π π

nFcAD
it N kDA/ )) ln+ 2 t

	

(5.17)

In these equations, N* represents the density of nuclei (cm−2) and k a material 
constant.

z+
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e–e–

(b)

z+

Figure 5.14  Schematic diagram of ion insertion/metal deposition in Cu-MOF. (From 
Doménech et al., 2006d. Electrochem. Commun. 8, 1830–1834, with permission.)
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Chronoamperometric data for Cu-MOF in contact with aqueous acetate buffer 
revealed the existence of different current/time responses depending on the applied 
potential (Doménech et al., 2007d). At increasingly negative applied potentials, such 
responses can be associated to diffusion-controlled ion insertion process, a three-
dimensional nucleation/growth deposition, and a layer-by-layer deposition process, 
respectively, in agreement with AFM and TEM observations. From such data, the dif-
fusion coefficient for electrons was calculated as De = 2.0 × 10−11 cm2/sec, whereas the 
diffusion coefficients for Li+, Na+, and K+ ions were DM(Li+) = 1.4 × 10−7, DM(Na+) =  
4.4 × 10−8, and DM(K+) = 4.1 × 10−8 cm2/sec, respectively.

5.4 S ensing and Electrocatalysis

The high specific surface area and the presence of redox-active centers make MOFs 
interesting materials for electrochemical sensing and electrocatalysis. By the first 
token, size selectivity can be combined with the coordinating ability of redox-active 
centers. An example of the possibility of selective electrochemical sensing using 
MOFs is shown in Figure  5.15, which displays the square-wave voltammetries 
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Figure 5.15  SQWVs for Cu-MOF attached to paraffin-impregnated graphite electrode in 
contact with a 0.10 M LiClO4/DMF solution in the (a) absence and (b) presence of 2.0 mM 
Bu4NF. Potential step increment, 4 mV; square-wave amplitude, 25 mV; frequency, 5 Hz.
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(SQWVs) for Cu-MOF attached to paraffin-impregnated graphite electrode in contact 
with a 0.10 M LiClO4/DMF solution in the (a) absence and (b) presence of Bu4NF. 
In the absence of fluoride ions, two cathodic signals at +0.62 and +0.36 V appear, 
being attributable to the reduction of external and boundary Cu(II) centers to Cu(I) 
ones. In the presence of fluoride, the first peak is weakened, whereas the second is 
replaced by a signal at +0.03 V. This electrochemistry can be described in terms of 
the formation of copper-fluoride adducts favored by the permeability of the MOF 
framework to ion transport. Tentatively, this attachment could involve fluoride ion 
coordination with axial positions of copper centers and/or fluoride encapsulation and 
coordination to metal ions coupled, by reasons of electroneutrality, to the ingress of 
charge-balancing cations (schematized in Figure 5.16):

	
{ } ( ) ( ) {( )Cu R F sol M sol F Cu RII II

n z
nz nz+ + →− + − L LL( ) }M+

z n
	 (5.18)

As a result, the reduction potential of Cu(II) centers becomes significantly shifted.
The electrocatalytic performance of MOFs is illustrated in Figure  5.17, where 

CVs for a O2-saturated 0.10 M Bu4NPF6/MeCN /MeCN solution at (a) unmodified 
and (b) Cu-MOF-modified glassy carbon electrode are depicted. At the unmodified 
electrode, O2 is reduced in an essentially reversible one-electron step to superoxide 
radical anion, O2·−,

	 O2 (sol) + e− → O2·− (sol)	 (5.19)

the peak potentials being −0.90 V (cathodic) and −0.72 V (anodic) vs. AgCl/Ag in the 
plotted voltammogram. The presence of proton impurities and/or water traces modi-
fies the voltammetric response, as described by Sawyer et al. (Barrette et al., 1984; 
Cofré and Sawyer, 1986). Here, perhydroxyl radical (HO2·) is formed but rapidly dis-
proportionates into H2O2 and O2. Thus, in the presence of millimolar concentrations 
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Cu2+

Cu2+
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Figure 5.16  Scheme for possible coordination schemes of fluoride ions to Cu-MOF.
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of water, reduction of O2 dissolved in nonaqueous solvents appears like an irreversible 
process, the overall reaction being:

	 O2(sol) + 2H+ (sol) + 2e− → 2H2O2	 (5.20)

At Cu-MOF-modified electrodes, a reduction wave with a slightly larger intensity 
is recorded at −1.22 V. The cathodic peak, which is preceded by a weak shoulder at 
−0.90 V, looks like an irreversible voltammetric wave, because no anodic counter-
part is detected. 

Remarkably, the electrocatalytic process is modulated by electrolyte counterions. 
This can be seen in Figure 5.18, which displays CVs at Cu-MOF-modified paraffin-
impregnated graphite electrodes immersed into 1.0 mM H2O plus O2-saturated  
(a) 0.10 M Et4NClO4/MeCN and (b) 0.10 M LiClO4/MeCN solutions. In the presence 
of size-hindered Et4N+ ions, only the oxygen-localized reversible reduction process 
at a midpoint potential of ca. −0.80 V is observed. In the presence of Li+ ions, how-
ever, two reduction waves at ca. −0.60 and −1.20 V are recorded, followed, in the 
subsequent anodic scan, by anodic peaks at −0.85, −0.45, +0.40, +0.90, and +1.40 V. 
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Figure 5.17  CVs for a O2-saturated 0.10 M Bu4NPF6/MeCN solution at (a) unmodified 
and (b) Cu-MOF-modified glassy carbon electrode. Potential scan rate, 50 mV/sec.
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These features can be rationalized by assuming that, for size-hindered electro-
lytes such as Bu4NPF6 and Et4NClO4, the catalytic effect only involves external 
copper centers and operates via an outer scheme pathway where water does not 
play a significant role, so that the reduction process described by Equation (5.19) 
is operative. In the presence of size-allowed cations, the electrochemical pathway 
changes significantly, the reduction apparently occurring in two steps.

More information on the role of metal centers can be obtained by comparing CVs 
at Cu-MOF-modified electrodes in deoxygentated and O2-saturated 0.10 M LiClO4/
MeCN solutions, shown in Figure 5.19. In the absence of oxygen, copper-localized 
reduction occurs in two steps: Cu(II) to Cu(I) reduction at ca. +0.40 V (see also 
Figure 5.2) and subsequent Cu(I) reduction to Cu metal at −0.62 V. This process is 
followed, in the subsequent anodic scan, by the stripping oxidation of Cu to Cu+ ions 
in solution. As previously described, additional oxidation waves are recorded (see 
Figure 5.4), probably associated with the oxidation of different Cu(I)-MOF species. 
In the presence of oxygen (see Figure 5.19b), the voltammetric response was essen-
tially identical, but all peaks become significantly enhanced, whereas an additional 
anodic peak, attributable to the oxidation of peroxo-species generated during previ-
ous reductive steps, is recorded at +0.18 V. At the expense of a detailed study of this 
system, the catalytic effect can be associated to the Cu(I) to Cu(0) interconversion, 

2.0 1.6 1.2 0.8 0.4 0 –0.4 –0.8 –1.2 –1.6 –2.0
Potential / V

(a)

(b)

50 µA

Figure 5.18  Deconvoluted CVs at Cu-MOF-modified paraffin-impregnated graphite 
electrodes immersed into 1.0 mM H2O plus O2-saturated (a) 0.10 M Et4NClO4/MeCN and 
(b) 0.10 M LiClO4/MeCN solutions. Potential range: +1.65 to −1.65 V vs. AgCl/Ag. Potential 
scan rate, 50 mV/sec.
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so that eventually the formation of metal clusters of metallic layers can influence the 
catalytic performance of the MOF. Remarkably, however, the voltammetric profile 
is maintained upon repetitive cycling the potential scan. This suggests that eventu-
ally, zerovalent copper can be formed under these conditions, with no formation 
of metal deposits, as described in recent literature for heteropolymetallic transition 
metal complexes (Packheiser et al., 2008).
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Figure 5.19  Deconvoluted CVs at Cu-MOF-modified paraffin-impregnated graphite elec-
trodes immersed into (a) deoxygentated and (b) O2-saturated 0.10 M LiClO4/MeCN solutions. 
Potential range: +1.65 to −1.05 V vs. AgCl/Ag. Potential scan rate, 50 mV/sec.
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6 Electrochemistry of 
Porous Oxides and 
Related Materials

6.1 Ov erview

Most oxide materials adopt microporous structures formed by oxometal units tailored 
to form cage and tunnel cavities. The electrochemistry of metal oxides in contact with 
aqueous electrolytes is dominated, as briefly introduced in Section 3.6, by surface 
redox reactions involving tightly bound hydrated oxometal groups. Porous oxides, 
however, can undergo, apart from the above, electron transfer processes coupled with 
ion insertion issue from/to the electrolyte, with the possibility of adopting interstitial 
positions or binding to metal centers via formation of hydroxo and aquo groups.

In contact with aqueous alkaline media, metal oxide electrochemistry is domi-
nated by hydroxylation processes. However, in contact with acidic media, proton and 
cation insertion processes occur, eventually leading to complicated responses where 
reductive or oxidative dissolution processes frequently take place (Scholz and Meyer, 
1998; Grygar et al., 2002; Scholz et al., 2005). As far as such processes involve disin-
tegration of the porous structure of the material, electrochemically assisted dissolu-
tion processes will be taken only tangentially here.

Related materials comprise, among others, layered double hydroxides (LDHs) and 
compounds based on polyoxometalate (POM) groups. LDHs form lamellar structures 
entrapping charge-balancing anions. Polyoxovanadates, molybdates, and tungstates 
are representative of POM compounds where complicated geometries are obtained 
from MO6 octahedral units containing charge-balancing ions occupying cavities. 
Finally, a fourth group of materials of electrochemical interest is that obtained by 
doping the above and related materials. Typically, electroactive ions substitute parent 
metal centers in the lattice of the original material.

Finally, the electrochemistry of porous metal oxides prepared as films from 
anodic treatment of metal electrodes will also be discussed. Porous metal oxide films 
on electrodes have applications in a variety of fields, from corrosion protection to 
batteries and catalysis.

6.2 �E lectrochemistry of Metal Oxides 
and Metal Oxohydroxides

A number of metal oxides can be described as porous materials. For instance, porous 
manganese oxides define octahedral molecular sieves (OMS) that have been intro-
duced in recent years as possible materials for batteries, separations, and chemical 
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118	 Electrochemistry of Porous Materials

sensing (Cai et al., 2001). Interestingly, metal oxides and related materials can even-
tually be electrochemically obtained. This is the case of MnO2, which is deposited 
on solid electrodes upon oxidation of Mn2+ salts in aqueous media, as shown in 
Figure 6.1. The two basic MnO2 forms, pyrolusite and ramsdellite, are constituted of 
MnO6 octahedral units with edge or corner sharing resulting in 1 × 1 (pyrolusite) or 
1 × 2 (ramsdellite) tunnels. The oxidation process can be represented as:

	 Mn2+ (aq) + 2H2O → {MnO2} + 4H+ (aq) + 2e−	 (6.1)

The reduction of MnO2, however, is a complex process involving proton insertion 
into the crystal lattice with formation of a scarcely conductive thin surface layer of 
MnOOH, further reduced to Mn2+ in solution, the film limiting the reduction rate 
of MnO2 (Bodoardo et al., 1994; Amarilla et al., 1994). These processes can be 
presented as:

	 {MnO2} + H+ (aq) + e− → {MnOOH}	 (6.2)

	 {MnOOH}+ 3H+ (aq) + e− → Mn2+ (aq) + 2H2O	 (6.3)

Among the first studied synthetic porous oxides were the so-called manganese 
OMS with the structures of todorokite (OMS-1) and hollandite (OMS-2; De Guzman 
et al., 1994). The potassium form of the mineral hollandite (cryptomelane), KMn8O16, 
includes one-dimensional tunnels among rigid MnO2 framework composed of edge-
shared and corner-shared MnO6 octahedra with tunnel size 4.6 × 4.6 Å, whereas 
the composition of OMS-1 is Mg0.98–1.35MnII

1.89–1.94MnIV
4.38–4.54O12·(4.47–4.55)H2O 

and its structure defines cavities of 6.9 Å. The electrochemistry of such materials is 
complicated by the fact that both Mn(IV) and Mn(II) centers coexist. For instance, 
the average manganese oxidation state of cryptomelane is 3.8 (Malinger et al., 2006). 
The mixed valency of manganese makes this material a good semiconductor and 
oxidation catalyst.
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Figure 6.1  CVs at pyrolitic graphite electrode for a 5 mM solution of Mn(NO3)2 in 
0.10 M H2SO4. Potential scan initiated at 0.0 V in the positive direction. Potential scan rate, 
10 mV/sec.
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The electrochemistry of V2O5 in contact with aqueous media is also representa-
tive of this complex behavior, as can be seen in Figure 6.2a. Here, two main peaks at 
+0.65 and +0.34 V appear, accompanied by weak, overlapping signals at +0.15 and 
−0.08 V. In the presence of Li+ ions (Figure 6.2b), the peak at −0.08 V becomes sig-
nificantly enhanced. This electrochemistry can be described (Barrado et al., 1997) 
in terms of the superposition of reductive dissolution processes:

	 {VV
2O5} + 6H+ (aq) + 2e− → 2VIVO2+ (aq) + 3H2O	 (6.4)

and proton-assisted and metal-cation-assisted solid-state transformation processes:

	 {VV
2O5} + 2H+ (aq) + 2e− → {VIV

2O4} + H2O	 (6.5)

	 {VV
2O5} + xM+ (aq) + xe− → {VV

2−xVIV
xO5(M+)x}	 (6.6)
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Figure 6.2  SQWVs for V2O5 attached to paraffin-impregnated graphite electrode 
immersed into: (a) 0.50 M phosphate buffer; (b) 0.50 M phosphate buffer plus 0.05 M LiNO3. 
Potential step increment, 4 mV; square-wave amplitude, 25 mV; frequency, 5 Hz.
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120	 Electrochemistry of Porous Materials

With regard to the electrochemistry of transition metal oxides in contact with 
alkaline aqueous electrolytes, it is, in general, assumed that surface aqua- and oxo-
metal species have a low degree of bridging oxygen coordination to the bulk oxide 
lattice (Lyons et al., 1994). A widely studied case is that of RuO2, whose cyclic vol-
tammetry (CV) response in contact with alkaline solutions consists of a main pair of 
peaks at potentials ca. +0.30 V vs. saturated calomel electrode (SCE) accompanied 
by a second, weak pair of peaks at potentials around −0.20 V, as shown in Figure 6.3, 
corresponding to RuO2-poly(vinylchloride) (PVC) film electrode in contact with 3 
M NaOH. Such peaks are attributable to the Ru(VII)Ru(VI) and Ru(VI)/Ru(IV) 
couples (Dharuman and Chandrasekara Pillai, 2006). A third couple, assigned to the 
Ru(IV)/Ru(III) couple, at potentials ca. −0.60 V can also be detected. Electrochemical 
reversibility is approached by this system, as judged by symmetrical peak shapes, 
nearly equal anodic and cathodic peak heights, linear increase of anodic peak cur-
rent with potential scan rate, scan rate anodic peak potential, and electrode-rotation 
independent profiles (Brown and Anson, 1967; Smith et al., 1979). The two first 
processes were formulated by Lyons et al. (1994) as:

  {(–O–)2RuIV(OH)2(H2O)2} + 2OH− (aq) → {(–O–)2RuVI(OH)4} + 2H2O + 2e−	  (6.7)

	 {(–O–)2RuVI(OH)4} + OH− (aq) → {(–O–)2RuVIIO(OH)3} + H2O + e−	 (6.8)

The variation of peak potentials with the pH can lead to an estimate of the num-
ber of OH− ions per electron, nOH, involved in each electron transfer step. As in 
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Figure 6.3  CVs for a RuO2-poly(vinylchloride) film electrode in contact with 3 M NaOH. 
(From Dharuman and Chandrasekara Pillai, 2006. J. Solid State Electrochem. 10, 967–979, 
with permission.)
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the case of processes in the solution phase, reversible systems should yield linear 
Ep vs. pH plots of slope [∂Ep  / ∂pH] = 59nOH/n. Based on such plots, Dharuman and 
Chandrasekara Pillai (2006) have recently proposed for RuO2-PVC film electrodes 
in contact with NaOH solutions:

  {(–O–)2RuIIIO(H2O)3} + 1.25OH− (aq) → �{(–O–)2RuIVO(OH)1.25(H2O)1.75}  
              + 1.25H2O + e−	 (6.9)

  {(–O–)2RuIVO(OH)1.25(H2O)1.75} + 2.5OH− (aq) → �{(–O–)2RuVIO1.75(OH)2.25}  
        + 2.5H2O + 2e−	 (6.10)

      {(–O–)2RuVIO1.75(OH)2.25} + 1.25OH− (aq) → �{(–O–)2RuVIIO3(OH)}  
      + 1.25H2O + e−	 (6.11)

Figure 6.4 shows the charge/potential scan rate plots for different RuO2-PVC film 
electrodes in contact with 3 M NaOH.
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Figure 6.4  Variation with potential scan rate of charge passed in CVs for different RuO2-
PVC film electrodes (temperature of preparation of RuO2 probes is indicated) in contact with 
3 M NaOH. (From Dharuman and Chandrasekara Pillai, 2006. J. Solid State Electrochem. 
10, 967–979, with permission.)
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122	 Electrochemistry of Porous Materials

It should be noted that, in general, two regions can be distinguished in metal 
oxides: the external oxide/electrolyte interface and the internal oxide/electrolyte 
interface located inside the fissures and cracks. Obviously, this region becomes 
less accessible for OH− ions than the first, so that the charge passed decreases on 
increasing potential scan rate, as depicted in Figure 6.4. Typically, preparation 
of this type of material uses thermal treatments at different temperatures, so that 
charges passed through voltammetric experiments increase on decreasing the tem-
perature of preparation of the material. This can be rationalized by considering 
that under decreasing oxide preparation temperature, high surface area material 
having countless fissures, cracks, crevices, etc., results (Trasatti and Lodi, 1981). 
Nuclear reaction analysis coupled with radiometric methods indicated that a thickness 
of about 50 nm below the surface is involved in the proton exchange process (Lodi et 
al., 1991). The sweep rate variation of electrical charge passed, q, measured from 
the area under voltammetric peaks, can be approached, at low potential scan rates 
to (Ardizzone et al., 1990):

	 1 1 1 2/ / * /q q gv= + 	 (6.12)

where q* is the maximum surface charge arising due to infinitely slow OH- ion 
exchange and g is a constant of proportionality. Thus, q* denotes the charge related 
to the whole active surface. Complementarily, plots of q vs. v-1/2 and extrapolation 
to v → ∞ gives an ordinate at the origin of qouter*, representing the net amount of 
charge associated to the outer surface of the oxide being forwardly accessible to 
OH- ion exchange.

	
q q sv= + −* /

outer
1 2

	 (6.13)

where s is a second constant of proportionality. Then, the charge associated 
to the internal oxide/solution interface, qin*, can easily be calculated as qin* = 
q* − qouter*.

Real systems deviate frequently from ideal behavior due to large uncompensated 
electrolyte resistance, slow kinetics of electron transfer, and site-to-site interactions 
(Ilangovan and Chandrasekara Pillai, 1997). Such deviations from Nernstian behav-
ior can be expressed by an interaction term, r, which can be estimated from the varia-
tion of peak potential with potential scan rate:

	
i

n F A v

RT rp
=

−

2 2

4 2
G

G( ) 	
(6.14)

In this equation, A denotes the geometrical area of the electrode and G is the sur-
face concentration of electroactive adsorption sites. This last parameter can be calcu-
lated from determination of the charge pass associated to solid-state redox reaction, 
qs, because qs = nFAG, or from capacitance determination using the relationship 
(Brown and Anson, 1977; Smith et al., 1979):

	
C

n F

RT r
=

−

2 2

4 2
G

G( ) 	
(6.15)
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In this scheme, each oxide particle has an outer, hydrated catalytically active layer 
consisting of dangling oxometal surface groups.

Remarkably, reaction of surface metal centers can significantly influence the 
observed electrochemistry. For instance, nanoparticle mesoporous films of ceria, 
CeO2, presumably forms a new CePO4 phase during electrochemical reduction of 
aqueous phosphate buffer solution (Cummings et al., 2008).

6.3 �E lectrochemistry of Layered Hydroxides 
and Related Materials

LDHs of Al, Ni, Zn, and other metals are composed of rigid layers where anions 
and water molecules can move. Typical LDHs can be represented by the formula 
[M1−x Mx′(OH)2][An−]x/n·mH2O, where M is a divalent metal cation, M′ could be a tri-
valent metal cation or a mix of trivalent and divalent metal cations, and An− represents 
an interlayer anion or mix of anions. Both divalent and trivalent cations are located 
at the center of octahedral composed of OH− ions, M(OH)6 and M′(OH)6 units share 
edges forming two-dimensional layers, whereas the interlayer space incorporates 
anions (and water molecules) to maintain electroneutrality. These materials exhibit 
a stable lamellar structure while 0.2 ≤ x ≤ 0.5, and the interlayer An− anions can be 
freely exchanged by foreign anions (Khan and O’Hare, 2002).

Due to their ability to accommodate anionic guests in the interlayer region, such 
materials have been tested for different applications, from catalysis to sensing and as 
electrode materials for Ni batteries, as described in Chapter 10. Figure 6.5 shows the 
CV response of Co-Al LDH immersed into 0.10 M NaOH at two different potential 
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Figure 6.5  CVs at different scan rates recorded at Co-Al LDH attached to graphite elec-
trode in contact with 0.10 M NaOH. Potential scan rate: (a) 520; (b) 5 mV/s.
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124	 Electrochemistry of Porous Materials

scan rates. Most of this research is focused on hybrid materials and composites, as 
described by Su et al. (2008). At a potential scan rate of 5 mV/sec, the voltammograms 
exhibit a cathodic wave at +0.22 V vs. SCE and an anodic wave at +0.41 V whose 
separation markedly increases on increasing potential sweep rate. The cathodic peak 
current becomes proportional to the square root of the potential scan rate, thus denot-
ing that the electrochemical process is diffusion controlled. This response, following 
Scavetta et al. (2005), can be described in terms of a fast entrance of OH- ions into the 
interlayer region, so that the electrochemical process can be represented as:

	 {LDH L CoII} + OH− (aq) → {LDH L CoIII L OH−} + e−	 (6.16)

Zn-Al LDHs can be prepared by electrodeposition from aqueous solutions of 
the nitrates of such metals (Yarger et al., 2008). Cathodic depositions, conducted 
at room temperature without stirring over noble metal-coated electrodes, were 
achieved by reducing nitrate ions to generate hydroxide ions on the working elec-
trode, the optimal potential being −1.65 V vs. AgCl/Ag in 4 M KCl. The overall 
reactions involved are

	 Zn2+ (aq) + 2OH- (aq) → Zn(OH)2	 (6.17)

	 Zn(OH)2 → ZnO + H2O	 (6.18)

	 NO3
− (aq) + H2O + 2e− → NO2

− (aq) + 2OH− (aq)	 (6.19)

Composition, in terms of oxidation state of metal cations, and the nature of intra
layer anions can determine significant modifications in the electrochemical response. 
In the case of [Ni4Al(OH)10]OH, upon oxidation, the average oxidation state of Ni 
increases from 2 to ca. 3.7, as calculated from charge passed, thus denoting that Ni3+ 
and Ni4+ centers are formed. It has been proposed that due to the high polarization 
ability of such ions, some protons drop off from the hydroxyl and react with interlayer 
OH− anions to give water molecules (Lei et al., 2008). When the oxidized form is 
reduced, protons are removed from the interlayer water molecules. As a result, OH− 
ions are easily interchanged with the electrolyte. However, if the interlayer anions 
are NO3

−, the OH− transport is significantly hindered by electrostatic repulsion, thus 
resulting in a different electrochemical performance between [Ni4Al(OH)10]OH and 
[Ni4Al(OH)10]NO3. Water relay and proton and anion migration play an important role 
in the electrochemistry of such materials, but the degree of crystallinity, crystal mor-
phology, defects, and additives can also significantly influence their electrochemical 
properties (Ren et al., 2006). In this regard, it should be noted that network-doping 
metal cations can enhance the electronic conductivity of the material, whereas intro-
duction of interlayer anions can modulate its ionic conductivity.

The electrochemistry of LDH-attached species has received relatively little 
attention compared with that of zeolite-associated species. The electrochemistry 
of LDH-supported bis(2-mercapto-2,2-diphenyl-ethanoate) dioxomolybdate(VI) 
complex, [MoVIO2(TBA)2]2− (TBA = O2CC(S)Ph2) is representative, however, of 
the capabilities of electrochemical methods for obtaining information on this type 
of system. The mineralogical composition of the used Zn-Al hydrotalcite was 
Zn2.20Al0.79(OH)6(NO3)0.79·H2O. X-ray absorption spectroscopy and other techniques 
(Cervilla et al., 1994a), suggested that the complex, which, in solid phase exhibits 
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a cis-dioxo Mo(VI) arrangement, is accommodated as a pillar in the interlamellar 
space of the host layered hydroxide, as shown in Figure 6.6. It was presumed that the 
hydrotalcite-associated complex exhibits a fac-trioxo Mo(VI) arrangement due to 
the disassociation of coordinated carboxylate groups. This disassociation would suf-
ficiently induce the positive charge on the oxomolybdenum core to allow an oxygen 
atom transfer from a contiguous molecule of water with no change in the oxidation 
state of the metal:

Mo O TBA H O LDH NO LDH MoVI VI
2 2

2

2 3
2( )  + + { } →

− −L L OO TBA H O

H NO
3 2 2

3
2 2

( ) ( ){ }
+ ++ −

	
(6.20)

Application of voltammetry of microparticle techniques revealed the appearance of 
significant differences between the response of the complex in solution (Cervilla et al., 
1994b) and that of hydrotalcite-associated species (Doménech et al., 1998). Repetitive 
cycling of the potential scan for {LDH L MoVIO3(TBA)2(H2O)}-modified, paraffin-
impregnated graphite electrodes in Figure 6.7 reveals a stable response, suggesting, in 
agreement with the requirement expressed by Bessel and Rolison (1997a) for zeolite-
associated species, that electrochemical processes involve electroactive species firmly 
attached to the boundary of the LDH grains. Here, a main reduction peak appears 
at ca. −0.95 V vs. AgCl/Ag, preceded by two overlapping reduction signals between 
−0.05 and −0.25 V coupled with two superimposed anodic peaks at −0.10 and +0.03 V. 
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Figure 6.6  Scheme for the possible attachment of the bis(2-mercapto-2,2-diphenyl- 
ethanoate) dioxomolybdate(VI) complex, [MoVIO2(TBA)2]2−, to Zn-Al hydrotalcite frame-
work. (From Doménech et al., 1998. J. Electroanal. Chem. 458, 31–41, with permission.)
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These last signals are enhanced at the expense of the main reduction process at 
−0.94 V in successive potential scans, thus denoting that a net interconversion of the 
original Mo(VI)-LDH-associated species to molybdenum species in other oxidation 
states occurs. This voltammetry can be represented in terms of the reduction of the 
fac-trioxo Mo(VI) complex to a Mo(IV) analogue accompanied by the loss of an oxo 
group, followed by oxidation to an Mo(V) analogue (Doménech et al., 1998). The 
sequence of electrochemical processes can be represented as:

	 {LDH L MoVIO3(TBA)2(H2O)(NO3
−)}+2H+ + 2e− →  

	 {LDH L MoIVO2(TBA)2(H2O)2(NO3
−)}	 (6.21)

	 {LDH L MoIVO2(TBA)2(H2O)2(NO3
−)} →  

	     {LDH L MoVO2(TBA)2(H2O)2} + NO3
− + e−	 (6.22)

This system illustrates the possibility of electrochemically promoting structural 
changes in anionic species attached to LDH systems.

6.4 E lectrochemistry of POMs

It is well known that several transition metals form POM ions in solution, eventu-
ally incorporating other elements. Thus, acidification of aqueous solutions of ammo-
nium or sodium molybdates yields different so-called iopolyanions. As an example, 
condensation reactions for molybdate in aqueous solution can be represented as a 
sequence of equilibria initiated by the formation of heptamolybdate ion:

	 7MoO4
2− + 8H+ → Mo7O24

6− + 4H2O	 (6.23)

During condensation processes, oxo-anionic hetero groups of p-block atoms 
(PO4

3−, SiO4
4−, etc.) can be incorporated into the structures, so that the so-called 
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Figure 6.7  Repetitive CV at {LDH L MoVIO3(TBA)2(H2O)}-modified paraffin-impregnated 
graphite electrodes immersed into 0.50 M phosphate buffer, pH 7.0. Potential scan rate, 
20 mV/sec.
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heteropolyanions (PMo12O40
3−, SiW12O40

3−, etc.) are formed. The architectures of 
most POMs are based on specific structural types, such as the Lindquist (M6O19

2−), 
Keggin (XM12O40

3−), or Dawson (e.g., X2M18O62
6−) metalates. When the condensa-

tion involves the acids (H3PO4, H3BO3) rather than their salts, hydrated forms can 
be obtained where the rigid, primary heteropolymetalate structure is surrounded by 
a secondary hydrate layer with a pseudo-liquid structure and heteropolyacids are 
formed (Keita and Nadjo, 2006).

The electrochemistry of POMs in solution and attached to electrode surfaces 
has received considerable attention, as reviewed by Sadakane and Steckhan (1998). 
Typical multiple peak profiles were obtained, as depicted in Figure 6.8, correspond-
ing to a CV of 1 mM SiW12O40

4− in 1 M HClO4 aqueous solution (Keita and Nadjo, 
1987). Here, three couples were obtained, corresponding to two essentially reversible 
one-electron and a two-electron transfer processes:

	 SiWVI
12O40

4− + e− → SiWVI
11WVO40

5−	 (6.24)

	 SiWVI
11WVO40

5− + e− → SiWVI
10WV

2O40
6−	 (6.25)

	 SiWVI
10WV

2O40
6− + 2H+ + 2e− → H2SiWVI

8WV
4O40

6−	 (6.26)

The electrochemistry of POMs is characterized by reversible multistep redox pro-
cesses resulting in the formation of mixed valence species and electron self-exchange 
between mixed-valence metal sites (e.g., MoVI,V) via electron hopping. Extensive 
reduction of POMs leads to the formation of heteropolybrown species in which such 
distinct ionic sites (e.g., WVI and WIV) can coexist.

The electrochemistry of Fe-, Ru-, and lanthanide-substituted heteropolyanions 
has also been studied. Now, metal-substituent- and POM-centered electrochemical 
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Figure 6.8  CV at glassy carbon electrode of 1 mM SiW12O40
4− in 1 M HClO4 aqueous 

solution. Potential scan rate, 100 mV/sec. (From Keita and Nadjo, 1987. J. Electroanal. Chem. 
217, 287–304, with permission.)
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signals can be recorded. In particular, the iron-substituted heteropolyanions have 
large negative charge densities favoring ion pairing with counteractions and protons. 
Then, the formal potentials for both the iron-localized and POM-localized electron 
transfer processes depend on the pH and counteraction concentration because of the 
competition between protonation and ion pairing (Sadakane and Steckhan, 1998). 
The electrochemistry of novel Fe2 and Fe4 clusters encapsulated in vacant polyoxo-
tungstates via hydrothermal synthesis has been described in terms of Fe-localized 
and POM-localized signals (Pichon et al., 2008).

POMs have found application in homogeneous electrocatalysis but also after 
attachment to electrode surfaces via adsorption (dip coating; Martel and Kuhn, 2000), 
entrapment into polymers (Mahmoud et al., 1999), electrodeposition (Keita and 
Nadjo, 1988), or droplet evaporation (Carapuça et al., 2006). Multilayer assemblies 
can be obtained because of the strong interaction of POMs with cations (Ingersoll  
et al., 1994). For instance, polypyrrole coating doped by molybdo-phosphate anions 
can be used for corrosion prevention in carbon steels (Ohtsuka et al., 2006). Structural 
protons in POM single crystals can provide electroneutrality during redox processes, 
thus allowing electroanalytical investigation in the absence of external electrolyte 
phase (Bard et al., 2008).

Solid isopoly- and heteropolymetalate compounds have been synthesized. Within 
this group of materials, one can include the so-called metal oxide bronzes (typically 
tungsten bronzes). Starting from WO3, electrochemical reduction processes yield 
intercalation materials with electrochromic properties (Grandqvist, 1999).

6.5 E lectrochemistry of Doped Materials

The development of new synthetic routes has prompted the preparation of a variety 
of metal-oxide-type materials doped with different metal species. A significant part 
of research efforts in this field have been focused on doped materials for gas sensing 
and ion sensing and will be explained in Chapter 9. In this chapter, the voltammetric 
behavior of doped metal-oxide-based materials will be discussed. Two characteristic 
aspects can be noted: (1) the response of doping species is, in general, superimposed 
to that eventually displayed by the supporting material; (2) in general, the response of 
doping species will be confined to surface sites in the crystal lattice.

The interpretation of electrochemical data can be complicated, however, by the 
coexistence of solid solutions and multiphase systems. For instance, in vanadium-
doped zirconias (Vx Zr1−xO2) at low vanadium loadings, V4+ ions substitute isomor-
phously Zr4+ ions in the lattice but, at relatively high vanadium loadings, some V5+ 
ions enter into the lattice, thereby promoting cation vacancies. At sufficiently larger 
vanadium loadings, finely dispersed vanadium oxide accompanies both monoclinic 
and tetragonal zirconias (Doménech and Alarcón, 2002b).

In this case, voltammetry of microparticle methods allows us to discern between 
monoclinic (m) and tetragonal (t) vanadium-doped zirconias, as can be seen in Figure 
6.9, corresponding to square-wave voltammetries (SQWVs) of m-V0.015Zr0.985O2 and 
t-V0.015Zr0.985O2 materials attached to graphite electrodes in contact with 0.10 M 
H2SO4, after subtracting the blank voltammograms recorded for the correspond-
ing parent materials, namely, m-ZrO2 and t-ZrO2. In contact with 0.10 M H2SO4, 
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m-VxZr1−xO2 display anodic peaks at +0.20 and +0.75 V, accompanied, in the case of 
t-VxZrO2, by an additional peak at +0.58 V. Figure 6.10 shows field emission scan-
ning electron micrograph and energy-dispersive x-ray spectroscopy of monoclinic 
V0.075Zr0.925O2 solid solution prepared after heating gels at 1300°C for 3 h (Doménech 
and Alarcón, 2007).

To rationalize this voltammetric response, it should be kept in mind that in mono-
clinic zirconias, Zr4+ ions (and V4+ ions in vanadium-doped zirconias) are seven-coor-
dinated with three oxygen atoms at 2.07 Å and four oxygen atoms at 2.21 Å, whereas 
in tetragonal zirconias, Zr4+ ions are eight-coordinated to four oxygen atoms at 2.065 
Å and four oxygen atoms at 2.455 Å. As far as electroactive V4+ centers in vanadium-
doped zirconias should be located in the external surface of crystals, where truncated 
coordination exists, the coordination of surface metal centers should be completed 
with OH− or H2O units. Accordingly, voltammetric signals can be attributed to the oxi-
dation of vanadium species located in different sites in the external surface of doped 
zirconia grains and/or involving different electrochemical pathways. On comparing 
with the electrochemistry of vanadium in solution and solid-state electrochemistry of 
V2O5 and NaVO3 (Barrado et al., 1997; Friedrich et al., 1998), voltammetric peaks at 
ca. +0.2 V can be attributed to the V(IV)/V(III) couple, whereas remaining peaks can 
be attributed to the V(V)/V(IV) pairs. In alkaline media, electrochemical oxidation of 
vanadium centers can be represented by means of the following processes:

	 {VIV
xZr1−xO2} + yOH−(aq) → {VIV

x−yVV
yZr1−xO2(OH)y} + ye−	 (6.27)

	 {VIV
xZr1−xO2} + 2yH2O → {VIV

x−yZr1−xO2−4y(OH)4y} + yVO2
+(aq) + ye−	 (6.28)
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Figure 6.9  SQWVs, after subtracting the blank voltammogram recorded for m-ZrO2 
and t-ZrO2, respectively, for: (a) m-V0.015Zr0.985O2 and (b) t-V0.015Zr0.985O2 attached to paraf-
fin-impregnated graphite electrodes in contact with 0.10 M H2SO4. Potential scan initiated 
at -0.05 V in the positive direction. Potential step increment 4 mV; square-wave amplitude 
25 mV; frequency 2 Hz.
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accompanied by solution-phase redox processes such as:

	 VO2
+(aq) + 2H+(aq) + e− → VO2+(aq) + H2O	 (6.29)

The appearance of common peaks for tetragonal and monoclinic vanadium-
doped zirconias suggests that identical electrochemical pathways are operative for 
vanadium centers in these materials. Additional peaks recorded in t-VxZrO2 materi-
als can be attributed, however, to vanadium centers with a coordinative arrangement 
characteristic of tetragonal zirconias.

Interestingly, electrochemical data can provide information on the oxidation state of 
doping centers, as described for high oxidation states of chromium in chromium-doped 
cassiterite (SnO2) and tin-sphene (or malayaite, CaSnSiO5; Doménech et al., 2006e).
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Figure 6.10  (See color insert following page 94.) Field emission scanning electron micro-
graph and energy-dispersive x-ray spectroscopy of monoclinic V0.075Zr0.925O2 solid solution 
prepared after heating gels at 1300°C for 3 h. (From Doménech and Alarcón, 2007. Anal. 
Chem. 79, 6742–6751, with permission.)
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6.6  Porous Anodic Metal Oxide Films

Porous films of more or less hydrated metal oxides are electrochemically formed 
by surface oxidation of metallic electrodes immersed in suitable electrolytes. 
As previously noted, porous anodic metal oxide films can be regarded as tech-
nological materials with applications, among others, in anticorrosion (Diggle  
et al., 1969), rechargeable batteries (Mozalev et al., 2001), templates for metal 
nanowires (Zhang et al., 1999), synthesis of porous carbons (Li et al., 1999) 
and nanostructured catalysts (Patermarakis and Pavlidou, 1994; Patermarakis 
and Nikolopoulos, 1999). Lastly, there is interest in porous anodic membranes, 
which can be obtained after dissolving the remaining metal and oxide barrier 
film separating metal from the pore bottom. This type of membrane is of interest 
because of its possible use in aggressive environments where the most common 
polymeric membranes do not resist (Asoh et al., 2001).

Porous anodic alumina films have found application in nanotechnology due to 
their nanometer-scale porous structure and sizes of particles forming the pore-
wall material. Such films are formed by galvanostatic anodization of Al electrodes 
immersed into solutions of, for instance, H2SO4 plus Al2(SO4)3 × 18H2O under 
vigorous stirring. The phenomena inside the pores during Al anodizing are com-
plex and substantially affect the mechanism of film growth. The pore generally 
broadens toward the film surface as a result of the pore-wall chemical dissolution 
reaction by the electrolyte inside the pores during the film growth (Patermarakis, 
2006), but pores can also open toward the surface owing to the similar open-
circuit oxide dissolution, which is a first-order reaction with respect to proton 
activity and is hindered by incorporated electrolyte anions (Patermarakis and 
Moussoutzanis, 2002; Patermarakis et al., 2007).

Figure 6.11 shows a schematic representation of migration processes accompany-
ing the formation of porous oxide films by anodization of metals, illustrated here for 

Al

Pure oxide zone 

Mixed zone 

O2–

Al3+

Al3+O2–

OH–

H+

Electrolyte 

Figure 6.11  Schematic diagram shown migration processes accompanying the formation 
of porous oxide films by anodization of metals.
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the case of aluminum. Two layers can be distinguished: that adjacent to the metal, 
where O2− and Al3+ are the only migrating species, and the outer layer (mixed or 
barrier layer), where H+ and OH− also migrate and electrolyte ions are embodied 
(Patermarakis et al., 2007). Al is consumed according to Faraday’s law and oxide 
forms in the metal/oxide interface, and O2− and Al3+ migrate through vacancies in 
the pure oxide and barrier layers in this last reaction, accompanied by migration of 
H+ and OH- ions (vide infra).

Figure 6.12 shows a scanning electron microscopy (SEM) image of the imprints of 
anodic films of Al surface prepared in oxalic acid baths (Patermarakis et al., 2007), 
where a hexagonal structure can be clearly seen. A schematic representation of a 
section parallel to the pore axis of an elongated, columnar cell of a porous anodic 
alumina film is depicted in Figure 6.13. Here, the double layer on the pore base sur-
face and the attached layer on the film surface are shown. In these regions, nuclei and 
microcrystallites of metal salts, typically Al2(SO4)3 for Al anodizing, are formed. In 
this case, the growth of nuclei and microcrystallites as colloidal micelles, negatively 
charged by the anions being in excess in the first layer or those attached to the wall 
surface, takes place. Micelles uptake Al3+ ions and gradually the oxide is dissolved.

It should be noted, however, that different mechanisms of anodic oxide film for-
mation are operative in acidic and alkaline media. This is clearly suggested by the 
variation with the film formation potential of the resistance and the inverse of capaci-
tance for anodic oxide films on pure aluminum rod specimens reported by Moon 
and Pyun (1998) and depicted in Figures 6.14 and 6.15. It should be noted that the 
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Figure 6.12  SEM image of the imprints of anodic films of Al surface prepared in oxalic 
acid baths. (From Patermarakis et al., 2007. J. Solid State Electrochem. 11, 1191–1204, with 
permission.)

K10316_Book.indb   132 10/28/09   12:48:42 PM

www.iran-mavad.com 
مرجع دانشجویان و مهندسین مواد



Electrochemistry of Porous Oxides and Related Materials	 133

Pore

Attached layer

Pore wall oxide

Nucleus

Barrier layer

Metal

Microcrystallites

Double layer

Figure 6.13  Schematic representation of a section parallel to the pore axis of an elon-
gated, columnar cell of a porous anodic alumina film.
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Figure 6.14  Variation of the reciprocal capacitance and resistance of anodic oxide film on 
pure aluminum rod specimen with film formation potential in contact with 0.5 M H2SO4 solu-
tion. (From Moon and Pyun, 1998. J. Solid State Electrochem. 2, 156–161, with permission.)
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capacitance, Cox, and resistance, Rox, of the oxide film depend on its thickness, δox, 
according to:

	

C
A

ox
o ox ox

ox

=
e e

d

′

	
(6.30)

	

R
Aox
ox ox

ox

=
r d

	
(6.31)

In these equations, Aox represents the exposed area of the specimen, rox is the film 
resistivity, eo is the vacuum permittivity, and eox′ is the relative permittivity of the 
metal oxide. Consistently, with such equations, the reciprocal capacitance of anodic 
aluminum oxide films increases on increasing the formation potential in both alka-
line (Figure 6.15) and acidic media (Figure 6.14). This behavior reflects the increase 
in the film thickness on increasing the formation potential.

In agreement with the foregoing set of considerations, the film resistance increases 
linearly with film formation potential in alkaline solution (Figure 6.15). However, in 
acidic media, the resistance of the oxide film decreases on increasing the film for-
mation potential, as can be seen in Figure 6.14. This can be attributed to an increase 
in the vacancy concentration within the oxide film, which could be explained by a 
field-assisted dissolution of anodic oxide film at the oxide/solution interface generat-
ing aluminum vacancies:

	 AlAl → Al3+ (aq) + V′′Al	 (6.32)
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Figure 6.15  Variation of the reciprocal capacitance and resistance of anodic oxide film on 
pure aluminum rod specimen with film formation potential in contact with 1 mM NaOH solu-
tion. (From Moon and Pyun, 1998. J. Solid State Electrochem. 2, 156–161, with permission.)
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In the above equation, AlAl represents the “normal” aluminum ion in the regular 
site of the oxide film and VAl′′ represents the negatively charged aluminum vacancy 
in the oxide film. Here, the Kröger-Vink notation for representing point defects in 
solids is used (for a more detailed view, see Chapter 9). In alkaline media, generation 
of aluminum vacancies can be explained by the occurrence of a process involving 
water molecules adsorbed on the oxide film:

	 H2O (ads) → OO + 2/3 VAl′′ + 2H+ (aq)	 (6.33)

Here, OO represents normal oxygen ion in the regular site of the oxide film. Since 
water is an uncharged species, its adsorption on the oxide film is scarcely influenced 
by the applied electric field, thus resulting in small change in the concentration of 
aluminum vacancies with the applied potential.

The current (i) measured during the growth of the porous film can be taken as 
the sum of the ionic current, iion, due to the oxidation of the metal at the metal/oxide 
interface, and the electronic current, iel, due to faradaic processes occurring at the 
oxide/electrolyte interface. The former can be described as the sum of the formation 
current density, iform, associated to oxide formation, and the dissolution current, idis, 
related to the dissolution of metal ions into the electrolyte at the pore bottom. Then,

	
i i i i i i= + = + +

ion el form dis el 	 (6.34)

The average currents can be evaluated from weight measurements by applying 
Faraday’s law (Bocchetta et al., 2007) using the following relationships:
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where Sm is the apparent surface area of the sample; (∆m)M and (∆m)MO are the masses 
of consumed metal and metal oxide formed, respectively, at a time ∆t; and z is ionic 
charge. Porosity, P, defined as the pore volume (Sp )/total volume (Sm ) ratio, can be 
calculated as (Sunseri et al., 2006):
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ion 	
(6.38)

Regular films of low porosity are desired for mechanical applications, whereas 
high pore-surface density, high pore-base diameter (probably), thickness, and real 
surface are desired for catalysis. The growth of low-porosity films is favored by 
low temperatures, low electrolyte concentrations, and high current densities. Sulfate 
additives such as Al2(SO4)3, MgSO4, Na2SO4, however, favor the appearance of pit-
ting, which is due to the nonuniform growth of film, yielding to undesired porosity, 
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roughness, cracks, etc. (Patermarakis and Moussoutzanis, 2001). Current develop-
ments attempt to obtain regularly grown, low-enough porosity, and high surface den-
sity and base diameter of the pores.

6.7 �E lectrocatalysis at Metal Oxides 
and Related Materials

The foregoing considerations have been mainly addressed to describe electrocata-
lytic processes where catalytic centers remain attached to an inert porous substrate. 
Such models can be applied to ion insertion microporous and mesoporous solids, 
typically zeolites, where ion transport through the pore/channel system of the par-
ticles can easily occur. Here, our attention will be focused in electrocatalytic pro-
cesses involving porous materials that are electrocatalytically active. This is the 
case for most porous metal oxides, whose use as electrocatalyst has attracted con-
siderable attention (Trasatti, 1994). On first examination, general ideas concerning 
electron and ion transfer through the material/electrode/electrolyte interfaces and 
charge transport across the solid previously detailed can be used. Electrochemical 
processes for electroactive oxides in contact with alkaline aqueous electrolytes 
involve the formation of surface-confined metal hydroxo- and oxo-complexes 
(Trasatti, 1994). This is supported by the fact that surface oxy groups hydrate or 
hydroxylate are in contact with aqueous media (Edgell et al., 1983; Lyons et al., 
1987) and that rapid redox reactions can occur owing to the simultaneous gain or 
loss of electrons and hydroxide ions. The oxidation of a metal center in an oxide-
type material can be represented as:

      {(–O–)nMred(OH)x(H2O)y} + zOH- (aq) → �{(–O–)nMox(OH)x+z(H2O)y-z}  
+ zH2O + ze-	 (6.39)

where {} denotes surface-confined species. In this equation, it is assumed that the 
coordination number of the metal center remains unchanged upon oxidation.

In the case of metal oxides, the eventual electron transport between contiguous 
metal centers should involve the coupled transport of hydroxo and eventually oxo 
groups, namely:

	 Mred(OH)x(surface, site 1) + Mox(OH)x+z(surface, site 2) →
	 → Mox(OH)x+z(surface, site 1) + Mred(OH)x(surface, site 2)	

(6.40)

This situation can be reconciled with the general ideas for describing electro-
chemistry of nonconducting solids with possible ion insertion (Lovric and Scholz, 
1997, 1999; Oldham, 1998; Schröder et al., 2000) of unambiguous application to 
zeolites and related materials (Doménech, 2004a). This modeling states that there 
is redox conductivity even for: (1) highly restricted electron diffusion and (2) highly 
restricted ion diffusion. The second limiting case applies for insulating metal oxides, 
the reaction being confined to the particle/electrolyte interface.

With regard to electrocatalytic processes, it is pertinent to note that in the case 
of insulating oxides, there is, in general, no possibility of substrate permeation 

K10316_Book.indb   136 10/28/09   12:48:46 PM

www.iran-mavad.com 
مرجع دانشجویان و مهندسین مواد



Electrochemistry of Porous Oxides and Related Materials	 137

within the material. Accordingly, electrocatalysis should involve the formation of 
surface-confined adducts between the substrate and the metal centers in the sur-
face of the particles of catalyst. A widely studied case is the oxidation of glucose in 
alkaline solution at RuO2-modified electrodes (Lyons et al., 1994). Here, oxometal 
surface groups act as mediators in a cyclic heterogeneous catalytic process (Lyons, 
1994). The catalytic process can be represented as:

   {RuVI} + glucose → {RuIV L glucanolactone} → {RuIV} + glucanolactone	 (6.41)

  {2RuVII} + glucose → {2RuVI L glucanolactone} → {2RuVI} + glucanolactone	 (6.42)

It is assumed that glucose experiences a keto-enol transformation to form an 
anionic enol species:

	 R-CHOH·CHO ↔ RCOH = CHOH ↔ RCOH = CHO− + H+	 (6.43)

Then, the electrostatic interaction between cationic species and the anionic glucose 
form can be taken as an important factor for promoting glucose oxidation.

This applies when catalytic centers are incorporated as dopants to the lattice of 
the base porous material. In fact, site isolation of electroactive centers immobilized 
in microporous materials and doping units in inorganic supports appears to promote 
efficient electrocatalysis for a variety of analytically significant processes. Some 
remarks can be made:

	 1.	Such systems can provide notable selective effects. These can be due to 
size- and charge-exclusion effects in microporous solids but also to sym-
metry effects associated to the coordinative arrangement of doping cen-
ters in metal oxides and related materials. Formation of surface-confined 
complexes between the substrate and the immobile redox-active center in 
the solid may involve exigent structural constraints, thus resulting in large 
selectivity.

	 2.	The electrocatalytic activity of the studied systems can be modulated by 
changing the composition and abundance of the catalytic centers but also 
the structural characteristics of the solid (Doménech and Alarcón, 2002a).

	 3.	Chiral electrocatalysis can be achieved via formation of chiral surfaces 
(Attard, 2001; Pleus and Schulte, 2001; Hazzazi et al., 2004) but also by 
inserting chiral centers into the inorganic matrix. This should apply to the 
case of monoclinic and cerium- and vanadium-doped zirconias (Doménech 
and Alarcón, 2007), which will be presented in Chapter 9.

6.8 S ite-Characteristic Electrochemistry

An interesting but relatively unexplored aspect is the existence of site-characteristic 
electrochemical responses in porous materials containing electroactive centers. 
As far as the electrochemical processes involve an interfacial electron transfer 
between the electroactive species and the electrode surface, it is reasonable to 
expect that the kinetics of that electron transfer should be conditioned by the 
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structural arrangement of the electroactive center, thus resulting in discernible 
electrochemical responses. In addition, the electrochemical response could also 
be influenced by the crystallinity, porosity, and distribution of electroactive cen-
ters in the porous material. In the following, these types of effects will be termed 
mesostructural effects.

An example of this possibility is provided by magnesium-cobalt cordierites. 
Magnesium and cobalt cordierites, CoxMg2−xAl4Si5O18 (0 < x < 2), can exist in dif-
ferent a and b forms characterized by six-membered rings of tetrahedrally coordi-
nated cations (labeled as T2 units) linked through tetrahedral (T1) and octahedral 
polyhedra (Figure 6.16). Alternate layers of the hexagonal rings are connected 
through octahedral and tetrahedral units. In magnesium cordierites, silicon occu-
pies T2 tetrahedra, whereas aluminum occupies mostly T1 tetrahedra and mag-
nesium occupies octahedral sites. In a-cordierite form, aluminum-containing 
tetrahedral units do not occupy definite positions, whereas in b-cordierite, the 
aluminum-rich tetrahedral are located in fixed sites. An additional metastable 
form, m-cordierite can also be formed. This material can be described as a solid 
solution with a m-quartz structure.

During preparation from gel precursors via a semi-wet method (Villegas and 
Alarcón, 2002), different crystalline forms of cobalt-magnesium cordierites can be 
prepared. A cordierite glass can be first obtained from gel precursors, subsequently 
yielding a crystalline phase with m-cordierite structure. This last structure is further 
converted, upon thermal treatment, into a- and b-cordierite. Spectral data suggested 
that Co2+ ions, which occupied tetrahedral sites in the glasses, move into octahe-
dral sites during crystallization. Similar considerations apply for nickel cordierites. 
Cyclic voltammograms for cobalt-glass and nickel-glass cordierites in contact with 
aqueous HCl are shown in Figure 6.17. As can be seen in this figure, different metal-
centered electrochemical processes are recorded for such materials.

T2

T1
M

Figure 6.16  Schematic representation of the pore structure of cordierites.
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Comparing voltammetric data (Doménech et al., 2004d) for cobalt cordierites 
and CoO (with octahedral Co2+ coordination) and cobalt spinel (CoAl2O4, with 
tetrahedral Co2+ coordination) revealed a significant site dependency of the elec-
trochemical response of cobalt centers. This can be seen in Figure 6.17, which 
shows linear scan voltammograms for: (a) cobalt spinel, (b) cordierite glass,  
(c) m-cordierite, (d) a-cordierite, (e) b-cordierite, and (f) CoO immersed into 1.0 M 
NaCl. Cathodic peaks were obtained for all materials in the 0.0- to −0.70-V poten-
tial range. Such electrochemical processes lead to the formation of a deposit of Co 
metal, as denoted by well-defined stripping peaks recorded at −0.15 V in anodic 
scan voltammograms corresponding to the oxidation of cobalt metal to Co2+ ions 
in solution. Again, significant differences between the electrochemical responses 
of the studied materials appear. Remarkably, the most definite stripping peaks 
are recorded for cordierite glass and a-cordierite, the most “disordered” materi-
als, whereas the responses of more “ordered” materials (m- and b-cordierite, CoO) 
consisted of weaker stripping processes at −0.15 V preceding additional oxidation 
signals, particularly at +0.40 V (Doménech et al., 2004d).

+1.0 +0.5 0.0 –0.5 –1.0

Potential (V)

(a)

(b)

10 µA

Figure 6.17  Cyclic voltammograms for: (a) cobalt-, and (b) nickel-glass cordierites 
attached to paraffin-impregnated graphite electrodes immersed into 1 M HCl. Potential 
scan rate 20 mV/sec. Materials courtesy of Prof. Javier Alarcón,  University of Valencia.
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The observed response (Figure 6.18) can be attributed to the superposition of vol-
tammetric responses for octahedrally coordinated Co2+ ions (broad peak at −0.65 
V) and tetrahedrally coordinated Co2+ centers (peaks at −0.38 and −0.58 V). For a 
cobalt cordierite, the cathodic process in acidic media can be described as a reduc-
tive dissolution/metal deposition:

	 Co2Al4Si5O18 + 6H+ + 4e− → Co + 5SiO3
2− + 4Al3+ + 3H2O	 (6.44)

+1.0 +0.5 0.0 –0.5 –1.0

Potential (V)

(a)

(b)

(c)

10 µA

(d)

Figure 6.18  Linear scan voltammograms for: (a) cobalt spinel, (b) α-cordierite, (c) 
β-cordierite, and (d) CoO, attached to paraffin-impregnated graphite electrodes immersed 
into 1.0 M HCl. Potential scan rate 20 mV/sec.
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For magnesium-cobalt cordierites, however, the electrochemical process can be 
represented as a partial dissolution of cobalt centers with concomitant coordinative 
rearranging:

	 CoxMg2−xAl4Si5O18 + 2xH+ + 2xe− → Co + Mg2−xAl4Si5O18−2x(OH)2x	 (6.45)

Obviously, the kinetics of the overall process will be influenced by both the 
partial reductive dissolution and the kinetics of the nucleation/growth of the 
deposit of Co metal. This process may involve intermediate cobalt species in 
solution or proceed via solid-to-solid conversion to a metal phase, as described 
by Hasse and Scholz (2001) for the reduction of lead oxide. The properties of 
the metallic deposit are remarkably different for each of the studied materials, 
as denoted by the observed differences in their anodic behavior. The oxidation 
signal at +0.40 V can be described in terms of total or partial oxidative dissolu-
tion processes:

	 CoII
2Al4Si5O18 + 6H+ + 2yCl- → 2CoIIICly(3−y) + + 5SiO3

2− + 4Al3+  
	                         + 3H2O + 2e− 	 (6.46)

CoII
xMg2−xAl4Si5O18 + 2zH+ + zyCl− →  

	 zCoIIICly
(3−y) + + CoIIx−zMg2−xAl4Si5O18−2z(OH)2z + ze−	 (6.47)

Or a solid-state oxidation process involving chloride coordination of surface 
cobalt centers:

     CoII
xMg2−xAl4Si5O18 + zCl− → (Cl−)zCoIIIzCoII

x−zMg2−xAl4Si5O18 + ze−	 (6.48)

An interesting implication of this site-characteristic electrochemistry is the pos-
sibility of promoting different catalytic effects. In the case of cobalt cordierites, 
significant differences were obtained in their catalytic ability with respect to the 
oxidation of polyalcohols in aqueous alkaline media (Doménech et al., 2004d). 
This can be seen in Figure 6.19, which shows the linear scan voltammograms for 
paraffin-impregnated graphite electrodes modified with: (a) cordierite glass, (b) 
m-cordierite, (c) a-cordierite, and (d) b-cordierite immersed into 2.0 mannitol 
plus 0.10 M NaOH. Remarkably, the catalytic currents are considerably larger for 
crystalline cordierites than for cordierite glass. For this material, anodic waves at 
+1.04 and +1.35 V are recorded, whereas for m-, a-, and b-cordierites overlapping 
anodic signals at +1.04 and +1.20 V appear. In the case of cordierite glass, the two 
signals could be attributed to the coexistence of: (1) two different mechanisms 
involving location of the substrate at the outer Helmholtz plane and closer to the 
oxide surface than the outer Helmholtz plane and/or (2) the action of two different 
catalytic sites (tetrahedral and octahedrally coordinated Co2+ ions). For crystal-
line cordierites, differences in their “mesostructures” (crystallinity and ordering 
in tetrahedral/octahedral units) can also be invoked for explaining the differ-
ences in catalytic response. Existing data support the idea that octahedral Co2+ 
environments in ordered crystalline structures yields more efficient and “clean” 
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electrocatalytic responses, but further research is needed for properly elucidating 
structural conditioning of electrocatalytic processes. In this sense, it should be 
noted that visualization of electroactive sites is available to scanning electrochemi-
cal microscopy. This technique has been recently used for monitoring the highly 
localized electroactivity at titanium surfaces on which a native or anodically grown 
semiconducting oxide film has been deposited (Basame and White, 1998).

+1.6 +1.0 +0.4
Potential (V)

(a)

50 µA

(b)

(c)

100 µA

100 µA

Figure 6.19  Deconvoluted linear scan voltammograms for paraffin-impregnated graphite 
electrodes modified  with  different cobalt cordierites: (a) cordierite glass, (b) m-cordierite, 
and (c) α-cordierite, immersed into 2.0 mM sorbitol plus 0.10 M NaOH. Potential scan 
rate 20 mV/sec.
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7 Electrochemistry 
of Porous Carbons 
and Nanotubes

7.1  Carbons as Electrochemical Materials

Elemental carbon is usually handled in three forms: graphite, diamond, and amor-
phous carbon. Graphite and amorphous carbon have been extensively used in 
electrochemistry because of their high electrical conductivity, chemical stability, 
versatility, and low cost. For electrochemical applications, such materials can be 
manufactured in bars, powders, and fibers or can even form conducting compos-
ites when appropriate binders are used. A number of carbon-based materials, such 
as pyrolytic carbon, carbon blacks, activated carbons, graphite fibers, whiskers, 
glassy carbon, etc., have been used in electrochemistry for decades (Yoshimura and 
Chang, 1998).

Numerous new carbon materials have recently been introduced in the field of 
electrochemistry. These materials include boron-doped diamond electrodes, fuller-
enes, porous carbons, carbon fiber electrodes, carbon nanotubes (CNTs), etc. (for a 
general overview, see Echegoyen et al., 2006 and Yoshimura and Gallage, 2008). 
Several properties of carbons make these materials of particular interest in most 
electrochemical applications—carbon materials are relatively inert in contact with 
most electrolytes, while retaining a high degree of surface activity, and allow dif-
ferent functionalization/derivatization procedures. Novel carbon materials have 
attracted attention for their use as adsorbents, gas storage and catalyst supports, and 
electrode materials in batteries, fuel cells, etc. Highly porous carbons can be used as 
electrodes in supercapacitors and batteries. Graphitic carbons reversibly intercalate 
lithium, used as the main anode material in lithium batteries (Liu et al., 2008).

7.2  Porous Carbons

The term porous carbons is used to designate the materials prepared by carbon-
ization of organic felts or fibers (cellulose, polyacrylonitrile) under inert atmo-
sphere or under reducing conditions. Complex pyrocarbon structures are formed 
depending on temperature. Ordered mesoporous carbons (OMCs) possess a uni-
form, periodic distribution of mesopores with high surface area (Ryoo et al., 
2001). Such materials can be prepared by nanocasting ordered mesoporous silicas 
such as MCM-48 or SBA-15 and mesocellular silica foams (Ryoo et al., 1999). 
During the OMC replication process, the internal porous structure of the silica 
template is inversely replicated while the external morphology of the primary 
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particles is preserved, the control of particle sizes being of interest (Joo et al., 
2008). Chemical and thermal treatments are used for the activation of carbons. 
Chemical activation, usually done via KOH, introduces oxygen functionalities in 
the carbon surface.

A frequent strategy for preparing carbon electrodes is pressing the carbona-
ceous material with a polymeric binder for compact carbon particles. Figure 7.1 
shows the variation in conductivity (using the four-point method; Bard et al., 2008) 
with pressure for activated carbon electrodes chemically prepared from naphthalene-
derived mesophase. The material was activated by KOH, thermally treated at 600 
and 1000ºC, mixed with polyvinylidene fluoride, and then thermally activated at 
the above temperatures (Ruiz et al., 2008). Thermal treatment of electrodes leads 
to a recovery of the surface area blocked by the polymer. Increase in pressure 
leads to a compact electrode with concomitant increase in conductivity because 
of the improved contact between carbonaceous particles. This effect is more pro-
nounced after thermal treatment at relatively high temperatures due to conductiv-
ity increase associated with reordering of the structure of carbonaceous particles 
and the greater conductivity of the residue that leaves the polymer compared to the 
pristine polymer.

Electrochemical impedance spectroscopy (EIS) analysis of such electrodes is 
shown in Figure 7.2. At high frequencies, the imaginary part of the impedance tends 
to zero, whereas at low frequencies it increases sharply, thus approaching the varia-
tion of impedance with the frequency expected for a pure capacitor (see Chapter 1). 
In the intermediate frequencies, a semicircle can be observed, the amplitude of 
the loop varying with the nature of the activated material. This semicircle can be 
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Figure 7.1  Conductivity of activated carbon electrodes prepared from naphthalene-derived 
mesophase chemically activated by KOH and thermally treated at 600 and 1000ºC, mixed 
with polyvinylidene fluoride, and subsequently thermally activated at the above temperatures. 
(Adapted from Ruiz et al., 2008. J. Electroanal. Chem. 618, 17–23, with permission.)
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associated to the resistance that arises from the porous structure of the electrode, the 
contact at the electrode/current collector, and/or the occurrence of faradaic phenom-
ena. For thermally treated electrodes, the loop disappears as a result of the decrease 
in conductivity of the material and the removal of surface functionalities and, con-
sequently, of faradaic effects.

Figure 7.3 shows the variation in specific capacitance, determined from galvano-
static charge/discharge measurements, with the current density for such electrodes 
in contact with 1 M H2SO4. One can observe that the capacitance of thermally 
treated electrodes is lower than those of untreated ones. Although there are several 
factors influencing capacitance, it appears that the unexpected appearance of con-
strictions at the entrance of the porous network has a negative effect on capacitance 
that cannot be compensated for by the increase in surface area of the electrodes 
(Ruiz et al., 2008).

7.3  Carbon Nanotubes and Nanoribbons

CNTs (Oberlin and Endo, 1976; Wiles and Abrahamson, 1978; Iijima, 1991; Kavan  
et al., 2001; Yang et al., 2005) and carbon nanoribbons (CNRs) (Novoselov et al., 2004) 
are graphene-type nanostructured materials having in common a fiber-type structure 
(Figure 7.4). In CNTs, sp2-hybridized carbon atoms are arranged in graphite-type sheets 
building up seamless hollow tubes capped by fullerene-type (vide infra) hemispheres.

Single-walled carbon nanotubes (SWNTs) are composed of single hollow tubes 
having a diameter between 0.4 and 2 nm. Multiwalled carbon nanotubes (MWNTs) 
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Figure 7.2  Nyquist plots for activated carbon electrodes prepared from naphthalene- 
derived mesophase chemically activated by KOH and thermally treated at 600 and 1000ºC, 
mixed with polyvinylidene fluoride, and subsequently thermally activated at the above tem-
peratures. Electrolyte, 1 M H2SO4; voltage window, 1 V. (Adapted from Ruiz et al., 2008.  
J. Electroanal. Chem. 618, 17–23, with permission.)
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are formed by concentric tubes with a diameter between 2 and 100 nm. SWNTs 
can act as semiconductors or as metallic conductors, whereas MWNTs behave as 
metallic conductors. In the case of carbon powders, different activation strategies 
typically involving chemical activation protocols with acids or alkalis can be used. 
Figure 7.5 shows transmission electron microscopy (TEM) images of untreated 
carbon nanotubes (ACNT) and activated with KOH and thermally treated at 
800ºC using different KOH/ACNT weight ratios of 3 (ACNT-3) and 5 (ACNT-5) 
(Xu et al., 2008). Unactivated nanotubes are multiwalled with diameters ranging 

Figure 7.4  Typical structure of SWCNTs.
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Figure 7.3  Variation in the specific capacitance with the current density for activated 
carbon electrodes in Figures 7.1 and 7.2. (Adapted from Ruiz et al., 2008. J. Electroanal. 
Chem. 618, 17–23, with permission.)
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between 10 and 20 nm with both outer and inner walls being smooth. After activa-
tion, both the morphology and structure of nanotubes change—the tubes becoming 
short and distorted, and some of the nanotubes becoming fractured or even pow-
dered. These effects can be attributed to the strong chemical reaction between KOH 
and CNTs at high temperature, the structural alteration being more severe as the 
KOH/ACNT ratio increases. Interestingly, some of the active sites of the surface of 
nanotubes are etched with KOH and become pores, thus increasing the surface area 
of the material. Concomitantly, the destruction of the graphitic structure of the nano-
tubes produces a decrease in conductivity.

6 nm

6 nm

6 nm

100 nm

(e)

(c)

(a)
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(d)
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100 nm
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Figure 7.5  TEM images of untreated CNTs (a, b; ACNT) and activated with KOH and 
thermally treated at 800ºC using different KOH/ACNT weight ratios of 3 (c, d; ACNT-3) and 
5 (e, f; ACNT-5). (From Xu et al., 2008. Electrochim. Acta 53, 7730–7735, with permission.)
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Figure 7.6 shows Nyquist representations of the impedance spectrum for such 
nanotubes in contact with 7 M aqueous KOH. A semicircle appears at high fre-
quency and abruptly changes to an almost vertical line at low frequency, this last 
denoting the capacitive behavior typical of CNTs.

CNRs can be described as quasi-one-dimensional systems consisting of basically 
elongated stripes of single layered graphene with a finite width. Graphene nanorib-
bons can either be metallic or semiconducting, depending on the crystallographic 
direction of the ribbon axis; the main difference between CNRs and CNTs is the 
existence of sharp edges in CNRs, so that edge effects are currently under intensive 
research (Barone et al., 2006). Both n- and p-doping of CNTs can be obtained in 
electrochemical turnovers; for instance, in Bu4NBF4/MeCN electrolytes:

	
{ } ( )CNT Bu N sol e CNT Bu N+ + → ( ){ }+ − +z z

z4 4
L 	 (7.1)

	
{ } ( )CNT BF sol CNT BF e+ → ( ){ } +− − −z z

z4 4
L 	 (7.2)

The electrochemical response of CNTs is dominated by double-layer charging 
with only a small contribution of faradaic pseudocapacitance due to surface oxides 
(Frackowiak and Beguin, 2000; Kavan et al., 2001), so that faradaic processes 
are essentially absent. In contact with aqueous electrolytes, however, weak peaks 
may eventually appear. These peaks are presumably due to faradaic pseudocapaci-
tance associated with oxygen-containing surface functionalities on CNTs and/or 
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Figure 7.6  Nyquist plots of ACNT-based electrodes in Figure 7.5 immersed into 7 M KOH.  
(From Xu et al., 2008. Electrochim. Acta. 53, 7730–7735, with permission.)
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carbonaceous impurities. Such processes were found to be pH dependent and can be 
represented by the generic expression (Barisci et al., 2000a):

	 =C=O + H+ + e− → ≡COH	 (7.3)

The appearance of weak voltammetric peaks in contact with nonaqueous electro-
lytes can be attributed to water traces (Claye et al., 2000) or to Li+ insertion (Barisci 
et al., 2000b). Lithium insertion into SWNTs exhibits fast kinetics and absence of 
staging, and Li+ ions are presumably accommodated in nanochannels occurring 
inside the nanotube bundles and ropes (Claye et al., 2000).

Correlation between spectral and electrochemical features for CNTs has been 
studied by Kavan et al. (2004). Spectral features for SWNTs in the near infrared–
visible region can be explained in terms of resonance enhancement and optical 
band-gap excitation in a one-dimensional conductor with Van Hove singularities in 
the electronic density of states (Kavan et al., 2000). Chemical redox processes can 
modify the population of such states so that the electronic structure of SWNTs can 
be tuned by chemical doping with molecules having different redox potentials or by 
controlling the interfacial potential of SWNTs in contact with an electrolyte solution, 
as studied in detail by Kavan et al. (2001).

Doping of CNTs with some types of heteroatoms may lead to the formation of 
electron excess (n-type, e.g., doping with N) of electron-deficient (p-type, e.g. dop-
ing with B) semiconducting nanotubes (Saito, 1997). Depending on the position and 
distribution of such heteroatoms, various types of nanostructured junctions with 
different electronic properties would be possibly prepared. This involves double 
coaxial CNTs of doped and undoped multiwalls or double coaxial CNTs composed 
by N- and B-doped multiwalls. Doping CNTs with N or B presumably modifies the 
electronic structure and, presumably, the conducting properties of the materials. In 
these materials, an increase in conductivity with respect to that of undoped CNTs, 
attributed to the increase in hopping frequency between the conduction and valence 
bands, has been obtained by Yang et al. (2005). As pointed out by these authors, it is 
interesting to note that this type of systems may exhibit p-n junction characteristics 
of interest for obtaining nanoelectronic devices.

With regard to their application in lithium batteries, CNTs exhibit large hyster-
esis and irreversible capacity, two properties that made their practical application 
difficult. The mesoporous character of CNTs is responsible for the ease in evacua-
tion of Li+, thus determining hysteresis, as well as for the ease in access of solvated 
ions to the active surface, thereby determining irreversible capacity (Frackowiak and 
Béguin, 2002).

7.4 F ullerenes

The term fullerenes is used to design a family of carbon allotropes whose structure is 
based on fused five- and six-membered rings forming spherical or elongated closed-
cage structures (Kroto et al., 1985) (see Figure 7.7). The most popular structure is that 
of C60, composed by spherical polyhedra containing 12 pentagons and 20 hexagons 
where carbon atoms are located at the vertices of the resulting truncated icosahedron. 
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Carbon atoms in fullerenes possess an sp2-type electronic configuration, but, in con-
trast with graphitic carbons, addition reactions at the double bond junction between 
six-membered rings are allowed. This is due to the pyramidalization of sp2 carbons 
as a result of the curvature of the structure (Bard et al., 2008). Accordingly, a variety 
of functionalized fullerenes can be prepared (Hirsch, 1993). In addition, fullerenes 
can encapsulate anions and neutral molecules, thus forming the so-called endohe-
dral fullerenes (Guha and Nakamoto, 2005) and form different types of polymeric 
chains.

Fullerenes have high electron affinity so that electrochemical reduction processes 
are easily observed. The solution-phase electrochemical response of C60 and C70 
fullerenes in MeCN/toluene mixtures at low temperature consisted of six reversible 
one-electron reductions at potentials between −0.97 to −3.26 V vs. Fc/Fc+ (Xie et al., 
1992). This can be represented as successive one-electron transfer processes:

  
C C C C C

60
e

60
e

60
2 e

60
3 e

60
4 e− − − −

 →  →  →  →− − − − −− −
 →  →− −C C

60
5 e

60
6

	 (7.4)

However, higher fullerenes and endohedral fullerenes provide a more complicated 
electrochemistry (Anderson et al., 2000).

The electrochemistry of solid fullerenes in contact with aqueous (Szucs et al., 
1996) and nonaqueous (Bond et al., 2000) electrolytes has also been studied. 
Following Bond et al. (2000), microcrystalline C60 adhered to gold, glassy carbon, 
and platinum electrodes in contact with Bu4NClO4/MeCN can be reduced by 3–5 
electrons to species in solution, whereas one- and two-electron reduction steps only 
lead to a minor level of dissolution of C60

− and C60
2−. The electrochemical pattern 

is complicated by adsorption processes of electrochemically generated ions, the 
adsorption strength decreasing on increasing the charge of the fullerene anionic spe-
cies. Solid-state electron transfers are, in principle, limited to the processes:

	
{C } C ··· Bu N

60

Bu N ,e

60 4

Bu N ,e4 4
+ − + −

 → { }  →− +  ( ){ }− +C ··· Bu N
2

4 260 	 (7.5)

Electrochemical quartz crystal microbalance (EQCM) experiments confirmed 
that C60

3− species can be oxidatively precipitated on gold, the corresponding process 
being represented as:

	
C sol Bu N sol C Bu N e

60
3

4 60
2

4 2
2− + − ++ → ( ){ } +( ) ( ) L −−

	 (7.6)

Figure 7.7  Structural representation of C60 fullerene.
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Fullerenes are versatile components able to form different macro- and supramo-
lecular structures by virtue of their ability to entrap small molecules but also by their 
capacity to be embedded into large macrocyclic molecules (cyclodextrins, caliza-
renes, porphyrins, crown ethers) and derivatized with dendrimer structures (Winkler 
et al., 2006). Fullerenes can form homopolymers (Yamawaki et al., 1993) but can 
also be incorporated into polymeric chains forming a “pearl necklace” structure 
(Loy and Assink, 1992) or acting as pendant substituents in the side chains of poly-
mers (Hirsch et al., 1991), forming the so-called charm bracelet polymers. Fullerene 
epoxide–based polymers containing an epoxy ring connecting two adjacent fuller-
ene cages can be used as precursors for a large group of epoxy resins, which can be 
synthesized from fullerene epoxides such as C60O (see Figure 7.8). Fullerene-epoxide 
polymerization can be electrochemically promoted in O2-containing aprotic sol-
vents. Electropolymerization is initiated by the well-known one-electron reversible 
reduction of O2 to O2·−, followed by nucleophilic addition of the radical superoxide 
to the fullerene:

	
O O C O O C O C O

2
e

2
· C

60
· C

60
·

60
60 60

−
 →  → − −  → +− − −

	 (7.7)

C60O·− and C60O are capable of inducing further polymerization of the fullerene.
Polymers of fullerenes with transition metal complexes exhibit electrochemical 

activity due to the reduction of fullerene moieties. This process is accompanied 
by the transport of cations from the supporting electrolyte into the film. Figure 7.9 
shows repetitive CV for C60 plus Pd(acetate)2 in MeCN plus toluene, using Bu4NClO4 
as a supporting electrolyte (Grodzka et al., 2008). Here, the current is enhanced in 
successive scans due to polymer deposition. Parallel monitoring of microgravimet-
ric changes by EQCM, shown in Figure 7.10, shows a decrease in frequency due to 
the polymer deposition process. A small decrease in frequency in the positive scan 
direction is related to film oxidation followed by egress of supporting electrolyte 
cations from the polymer film to the solution. For experiments performed in sup-
porting electrolyte alone that such systems can be considered good electrochemical 
capacitors, the pseudocapacitance performance of the polymer depended on the 
amount of polymeric material deposited on the electrode surface.

Poly C60M films can be electrochemically reduced due to the electroactivity of 
fullerene moieties. A typical process is (Winkler et al., 2006):

	 (Pd-C60-Pd)n + nTAA+ + ne− → (Pd-C60
−-Pd … TAA+)n	 (7.8)

Figure 7.8  Structural representation of C60 fullerene epoxide.
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Figure 7.9  Repetitive CV for (a) 0.25 mM C60 + 0.85 mM Pd(acetate)2 and (b) 0.25 mM C70 
+ 0.85 mM Pd(acetate)2, in 0.10 M Bu4NClO4/MeCN + toluene (1:4 v/v). Potential scan rate, 
100 mV/sec. (Adapted from Grodzka et al., 2008. J. Solid State Electrochem. 12, 1267–1278, 
with permission.)
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Figure 7.10  Multicyclic voltammetric curves and frequency changes in microgravimet-
ric experiments at Au/quartz electrode in 0.25 mM C60 + 0.85 mM Pd(acetate)2 in 0.10 M 
Bu4NClO4/MeCN + toluene (1:4 v/v). Potential scan rate, 25 mV/sec. (Adapted from Grodzka 
et al., 2008. J. Solid State Electrochem. 12, 1267–1278, with permission.)
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where TAA+ denotes a tetraalkylammonium ion from the electrolyte. Remarkably, 
the electrochemical reduction of the polymeric film results in an increase in conduc-
tivity (Balch et al., 1998). Electropolymerizations in the presence of high concentra-
tion of metal give rise to the formation of metal nanoparticles.

A variety of hybrid materials involving fullerene building blocks has been 
described. “Double cables” are polymers of transition metal cations and fuller-
ene derivatives for instance, 2′-ferrocenylpyrrrolidino[3′,4′;1,2]C60 and zinc meso- 
tetraphenylporphyrin fullerenes, whose structures are depicted in Figure 7.11. 
Fullerene peapods (Smith et al., 1998) can be described as supramolecular complexes 
formed by filling SWNTs by fullerenes, but their electrochemistry and spectroelec-
trochemistry are currently under research. Recent studies on fullerene peapods with 
single-wall CNTs (e.g., C60@SWCNT) with LiClO4 in MeCN and ionic liquid elec-
trolytes do not display voltammetric peaks, thus denoting that the electrochemical 
reduction of intratubular fullerene is hampered (Kavan et al., 2004).

(b)

NH3C

O

O

N

N N

N

Zn

Me

N Fc

(a)

Figure 7.11  Structure of 2′-ferrocenylpyrrrolidino[3′,4′;1,2]C60 (a) and zinc meso- 
tetraphenylporphyrin (b) fullerenes.
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7.5 �D irect Electrochemical Synthesis 
of Fullerenes and Nanotubes

According to Kavan (1997), electrochemical carbons are synthetic solids consisting 
mainly of atoms of elemental carbon, which can be prepared electrochemically from 
suitable precursors. Electrochemical carbonization is characterized by three specific 
features (Kavan et al., 2004): (1) ability to obtain relatively unstable carbon chains; 
(2) easy templating of carbon nanostructured materials by the precursors; and (3) 
defined kinetics of certain reactions, allowing for the control of film thickness.

Electrochemical carbonization leads to carbines and polyynes, materials that 
can also be prepared by the action of laser or synchrotron radiations on graphitic 
carbons or from methods such as cluster beam deposition or hot filament–assisted 
sputtering. As a result, polymeric structures constituted by sp-hybridized carbon 
chains of the type -(C≡C)n- and =(C=C)n= can be obtained. Electrosynthesis of 
carbon materials started from poly(tetrafluoroethylene), originally discovered by 
Janska and Dousek (1973), using reduction with a liquid amalgam of alkali metal. 
Here, the reaction yields a polyyne stabilized by interdispersed nanocrystalline 
alkali metal fluoride, which in turn protects the carbynoid skeleton against cross-
linking and/or chemical attack from the reactive environment. This can be repre-
sented as:

	 -(CF2-CF2)n– + 4nM+(Hg) + 4ne− → (-C≡C-)n + 4nMF	 (7.9)

The resulting carbon possesses a small superstoichiometric overreduction, equiv-
alent to an n-doping, the extra negative charge being compensated for by the corre-
sponding cations of alkali metals. Actual reaction products, however, are mesoscopic 
sp2-hybridized carbons with short oligoyne sequences (n < 8), whereas polyyne is 
spontaneously cross-linked to graphene (see Figure 7.12).

Direct synthesis of fullerenes and nanotubes can be performed by electrochemi-
cal dehalogenation of perhalogenated hydrocarbons. For instance, C60 can be pre-
pared from octafluoroanthracene:

	 6C10F8 + 48e− → C60 + 48F−	 (7.10)

C C

C C

C

C

C
C

C

C
C

C

Figure 7.12  Schematics for cross-link reactions producing graphene from polyynes.
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Although currently yields obtained in electrochemical synthesis of fullerenes and 
nanotubes are not yet competitive compared to those prepared via the usual pro-
cesses (carbon arc, laser ablation, etc.), such procedures are of considerable interest 
(Kavan et al., 2004).

7.6  Capacitance Response

Porous carbons and nanotubes have attracted considerable attention in relation to 
such practical issues as hydrogen storage, lithium batteries, and supercapacitors. In 
general, the electrochemical behavior of porous carbons and CNTs solely consists of 
double-layer charging processes with small or zero contribution of faradaic pseudo-
capacitance of surface oxide functionalities. This is in sharp contrast with the rich 
electrochemistry of fullerenes.

Cyclic voltammetries (CVs) of CNTs A/CoSi700 modified by electrodepos-
ited polypyrrole present the characteristic boxlike shape of an ideal capacitor 
even at moderate scan rates of 2 mV/sec, as shown in Figure 7.13 (Frackowiak 
and Béguin, 2002). Values of specific capacitance of nanotubes are significantly 
enhanced after modifications such as electrodeposition of a thin layer of conduct-
ing polymers, because of the contribution of pseudofaradaic properties of the 
polymer.

Electrochemical capacitors based on carbon materials can be divided into double-
layer capacitors, where only a pure electrostatic interaction between ions and charged 
electrode surfaces occur, and supercapacitors, based on the occurrence of faradaic 
pseudocapacitance reactions (see Chapter 10). It is generally assumed that the charge 
is mainly stored, in porous carbons, in the double layer at the electrode/electrolyte 

0.70.60.50.40.3
u (V)

0.20.10–0.1
–2.5

–2
–1.5

–0.5

0.5

1.5

2.5
2

1

0

I(m
A

)

–1

Figure 7.13  CV of CNTs A/CoSi700 modified by electrodeposited polypyrrole in con-
tact with 1 M H2SO4. Potential scan rate, 2 mV/sec. (From Frackowiak and Béguin, 2002. 
Carbon 40, 1775–1787, with permission from Elsevier.)
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interface. Remarkably, several studies indicate that there is no clear relationship 
between capacitance and specific surface area (Kim et al., 2004; Leroux et al., 
2006). In principle, the specific capacitance increases as the specific surface area 
of the carbon increases, but as far as this quantity depends on the distance between 
polarized carbon surface and solvated ions, the presence of mesopores becomes a 
determinant for ion transport.

For an ideal “carbonaceous” double-layer capacitor (see Chapter 10), the change in 
the number of electrons transferred per one carbon atom, ∆n, is (Kavan et al., 2004)

	
∆n

C M V

F
= sp C

	
(7.11)

where MC represents the atomic mass of carbon, V the potential difference, and Csp 
the specific capacitance of the system.

7.7  Carbon Functionalization

The use of redox mediators as electrode modifiers increases the catalytic ability of 
carbon electrodes toward selected electrochemical processes. Among other strate-
gies, adsorption, deposition, covalent attachment, in-site functionalization of self-
assembled monolayers, and electropolymerization have been reported (see Zhang 
and Lian, 2008). Functionalization of carbon materials by promoting the formation 
of covalent bonds can be performed mainly by: (1) direct electrochemical oxida-
tion by applying a sufficiently positive oxidizing potential, high enough to produce 
oxygenated functional groups on carbon surface; and (2) electrochemically assisted 
reaction with a functionalizing substrate. Nonelectrochemical methods for covalent 
modification of graphitic carbon substrates were recently reviewed by Barrière and 
Downard (2008).

Among others, derivatization of carbons through reduction of dizonium salts has 
found application in electrochemical sensing (Wildgoose et al., 2005). Figure 7.14 
shows scanning electron microscopy (SEM) images of native and chloronitrophenyl-
functionalized carbon powder (Pandurangappa and Ramakrishnappa, 2008) prepared 
via chemical reduction of 4-chloro-2-2dinitrobenzene-dizaonium chloride salt with 
hypophosphorous acid. Although chloronitrophenyl group–functionalized carbon 
particles exhibit a similar surface morphology to its unfunctionalized counterparts, 
the voltammetric response of functionalized carbon powder consists of well-defined 
features. This can be seen in Figure 7.15, where CVs for 4-chloro-2-nitrophenyl-
derivatized carbon powder immobilized on basal plane pyrolitic graphite electrode 
in contact with HCl plus KCl aqueous solution is shown. In the first potential scan, 
an irreversible peak at −0.52 V vs. AgCl/Ag appears. This peak is followed, in the 
subsequent scans, by an oxidation/reduction couple at ca. + 0.30, while the initial 
reduction signal disappears. This response can be interpreted in terms of the ini-
tial reduction of 4-chloro-2-nitrophenyl moiety to the corresponding chlorophenyl 
hydroxyl amine through a four-proton, four-electron irreversible process. This last 
form undergoes a reversible two-electron, two-proton oxidation yielding the chloro-
nitroso-phenyl species, as schematized in Figure 7.16. Here, the quotient between 
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Figure 7.14  SEM images for (a) native and (b) chloronitrophenyl-functionalized carbon 
powder. (From Pandurangappa and Ramakrishnappa, 2008. J. Solid State Electrochem. 12, 
1411–1419, with permission from Springer.)
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Figure 7.15  CVs for 4-chloro-2-nitrophenyl-derivatized carbon powder immobilized on 
basal plane pyrolitic graphite electrode in contact with 0.10 M HCl aqueous solution. The 
potential scan rate, 50 mV/sec.
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the number of protons, np, and the number of electrons, n, involved in the electro-
chemical process can be estimated from the slope of the linear peak potential vs. pH 
dependence using the well-known relationship (Leventis et al., 2004):

	
E E

RTn

nFp

p= −º '
.2 303

	
(7.12)

7.8  Electrocatalytic Ability

Electrocatalytic processes at carbon materials have been widely studied. First of all, 
it should be noted that porous carbons and nanotube systems are able to enhance 
voltammetric signals recorded at conventional metal or carbon electrodes because 
of the increase in specific surface area. This can be seen in Figure 7.17, which shows 
the CVs recorded at unmodified and SWNT-modified glassy carbon electrodes in 
contact with a dopamine solution in aqueous phosphate buffer. The voltammetric 
profile is essentially identical, but a general increase of the currents is observed at the 
nanotube-modified electrode, accompanied by large capacitive current, as denoted 
by the background box-shaped response.

The high electron transfer ability of porous, activated carbon materials can 
improve their electrochemical performance with respect to that at conventional 
pyrolitic and glassy carbon electrodes. It should be noted, however, that—as 
occurring for these latter electrodes—electrode conditioning and electrochemical 
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+

N
+ OH

OH
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Cl

Cl
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H

+2H+, +2e–

–H2O, +2H+, +2e–

Figure 7.16  Reaction scheme proposed by Pandurangappa and Ramakrishnappa (2008) 
for the voltammetry of 4-chloro-2-nitrophenyl-derivatized carbon powder immobilized on 
basal plane pyrolitic graphite electrode in contact with aqueous electrolytes.
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activation treatments can significantly modify the electrochemical properties of 
carbon electrodes.

The electrocatalytic ability of CNTs was first investigated by Wang and 
Mushameh (2003). A variety of electrode configurations, from powder microelec-
trodes (Zhao et al., 2003) to aligned deposits of CNTs (Gao et al., 2003), have 
been proposed. Aligned deposits of CNTs on electrode surfaces provide additional 
advantages for a maximized access of the nanotubes electrode surface and effi-
cient device construction. Formation of composites and functionalization with 
other redox-active species has attracted attention. For instance, modification of 
aligned CNTs with thionine, a purple-type dye used in several bioassays, provides 
electrocatalytic behavior to the oxidation of nitrite (Zhao et al., 2007). Figure 7.18 
compares SEM and TEM images for well-aligned pristine and thionine-function-
alized CNT arrays on Au. For the nonfunctionalized system, CNTs are vertically 
and orderly aligned together and have a slick outer wall, as can be seen in the TEM 
image. Thionine-modified CNTs become blurred in the SEM image and individual 
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Figure 7.17  CVs for a 2.5 mM solution of dopamine in 0.50 M phosphate buffer, pH 
7.0, at (a) unmodified glassy carbon electrode, (b) SWNT-modified glassy carbon electrode. 
Potential scan rate, 50 mV/sec.
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CNTs look like bigger feathers. The TEM image shows that there is much fleecy 
stuff on the surface of CNTs.

Figure 7.19 shows CVs recorded at an aqueous nitrite solution at pH 3.5 in phos-
phate-buffered saline (PBS) at glassy carbon electrode, aligned CNT electrode, and 
thionine-modified aligned CNT electrode. At glassy carbon electrode, a weak signal 
at +0.90 V vs. AgCl/Ag was obtained. At the bare aligned CNTs electrode, both the 
peak and background currents increase significantly, the peak potential being nega-
tively shifted (+0.80 V). These effects can be attributed to the higher specific sur-
face area provided by CNTs and novel electron transfer ability. At thionine-modified 
aligned CNTs electrode, a prominent oxidation peak appears. The catalytic mecha-
nism proposed by Zhao et al. (2007) is schematically depicted in Figure 7.20.

15 kV ×5,000

×5,000

5 µm

5 µm 10 kV

b

a

Figure 7.18  SEM images of (a) aligned CNTs electrode and (b) thionine-modified aligned 
CNTs electrode. Insets in (a) and (b) illustrate the corresponding TEM images. (From Zhao 
et al., 2007. Electrochem. Commun. 9, 65–70, with permission.)

K10316_Book.indb   160 10/28/09   12:49:06 PM

www.iran-mavad.com 
مرجع دانشجویان و مهندسین مواد



Electrochemistry of Porous Carbons and Nanotubes	 161

Another plausible strategy consists of the functionalization of CNTs via covalent 
attachment of selected groups. This is the case of thiol and thiol-plus macrocyclic 
m-crown-n ether (m = 12, n = 4, and m = 15, n = 5)–functionalized single-wall CNTs 
(mCnSHa-SWNT) prepared by Alvaro et al. (2007). The functionalization process 
and the structure of pendant units are depicted in Figure 7.21. Attachment of such 
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Figure 7.19  CVs of 0.10 mM NO2
− in PBS buffer solution, pH 3.5, on (a) glassy carbon 

electrode, (b) aligned CNTs electrode, and (c) thionine-modified aligned CNTs electrode. 
Potential scan rate, 100 mV/sec. (From Zhao et al., 2007. Electrochem. Commun. 9, 65–70, 
with permission.)
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Figure 7.20  Electrocatalytic mechanism operating for nitrite oxidation at thionine- 
modified aligned CNTs electrode according to Zhao et al. (2007. Electrochem. Commun. 9, 
65–70, with permission.)
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CNTs to gold electrodes provides an efficient and selective electrocatalytic response 
with respect to the oxidation of 3,4-methylenedioxymethyl metamamphetamine 
(MDMA, “ecstasy”) and 3,4-methylenedioxymethyl amphetamine (MDA), two 
well-known designer drugs, in aqueous phosphate buffer. This procedure combines 
the conducting and catalytic ability of nanotubes with their efficient attachment to 
gold substrates through the thiol group. A high selectivity is obtained with respect to 
the common interferents in the electrochemical determination of MDA and MDMA: 
dopamine, ascorbic, and uric acids.

The selective electrocatalytic response can be seen in Figure 7.22, correspond-
ing to the CV responses at unmodified and 15C5SHa-SWNT thiol–modified and 
macrocyclic polyether crown, doubly functionalized CNT–modified gold elec-
trodes in an MDMA solution in aqueous phosphate buffer. The anodic peak ca. 
+1.20 V becomes considerably enhanced at CNT-modified electrodes, where the 
crown ether groups act as preconcentration units by selectively complexing the 
analytes and provide charge and lipophilic/hydrophilic selectivity with regard to 
their interferents.

The possibility of MDA or MDMA determination in the presence of the afore-
mentioned interfering compounds is illustrated in Figure 7.23, which shows the CV 
responses recorded at solutions of p-methoxyamphetamine (PMA), a model com-
pound for MDA and MDMA containing an excess of (a) uric acid, (b) dopamine, 
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Figure 7.21  Scheme for thiol- and macrocyclic polyether crown doubly functional-
ized CNTs.
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and (c) ascorbic acid. In all cases, the oxidation peak of MDMA becomes well 
defined, whereas weak voltammetric peaks recorded for the interferents, all exhib-
iting oxidation waves in the +0.20 to +0.40 V range at nonmodified electrodes, 
remain weaker.

First of all, the catalytic ability of mCnSHa-SWNT-modified electrodes for MDMA 
and MDA oxidation can be associated to the preconcentrating effect due to the coor-
dination of ammonium groups to the polyether macrocyclic crown (Figure 7.24). The 
weak electrochemical response of such interferents at mCnSHa-SWNT-modified 
electrodes with respect to those obtained at unmodified ones can be attributed, in the 
case of ascorbic and uric acids, to the absence of ammonium groups capable of being 
coordinated with the macrocyclic ring of SWNTs. In addition, the anionic nature of 
these species under our experimental conditions can contribute to hindering their 
electrochemical response by electrostatic repulsion. Given the pKa values (4.2 for 
ascorbic acid and 5.4 for uric acid), at pH 7.4, the anionic forms ascorbate and urate 

–0.20.20.40.60.8
Potential/V
1.01.21.41.61.8

–8.0

–6.0

–4.0

–2.0

–8.0

Cu
rr

en
t/1

e-
4A

Cu
rr

en
t/1

e-
4A

–6.0

–4.0

–2.0

0 (a)

(b)0

0

Figure 7.22  CVs for a 0.72 mM MDMA solution in 0.50 M aqueous phosphate buffer 
(pH 7.4) at: (a) unmodified gold; (b) 15C5SHa-SWNT thiol- and macrocyclic polyether crown 
doubly functionalized CNTs electrode. Potential scan rate, 50 mV/sec. (Disposal of materials 
courtesy of Hermenegildo García, Polytechnical University of Valencia.)
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largely prevail in solution. As a result, electrochemical oxidation of ascorbate and 
urate are disfavored at SWNT-modified electrodes.

In the case of dopamine, however, there is an ammonium group capable of 
binding with the pendant macrocyclic units of SWNTs, but apparently there is no 
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Figure 7.23  Deconvolution of CVs at 15C5SHa-SWNT-modified gold electrodes 
immersed into 0.50 M phosphate buffer solutions (pH 7.4) containing: (a) 0.12 mM PMA 
+ 1.25 mM uric acid; (b) 20 µM PMA + 0.25 mM dopamine; (c) 0.18 mM PMA + 0.88 mM 
ascorbic acid. Potential scan rate, 50 mV/sec. (Disposal of materials courtesy of Hermenegildo 
García, Polytechnical University of Valencia.)
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significant dopamine-receptor interaction. On comparing the macrocycle-substrate 
interaction, for PMA, MDA, MDMA, and dopamine, one can take into account that 
the strength of that interaction and, consequently, the extent of analyte-crown ether 
recognition, depend significantly on electronic and solvation factors, so that equi-
librium formation constants can be factorized from several parameters (Reviriego 
et al., 2002). Accordingly, the lipophilic character of PMA, MDA, and MDMA 
should justify the existence of a strong interaction with the macrocyclic receptor 
units inserted in the SWNTs.
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Figure 7.24  Scheme for the coordination of MDA and MDMA to 15C5SHa-SWNT 
thiol- and macrocyclic polyether crown doubly functionalized CNTs.
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8 Electrochemistry of 
Porous Polymers and 
Hybrid Materials

8.1 ��O rganic-Inorganic Hybrid Materials 
and Nanocomposites

The label of hybrid materials can be assigned to a variety of systems having in com-
mon a combination of organic and inorganic components blended on the molecular 
scale. Following Kickelbick (2007), one can distinguish between organic-inorganic 
hybrids sensu stricto, when inorganic units are formed in situ by molecular precur-
sors, and nanocomposites, when discrete structural units are used in the respective 
size regime. Nanocomposites are usually formed by embedding nanoparticles, nano-
wires, nanorods, carbon nanotubes, etc., in an organic polymer.

Preparation strategies involve either the combination of building blocks, which 
retain, to a great extent, their molecular integrity throughout the process of material 
formation, or the transformation of building precursors into a novel material. Most 
of the development of hybrid materials derives from the use of sol-gel technolo-
gies. Hybrid materials can involve relatively weak interactions such as van der Waals 
forces or hydrogen bonding (class I hybrid materials) or covalent bonding between 
the building blocks (class II).

Since 1990, a wide variety of composites and hybrid materials has been prepared 
and electrochemically characterized. In this chapter, only a fraction of these materi-
als will be presented. In the case of materials that can be described as a result of the 
attachment of an organic moiety to an inorganic network, one can distinguish between 
network modification, network building, and network functionalization. In the first 
case, the organic units are anchored to the inorganic support, which results in modify-
ing only its surface properties. In a functionalized system, a reactive organic group 
is bonded to the inorganic support, whereas if a mixed network is formed by com-
bining both the organic and inorganic moieties, both moieties are termed as network 
builders. In this context, the term nanocomposite is used when the size of one of the 
structural units falls in the 1- to 100-nm range. Nanoparticles, nanorods, metal-oxo 
clusters, fullerenes, carbon nanotubes, spherosilicates, and oligomeric silsesquioxanes 
are included in this group. Applications of hybrid materials and composites comprise 
catalysis, batteries, optoelectronic devices, corrosion inhibition and so forth. In most 
cases, multifunctional materials can be prepared from different molecular precursors.

In this chapter, attention will be focused on hybrid materials involving polymeric 
species. However, it should be noted that a wide variety of composites are currently 
under research—for instance, NiO plus yttrium-stabilized zirconia (Lee et al., 2001) 
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or nanocomposite materials formed by dispersion of metal oxide catalysts such as 
RuO2 into different support materials (silica, zeolites, titania, carbon, carbon nano-
tubes, organic functionalized mesoporous silicas) (Rassaei et al., 2008). In addition, 
new types of hybrid nanomaterials enter into the scene: functionalized and struc-
tured metal nanoparticles and binary and ternary hybrid nanocrystals, for instance, 
Au-Fe3O4 (Shi et al., 2006).

8.2 � Porous Polymers

In recent years, special attention has been paid to porous polymers that could be 
used as electrolytes, such as poly(acrylonitrile) or poly(methyl methacrylate), in high 
power applications (Devaraj et al., 1990; Yan et al., 1996). In the search for higher 
ionic conductivities at room temperature, several strategies have been achieved either 
by varying the conductivity of the polymers or lowering their glass transition tem-
perature. Such strategies include copolymerization (Wieckzorek and Stevens, 1997), 
comb branch polymers (Booth et al., 1989), cross-linked networks (MacCallum  
et al., 1981; Watanabe et al., 1987), and combinations (Kim et al., 1996). In the last 
case, the working system consists of films prepared from polymer solutions plus 
a lithium or sodium salt (typically, NaClO4) and a plasticizer, as described by 
Reddy et al. (2007). Figure 8.1 shows the impedance plot for a zeolite Y–associated 
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Figure 8.1  Nyquist impedance plot for a zeolite Y-associated poly(p-phenylenevinylene) 
film in contact with 0.10 M H2SO4.
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poly(p-phenylenevinylene) (Álvaro et al., 2007) in contact with 0.10 M H2SO4. The 
conductivity of the system results from the summation of electronic and ionic con-
ductivities; this last can be calculated from the area, thickness, and bulk resistance 
of the film using EIS data.

Electrochemical impedance spectroscopy (EIS) spectra suggest that the migra-
tion of ions may occur through the free volume of the matrix polymer, which 
can be represented by an ohmic resistance. The immobile polymer chains become 
polarized in the alternating field, and can be represented by a capacitor. When the 
concentration of plasticizer increases up to a certain value, the resistive component 
of polymer electrolyte prevails. Factors influencing conductivity are the degree 
of crystallinity, dielectric permittivity of the polymer, and coupling ions with the 
polymer chain. The conductivity of solid polymer electrolytes can be enhanced by 
using polymer hosts with high dielectric permittivity for favoring electrolyte dis-
sociation and low glass transition temperature and/or two-phase polymer blends 
(Choe et al., 1995).

8.3 � Hybrid Materials Based on Modification 
of Conducting Organic Polymers

From the seminal work of Shirakawa et al. (1977), redox-active π-conjugated conduct-
ing polymers have received considerable attention not only because of their conduct-
ing properties but also for their frequently reversible redox chemistry, ionic transport 
properties, tunable doping states, and electro-optical properties (Miller, 1993a,b). 
These include, among others, polypyrrole, polyaniline (PANI), polythiophene, and 
different copolymers. Figure 8.2 shows the typical response (see Pournaghi-Azar 
and Habibi, 2007) of PANI films during formation by electropolymerization from 
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Figure 8.2  Repetitive CV response at glassy carbon electrode for a 10-mM aqueous solu-
tion of aniline in 0.10 M H2SO4. Potential scan rate, 50 mV/sec.
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an aqueous solution of aniline in 0.10 M H2SO4 aqueous solution. In the first anodic 
scan, a prominent oxidation peak ca. + 0.95 V appears. This process promotes radical 
cation formation and subsequent polymerization. Upon repetitive cycling the poten-
tial scan, overlapping couples at +0.18, +0.40, and +0.65 V vs. AgCl/Ag, appears. 
The height of the voltammetric peaks is enhanced in repetitive scans, a feature char-
acterizing electropolymerization processes.

Polymers possess a characteristic size and dimensionality in between those of 
molecular and extended species. Two distinct classes of polymer-based, hybrid 
organic-inorganic materials can be distinguished: those in which the polymers con-
stitute the matrix where inorganic species are inserted or integrated and those where 
the organic polymer in inserted into a more extended inorganic matrix, although, 
obviously, there are borderline materials challenging this classification such as V2O5-
polyaniline (Cuentas-Gallegos et al., 2004).

In the context of porous hybrid materials, one can note that preparation of com-
posites of inorganic materials with conducting organic polymers is currently under 
intensive research in order to combine catalytic properties of inorganic materials 
with conductivity and redox properties of such polymers.

The insertion of molecular inorganic species into a conducting organic poly-
mer network can be obtained via copolymerization and functionalization but also 
by using doping strategies, so that charged inorganic species can be attached as 
charge-balancing ions in the polymer network. Different conducting polymers 
modified with anionic inorganic species, namely, oxometalates, complexes with 
organic ligands, macrocyclic compounds, etc., have been described. As an example, 
polymers embedded in porous aluminosilicates show EIS responses as depicted 
in Figure 8.3. In log Z vs. log f plots, a horizontal-like plateau is obtained at high 
frequencies, thus providing an ohmic resistance, Ru, which can be identified as the 
electrolyte resistance, Relectrol, in series with the polymer resistance, Rpoly. At low 
frequencies, the charge transfer resistance, Rct, also contributes significantly, so that 
the Ru + Rct sum can be read at the low-frequency intercept.

The EIS response depends on the film thickness and morphology, applied poten-
tial, and, obviously, the nature of the components of the hybrid system. The hydro-
phobic nature of the polymer, the level of doping within the film, and the size of 
ions in contact with the polymer surface are factors to be considered for studying 
the response of such materials. In short, the kinetics of the overall charge transfer 
process should take into account (1) electron hopping between adjacent redox sites 
(Andrieux et al., 1986) usually described in terms of a Warburg diffusion impedance 
element (Nieto and Tucceri, 1996) and (2) double-layer charging at the metal-film inter-
face, represented in terms of a double-layer capacitance element.

When the polymer film is oxidized, its electronic conductivity can exceed the 
ionic conductivity due to mobile counterions. Then, the film behaves as a porous 
metal with pores of limited diameter and depth. This can be represented by an 
equivalent circuit via modified Randles circuits such as those shown in Figure 8.4. 
One Warburg element, representative of linear finite restricted diffusion of dop-
ants across the film, is also included. The model circuit includes a charge trans-
fer resistance, associated with the electrode/film interface, and a constant phase 
element representing the charge accumulation that forms the interfacial double 
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layer (Galal et al., 2007). In the low-frequency region, the impedance of the 
Warburg element, ZD, can be expressed as a function of a diffusion pseudoresis-
tance, RD, a diffusion pseudocapacitance, CD, and a diffusion time constant, τD, 
related by:
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Figure 8.3  Bode plots Ru(bpy)-PA attached to MCM-41 immersed into 0.10 M of H2SO4. 
(Material courtesy of Prof. Hermenegildo García, Polytechnical University of Valencia.)
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Figure 8.4  Equivalent circuit for describing EIS of conducting polymers.
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The impedance of a one-dimensional cylindrical pore structure with invariant 
interfacial impedance Zo along the wall of the pores can be described in terms 
of the electrolyte resistance; the impedance for a single pore, Zp; the imped-
ance of the pore wall, Zwall; the pore radius, rp; and the pore length, lp, using the 
relationships:

	
Z R Z R Z

p
= ( ) coth ( / )/

electrol wall electrol wall
1 2 11 2/

	 (8.2)

	

Z
Z

r l
o

p p
wall

=
2π

	
(8.3)

	

R
l

r
p

p
electrol

=
σπ

	
(8.4)

Here, σ represents the Warburg coefficient, which can be estimated from the slope 
of the log Zreal vs. log f representation in the region of intermediate frequencies, 
where:

	
Z R R

ureal ct
= + + σ w/ /1 2

	 (8.5)

PANI is one of the most remarkable materials of this type of compounds because 
of its stability, conductivity, catalytic ability, and electrochemical properties. Its 
characteristics can be modified by incorporation of inorganic particles although it 
can also be regarded as a conducting network to be combined with inorganic com-
ponents (Fusalba and Bélanger, 2000). It is known that PANI polymers can exist in 
five differently colored forms or “states,” usually labeled as leucoemeraldine (light 
yellow), protoemeraldine (green), emeraldine (deep green), nigraniline (blue), and 
pernigraniline (violet) (Prakash, 2002), whose interconversion is schematized in 
Figure 8.5 and Figure 8.6. In the more reduced form, leucoemeraldine, all nitrogen 
units remain as amine groups, whereas the protoemeraldine and emeraldine forms 
incorporate until one half of nitrogen units remain as protonated imine groups. The 
nigraniline form possesses amine groups, protonated imine units, and deprotonated 
imine groups. Finally, the pernigraniline state of the PANI chain corresponds to a 
fully oxidized form where all imine groups become deprotonated. Film thickness, δ, 
can be estimated from:

	
d

r
= qM

zFA 	
(8.6)

where q represents the charge necessary to switch from one form to another, M is 
the molecular mass of the monomer, A is the electrode area, ρ is the density, and 
z is the number of charge of the monomer in polymer chains (Duic and Grigic, 
2001).
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Composite films of conducting polymers with other materials have been prepared; 
for instance, polyaniline and molybdenum oxide formed by electrocodeposition in 
aqueous media (Liu et al., 2007). Polyoxometalate-polymer hybrid materials have 
been widely studied. The strong oxidizing potential and acid character of acidic 
forms of oxometalates (e.g., “phosphomolybdic acid”) are convenient properties 
for polymerizing monomers, such as aniline, pyrrol, or thiophene, to yield the 
corresponding p-doped polymers where bulky polyoxometalate species become 
trapped within the polymeric matrix via oxidative doping. The amount of electro-
active guest anions incorporated within the polymer matrix is, in principle, limited 
by the doping level attainable for the polymer, the spatial distribution within the 
polymeric matrix depending on the conditions of preparation of the hybrid mate-
rial. It should be noted that deinsertion of doping species can occur when the 
polymer is reduced, thus resulting in the loss of the desired activity. This is one 
of the reasons for studying polyoxometalate/conducting polymer hybrid materials, 
because the low diffusion rate of these species relative to that of common doping 
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Figure 8.5  Schematics for the electrochemical oxidation of the emeraldine form of PANI. 
(From Doménech et al., 2008. J. Electroanal. Chem. 624, 275–286, with permission.)
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anions (ClO4
−, Cl−) makes them appropriate candidates for remaining anchored 

to the polymer network during oxidative steps. In fact, polyoxometalate-doped 
polymers can run as cation-inserting redox materials, a property of interest, for 
instance, in lithium batteries.

8.4 ��H ybrid Materials Based on Modification 
with Conducting Polymers

Different hybrid materials formed by insertion of organic polymers into inorganic 
substrates have been prepared. Layered materials are well known as host matrices 
for the incorporation of a large variety of polymeric organic species. Generally, the 
inorganic part is finely dispersed or exfoliated within the polymer, but, alternatively, 
the polymer can form laminae intercalated in laminar solids. This is the case for lay-
ered double hydroxides (LDHs, see Chapter 6), whose structure is closely related to 
that of the brucite, Mg(OH)2, in which the partial substitution of some of the divalent 
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Figure 8.6  Schematics for the electrochemical reduction of the emeraldine form of PANI. 
(From Doménech et al., 2008. J. Electroanal. Chem. 624, 275–286, with permission.)
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cations in octahedral positions with trivalent metallic ions results in the generation 
of positive charge supported by the hydroxyl layer. The substitution of the interlamel-
lar anions by negatively charged species allows for the preparation of hybrid mate-
rials. This goal can be achieved via different procedures, of which delamination/ 
restacking is one of the most versatile (Liu et al., 2006). This method consists of 
the delamination of the LDH system by mechanic shaking in organic solvents and 
subsequent addition of the anionic substituent molecule to the delaminated material, 
thus promoting the flocculation of the intercalated material. Using this methodol-
ogy, an LDH-supported polyaniline material can be prepared by the intercalation 
of an emeraldine-conductive PANI solution into a ZnAlNO3

−-LDH inorganic host 
(Doménech et al., 2008).

Attachment of PANI to this inorganic support determines a significant varia-
tion in the electrochemistry of the polymer, as can be seen by comparing cyclic 
voltammetries (CVs) in Figure 8.2 and Figure 8.7. Modulation of the electro-
chemical properties of the polymer in its different oxidation states as a result  
of the interaction with the inorganic support can be seen in Figure 8.8, which 
displays the CVs for a glassy carbon electrode modified with ZnAlNO3

−-LDH-
PANI immersed into 0.50 M phosphate buffer. On scanning the potential from 
the open circuit potential in the positive direction (Figure 8.7a), a weak oxida-
tion wave appears at +0.20 V vs. AgCl/Ag preceding a prominent anodic peak at 
+0.60 V, followed by a shoulder near +0.85 V. In the subsequent cathodic scan, 
no cathodic counterparts of the above signals were detected and only a cathodic 
peak at −0.60 V is recorded. When initiating the potential in the negative direc-
tion (Figure 8.7b), a cathodic shoulder at ca. −0.60 V is accompanied, in the sub-
sequent anodic scan, by the oxidation peak at +0.60 V. This voltammetry clearly 
differs from that obtained for PANI films in contact with aqueous electrolytes, 
illustrated in Figure 8.2.

A significant electrolyte-dependent response was obtained for ZnAlNO3
−-LDH-

PANI in contact with different MeCN electrolytes, thus denoting that PANI-intercalated 
species are responsible for the electrochemistry of ZnAlNO3

−-LDH-PANI material. 
As shown in Figure 8.7, upon immersion of ZnAlNO3

−-LDH-PANI-modified elec-
trodes in Bu4NPF6/MeCN electrolytes, weak cathodic signals were recorded in initial 
cathodic scan voltammograms, whereas two prominent overlapping oxidation peaks 
at +1.20 and +1.46 V appeared in the subsequent anodic scan and in initial anodic 
scan voltammograms. In contrast, initial cathodic scan CVs in LiClO4/MeCN elec-
trolytes exhibit a well-defined cathodic signal at −1.86 V, whereas the response in the 
positive region of potentials becomes similar to that described when in contact with 
Bu4NPF6/MeCN.

A plausible—but tentative—representation of oxidation processes recorded for 
ZnAlNO3

−-LDH-PANI-modified electrodes in contact with aqueous phosphate 
buffers involves the issue of NO3

− ions as depicted in Figure 8.9. Subsequent reduc-
tion of the generated nigraniline and pernigraniline forms should be conditioned 
by the need for adding anions and protons or cations from the electrolyte. As a 
result, no cathodic counterparts of the oxidation peaks at +0.60 and +0.85 V are 
recorded.
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Reduction of ZnAlNO3
−-LDH-PANI involves the ingress of electrolyte charge-

balancing cations, essentially hindered for bulky Bu4N+ species. A schematic repre-
sentation of reduction processes from the emeraldine form is presented in Figure 8.10. 
Cathodic processes also behave irreversibly, attributable to the difficulty in removing 
anions from the LDH framework and the concomitant ingress of electrolyte cations 
into the LDH-PANI system. Oxidation of PANI species generated by electrochemi-
cal reduction of the parent emeraldine-type LDH-PANI should occur at potentials 
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Figure 8.7  CVs of glassy carbon electrodes modified with ZnAlNO3
−-LDH-PANI 

immersed into 0.50 M phosphate buffer (pH 7.0). (a) Initial anodic scan; (b) initial cathodic 
scan. Potential scan rate, 50 mV/sec. (From Doménech et al., 2008. J. Electroanal. Chem. 
624, 275–286, with permission.)
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of −0.05 and +0.20 V, being highly constrained by ion transport across the LDH-PANI 
system. A tentative representation of electrochemical oxidation of emeraldine is 
shown in Figure 8.10.

Atomic force microscopy (AFM) examination of LDH-PANI deposits over a 
graphite plate during application of different potentials shows changes in the vol-
ume and morphology of LDH-PANI particles depending on the applied potentials. 
This can be seen in Figure 8.11, which shows the AFM images recorded for an 
LDH-PANI immersed into phosphate buffer: (a) at open circuit potential, (b) after 
scanning the potential to +1.20 V at 10 mV/sec, and (c) upon scanning the potential 
again from +1.20 to −1.00 V. Initially, irregular aggregates of hydrotalcite nanopar-
ticles 100–150 nm in size were observed. After scanning the potential to +1.20 V,  

1.8 1.2 0.6 0 –0.6 –1.2 –1.8 –2.4
Potential / V

(a)

(b)

(c)

10 µA

Figure 8.8  Semiderivative convolution of CVs for ZnAlNO3
−-LDH-PANI-modified 

glassy carbon electrode. (a) Initial cathodic scan, 0.10 M Bu4NPF6/MeCN; (b) initial cathodic 
scan, 0.10 M LiClO4/MeCN; (c) initial anodic scan, 0.10 M LiClO4/MeCN. Potential scan, 
rate 100 mV/sec. (From Doménech et al., 2008. J. Electroanal. Chem. 624, 275–286, with 
permission.)
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a very small decrease in the volume of several particles was observed in large crys-
tals, whereas when the potential is brought back to 0.0 V and further to −1.00 V, a 
significant expansion in the volume of such particles is observed, and even particle 
interconnections appear. These features can be rationalized, on the basis of the pre-
vious reaction scheme, by assuming that: (1) oxidation of the parent emeraldine form 
results in proton loss and extensive double bond formation in nitrogenated chains of 
the polymer, thus slightly lowering the volume of the polymer incorporated to the 
hydrotalcite particles; (2) reduction of emeraldine implies single-bonded chains with 
concomitant ingress of cations (see reaction schemes in Figure 8.9 and Figure 8.10) 
and electrons in the LDH-PANI system. As a result, the volume of polymeric chains 
becomes significantly enlarged, even forming links between PANI units from differ-
ent hydrotalcite crystals, as suggested by AFM image in Figure 8.11c.

Changes in conductivity of LDH-PANI associated to the above electrochemical 
processes were monitored by EIS upon application of potentials of 0 (open circuit), 
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Figure 8.9  Schematics for the electrochemical oxidation of the ZnAlNO3
−-LDH-

PANI system starting from the emeraldine form of PANI. (From Doménech et al., 2008.  
J. Electroanal. Chem. 624, 275–286, with permission.)
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+0.90, and −0.80 V. The corresponding representations are shown in Figure 8.12. In all 
cases, the total impedance decreases on increasing frequency. Remarkably, at all fre-
quencies, the impedance upon application of a potential of +0.60 V is ten times larger 
than that obtained at open circuit. This result is consistent with the idea that emeral-
dine is oxidized to nigraniline at that potential. It has been proposed that the extensive 
π conjugation in the polymer chain of the emeraldine form of PANI, and hence, the 
high conductivity of the polymer came from the preferential protonation of the imine 
nitrogen, although the amine nitrogens are stronger bases (Prakash, 2002). The extent 
of the protonation of the polymer decreases as the oxidation state increases, so that 
the pernigraniline form should be little or not protonated in these forms. Formation of 
nigraniline then results in a significant decrease in the conductivity.

Upon application of a potential of −0.90 V, however, the total impedance at low 
frequencies is close to that obtained at +0.80 V, further decreasing to values close 
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Figure 8.10  Schematics for the electrochemical reduction of the ZnAlNO3
−-LDH-

PANI system starting from the emeraldine form of PANI. (From Doménech et al., 2008.  
J. Electroanal. Chem. 624, 275–286, with permission.)
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to those recorded at open circuit at frequencies greater than 10 kHz. This variation 
can be seen in Figure 8.13, where the Nyquist representation at frequencies above  
10 Hz is depicted. This peculiar variation of impedance should be consistent with the 
electrochemistry of LDH-PANI described above. At low frequencies, electrochemi-
cal reduction of LDH-PANI occurs, thus forming protoemeraldine and leucoemer-
aldine and decreasing conductivity with respect to that of the parent emeraldine. At 
relatively high frequencies, ion transport becomes considerably slower and reduc-
tion processes are hindered. Accordingly, the impedance response is equal to that 
obtained for emeraldine at open circuit.

(a)

(b)

(c)

Figure 8.11  (See color insert following page 94.) AFM images (750−750 nm in size) 
recorded for a ZnAlNO3

−-LDH-PANI deposit on graphite plate immersed into 0.50 M phos-
phate buffer at (a) open-circuit conditions, (b) upon scanning the potential to +1.20 V at  
10 mV/sec, and (c) upon scanning again the potential from +1.20 to −1.00 V at 10 mV/sec. 
(From Doménech et al., 2008. J. Electroanal. Chem. 624, 275–286, with permission.)
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8.5 ��E lectrochemical Monitoring of Polymerization 
in Hybrid Systems

Redox conductivity of conducting polymers involves anion insertion associated to 
oxidation processes (p-type doping) and cation insertion coupled with reduction 
ones (n-type doping). Efficient polymer-based electronic devices require lowering 
of the redox potential of the involved electron transfer processes, and electrochemi-
cal reversibility is necessary to allow repetitive charge/discharge processes. In the 
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Figure 8.12  Representation of the variation of the total impedance with the frequency for 
EIS obtained for glassy carbon electrodes modified with LDH-PANI immersed into 0.50 M 
phosphate buffer (pH 7.0) at applied potentials of 0 V (squares), +0.90 V (solid circles), 
and −0.80 V (circles).
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Figure 8.13  Nyquist representations for EIS obtained for glassy carbon electrodes modi-
fied with LDH-PANI immersed into 0.50 M phosphate buffer (pH 7.0) at applied potentials of 
0.0 V (circles), +0.60 V (solid circles), and −0.80 V (squares).
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attempt to accomplish the above conditions, different functional groups have been 
attached to polyacetylene chains (Alvaro et al., 2005); however, achievement of 
electrochemical reversibility is made considerably difficult by chemical reactions 
accompanying electron transfer processes.

In this context, an alternative means of stabilizing reactive charged species result-
ing from p- and n-doping of polyacetylenes consists of their anchorage to a noncon-
ducting inorganic matrix. This strategy has been widely used for stabilizing organic 
reactive species into inorganic hosts, particularly zeolites (see Chapter 4). This 
type of material combines the redox activity of the organic guest with the ability of 
zeolites for stabilizing positively charged species, thus stabilizing reactive cations, 
blocking cross-link reactions, and protecting such reactive species from the attack of 
external reagents, particularly oxygen.

Figure 8.14 compares the CV response of zeolite Y-associated poly 
(thienylacetylene) (PTA@Y) in contact with Bu4NPF6/MeCN, Et4NClO4/MeCN, 
and LiClO4/MeCN electrolytes. In all electrolytes, a well-defined oxidation peak 
appears at +1.44 V, followed by an ill-defined wave near +2.4 V. In contact with 
Bu4NPF6   /MeCN and Et4NClO4/MeCN electrolytes, no coupled cathodic peaks were 
recorded in the subsequent cathodic scan even at potential scan rates of 1000 mV/
sec, denoting that the main oxidation process corresponds to an irreversible electron 
transfer or an electron transfer followed by a fast chemical reaction. At more negative 
potentials, a weak reduction wave near −1.0 V was recorded. In contrast, in contact 
with LiClO4 /MeCN, a well-defined cathodic peak appears at +0.82 V, followed by 
overlapping cathodic signals at −1.05 and −1.51 V.

Remarkably, peak currents for PTA@Y immersed into LiClO4/MeCN were con-
siderably larger than those recorded for PTA@Y-modified electrodes in contact with 
Bu4NPF6/MeCN and Et4NClO4/MeCN electrolytes. As can be seen in Figure 8.14, 
in the second and successive scans, peak currents decreased rapidly for PTA@Y 
immersed into Bu4NPF6/MeCN and Et4NClO4/MeCN electrolytes, whereas a slow 
decay of peak currents was observed for such modified electrodes in contact with 
LiClO4/MeCN.

Separation of the cathodic and anodic components of the net current (measured 
at the end of forward and backward pulses) in square-wave voltammetries (SQWVs) 
provided only anodic components for PTA@Y electrodes immersed into Bu4NPF6/
MeCN, as depicted in Figure 8.15. In contrast, SQWVs display well-developed 
anodic and cathodic components for PTA@Y electrodes in contact with LiClO4/
MeCN. This feature, indicative of reversible electron transfer processes, was found 
to be more pronounced on decreasing square-wave frequency.

Reduction of zeolite-associated poly(thienylacetylene) oligomers can be rep-
resented as a one-electron per monomer electron transfer process schematized 
in Figure 8.16, where an anion radical is formed. Reduction of zeolite-associated 
poly(thienylacetylene) can be described in terms of the formation of radical anion 
species coupled with the ingress of electrolyte cations M+ (=Bu4N+, Et4N+, Li+) 
into the zeolite framework (equivalent to the n-type doping in redox polymers in 
solution). Now, radical anion species are formed, being eventually stabilized into 
the zeolite pore/channel system, as described for zeolite-associated Meisenheimer 
anions (Doménech et al., 2005b). Since the reduction process requires the ingress of 
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Figure 8.14  CVs of PTA@Y-modified electrodes immersed into: (a) 0.10 M Bu4NPF6/
MeCN, (b) 0.10 M Et4NClO4/MeCN, and (c) 0.10 M LiClO4/MeCN. Potential scan initiated 
at 0 V in the positive direction at 50 mV/sec.
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Figure 8.15  Separate plots of the cathodic and anodic components and the net current 
in SQWVs of PTA@Y-modified electrodes immersed into (a) 0.10 M Bu4NPF6/MeCN and 
(b,c) 0.10 M LiClO4/MeCN at frequencies of (a,b) 5 and (c) 15 Hz. Potential step increment, 
4 mV; square-wave amplitude, 25 mV.
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electrolyte cations (M+) into the zeolite system, reduction of zeolite-associated spe-
cies will be allowed for Li+ ions, whereas bulky, size-excluded Bu4N+ and, to a lesser 
extent, Et4N+ ions block reduction processes.

Oxidation of zeolite-associated poly(thienylacetylene) can be described via anion 
insertion (i.e., the typical p-type doping process in redox polymers) or via desorp-
tion of charge-balancing Na+-exchanged cations from the zeolite system to the solu-
tion phase. These two possible electrochemical pathways are depicted in Figure 8.17, 
where X− = PF6

−, ClO4
−. Following the general concepts for the electrochemistry of 

electroactive species attached to porous solids previously described, the voltammetric 
response of PTA@Y in contact with Bu4NPF6/MeCN and Et4NClO4/MeCN electro-
lytes should be attributed to the population of poly(thienylacetylene) chains located 
on the particle surface, thus producing a unique, weak oxidation peak. In contrast, 
the response of PTA@Y immersed into LiClO4/MeCN results from the superposition 

m-

+mM+  + me-

M+

R R

m

Figure 8.16  Schematics for the electrochemical reduction of zeolite-associated polyacet-
ylene oligomers.
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Figure 8.17  Schematics for possible pathways in the electrochemical oxidation of zeolite-
associated polyacetylene oligomers.
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of that due to external (displaying an irreversible behavior) and that due to zeolite- 
associated poly(thienylacetylene) (this one displaying an essentially reversible behav-
ior). Consistently, the response in the second and subsequent scans in repetitive 
voltammetry is rapidly exhausted for PTA@Y immersed into Bu4NPF6/MeCN and 
Et4NClO4/MeCN, whereas it is significantly more reversible for LiClO4/MeCN.

In this scheme, zeolite-associated species display a reversible electrochem-
istry because of the compartmentalization effect due to the encapsulation of 
poly(thienylacetylene) oligomers into the zeolite framework. It should be noted 
that the electrochemical oxidation of thiophenes having free 2 or 5 positions can 
result in dimerization and oligomerization arising from post–electron transfer 
reactions. These processes can frequently result in apparently irreversible voltam-
metric profiles (Garcia et al., 1992). In the case of thiophene-substituted polymers, 
such oxidation processes may result in the formation of cross-links via α,α′ or 
α,β′ coupling between thiophene units (Roncali, 1992). Then, the reversibility of 
electron transfer processes of PTA@Y in contact with LiClO4/MeCN electrolytes 
can be attributed to the exigent spatial constraints due to the rigidity of the zeolite 
framework, thus stabilizing thiophene substituents by impeding side reactions of 
polarons to occur.

The redox potentials, electrochemical HOMO and LUMO energies (EHOMO and 
ELUMO, respectively) and energy gap, Egap, can be calculated—as described in the 
literature—from the onset potentials, defined as the potential values obtained from 
the intersection of the two tangents drawn at the rising current and the baseline 
charging current of the CV curves. Data obtained from CV for PTA@Y-modified 
electrodes immersed into different MeCN electrolytes are summarized in Table 8.1.  
The potentials were calculated as EHOMO (ELUMO) = −[−(Eonset − 0.45) − 4.75] eV 
(Nguyen et al., 2000). In this equation, Eonset represents the onset potential vs. Ag+/
Ag, 4.75 eV represents the energy level of ferrocene below the vacuum, and 0.45 is 
the value of the ferricinium/ferrocene couple vs. Ag+/Ag.

The net amount of charge passed through the oxidation step, determined as the 
area under voltammetric peak A1, was 1250 µC for zeolite deposits of 0.20 mg, corre-
sponding to a charge of 0.18 mol of electrons/mol monomer (Doménech et al., 2006f). 
This result indicates that a significant amount (ca. 20%) of the zeolite-associated 

TABLE 8.1
Redox Potentials (vs. AgCl (3M NaCl)/Ag), Electrochemical HOMO and 
LUMO Energies and Energy Gap Obtained from Cyclic Voltammetry at 298 K 
(v = 100 mV/s) for PTA@Y-Modified Electrodes Immersed into Different 
MeCN Electrolytes. EHOMO (ELUMO) = -[-(Eonset - 0.45) - 4.75] eV, a All in 
Concentration 0.10 M

Electrolytea	 Ep (V)	 Ep (V)	 Eonset (V)	 Eonset (V)	 EHOMO (eV)	 ELUMO (eV)	 Egap (eV)

Bu4NPF6/MeCN	 +1.28	 -0.89	 +1.08	 -0.68	 -5.38	 -3.62	 1.76
Et4NClO4/MeCN	 +1.41	 -0.88	 +1.07	 -0.68	 -5.37	 -3.62	 1.77
LiClO4/MeCN	 +1.43	 -1.00	 +1.08	 -0.68	 -5.38	 -3.62	 1.76
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polymer is electroactive, in sharp contrast with the values for zeolite-associated dis-
crete species for which less than 1% of the encapsulated molecules were electroactive 
(Chapter 4). The high degree of guest charging is a manifestation of the conducting 
nature of conjugated monomer.

Chronoamperometric curves obtained by applying a constant potential above 
+1.50 V yield rapidly decaying current-time curves, similar to those obtained for 
species freely diffusing in solution phase. Interestingly, however, significant cur-
rent fluctuations were obtained along the chronoamperometry (CA) curve, as can 
be seen in Figure 8.18. On first examination, these current fluctuations can be 
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Figure 8.18  Long-time chronoamperometric curves recorded for (a) bulky deposit and (b) 
fine deposit of PTA@Y over a glassy carbon electrode. Curve (c) corresponds to the response 
at zeolite Y–modified electrodes with no attached polymer.
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associated to the attachment of polymer chains to zeolite framework. As described 
by Egbe et al. (2003), the electronic and optical properties of conjugated poly-
mers are controlled by the primary molecular structure, providing π conjugation, 
and by the supramolecular organization given by intermolecular interactions, gov-
erned by π stacking and doping (cation/anion insertion) effects (Yamamoto et al., 
2003). Accordingly, it is conceivable that ordering of polymer chains along zeo-
lite crystals may promote a certain degree of cooperative electron transfer result-
ing in quasi-periodic current fluctuations. Consistently, such current fluctuations 
disappear in CAs recorded while stirring the electrolyte solution, as depicted in 
Figure 8.18b. Tentatively, CA current fluctuations can be attributed to a “discrete” 
charge transfer process associated to the transfer of successive electrons to poly-
mer chains governed, to any extent, by supramolecular ordering induced by the 
zeolite framework.

The net amount of charge transferred during the crust in chronoamperometric 
curves was typically found to be q = 15 µC. This quantity can be tentatively used 
for estimating the mean size of tiophene oligomers assuming that the charge cor-
responds to the n-electron oxidation of a layer of N oligomers perpendicularly dis-
tributed to the electrode surface. Taking the oligomers as elongated chains whose 
monomer length is b = 0.8 nm, as estimated from molecular modeling, and assuming 
that the maximum area covered is just the electrode area, A, one can write: qcrusts = 
zFAbc. Inserting the values for the nominal monomer concentration c = 2 × 10−3 mol/
cm3 and geometrical electrode area A = 0.071 cm2, one obtains z = 13.6. This value, 
which corresponds strictly to the mean oligomer number resulting from the coverage 
of the electrode surface, is consistent with values for polyalkynes attached to zeolites 
reported by Alvaro et al. (2005).

8.6 ��D ispersion of Metal and Metal Oxide 
Nanoparticles into Porous Solids

Metal and metal oxide nanoparticles are currently under intensive research because 
of their applications in sensing, optics, electronics, and information storage. 
Nanoparticle stabilization from solutions requires the use of a protecting agent (cap-
ping) to prevent aggregation phenomena resulting in peculiar nanoparticle proper-
ties. Adsorbed polymer coatings, adsorbed ion layers, monolayers of organic ligands, 
and dendrimers, among others, have been used for this purpose.

Since the desired property of metal nanoparticles is loss by particle aggregation, con-
finement of metal nanoparticles on mesoporous materials has received attention. Here, 
the porous material can act as a template for forming nanoparticles, which then have 
controlled size and high dispersion. Interestingly, in such pore structure, metal parti-
cles can interact with each other only in the same pore; between neighboring pores, no 
interaction occurs (Bore et al., 2005). Electrochemical deposition of gold nanoparticles 
occurs on amine-functionalized mesoporous silica films (Yu et al., 2007). Preparation 
methods involve impregnation of porous materials by gold salts followed by chemical 
or electrochemical reduction, introduction of gold salts in the template-synthesis 
of such porous materials followed by chemical reduction, and eventually thermal 
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treatment (Asefa and Lennox, 2005) or encapsulation of premade nanoparticles during 
the synthesis of such mesoporous materials (Aprile et al., 2005).

One of the possible means of obtaining nanoparticles consists of application of 
hydrothermal treatments to aluminosilicate materials incorporating metal ions in 
their lattice. This is the case of Fe, Co (etc.)-doped zeolites. Thus, FeZSM-5 materi-
als are prepared from H-ZSM5 using solid and liquid ion exchange methods (Joyner 
and Stockenhuber, 1999), chemical vapor deposition of volatile iron compounds 
(FeCl3) (Chen and Sachtler, 1998), or hydrothermal synthesis of isomorphously sub-
stituted FeZSM-5 (Panov et al., 1998) followed by calcinations and steam treatment. 
Steam activation produces extraction and clustering of iron species, as depicted in 
Figure 8.19 (Pérez-Ramírez et al., 2003). These treatments induce the migration of 
iron toward extra-framework positions by cleavage of Si–O–Fe bonds and dealumi-
nation of the zeolite framework.

Figure 8.20 shows a transmission electron microscopy (TEM) image of iron oxide 
nanoparticles generated in FeZSM-5 zeolite after calcinations and steam treatment. 
Dark spots in this image correspond to homogeneously dispersed iron oxide nanoag-
gregates of 1–2 nm (Doménech et al., 2002d,e). Changes in iron species can be moni-
tored by 57Fe Mössbauer spectroscopy, as illustrated in Figure 8.21. This figure shows 
spectra taken at 300 K in the air for FeZSM-5 (a) as-synthesized, (b) calcined, and 
(c) steamed (Pérez-Ramírez et al., 2002). The spectrum of the as-synthesized sample 
shows a broad singlet that can be assigned to tetrahedrally coordinated Fe3+ ions 
homogeneously distributed in the zeolite framework. The calcined sample exhibits a 
significant narrowing of the Mössbauer signal accompanied by the onset of a para-
magnetic doublet. This can be attributed to the shortened electron spin relaxation 
times, thus denoting a shortening in the Fe-Fe distances, presumably as a result 
of the appearance of extra-framework iron in cationic positions, small oligonuclear 
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Figure 8.19  Scheme for the extraction and clustering of metal species in MZSM-5 (M = 
Fe, Co, Ni) materials upon steam activation.
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19 nm

Figure 8.20  TEM image for iron oxide nanoparticles generated in FeZSM-5 zeolite. 
(From Doménech et al. 2002e. J. Electroanal. Chem. 519, 72–84, with permission.)
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Figure 8.21  57Fe Mössbauer spectra at 300 K in air for FeZSM-5 samples: (a) as-synthesized, 
(b) calcined, (c) steamed. (From Pérez-Ramírez et al., 2002. J. Catal. 207, 113–126.)
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oxometallic species, and, to a lesser extent, clusters in metal nanoparticles. Finally, 
for the steamed sample, a well-resolved paramagnetic doublet is recorded. This 
spectrum corresponds to further increases in electron spin relaxation rate, attribut-
able to continued clustering of Fe3+ ions and small oxometal complexes into larger 
particles. A small shoulder on the high-energy line of this doublet can be fitted to a 
second doublet, probably due to a small amount of Fe2+ generated during the steam 
treatment.

For our purposes, the relevant point to emphasize is that voltammetry of micropar-
ticles permits us to discriminate between electron transfer processes for the differ-
ent iron species. This can be seen in Figure 8.22, which shows the square-wave 
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Figure 8.22  Square-wave voltammograms for (a) as-synthesized, (b) calcined, and  
(c) steamed FeZSM-5 samples attached to polymer film electrodes immersed into 0.10 M 
HCl. Potential scan initiated at +0.85 V vs. AgCl/Ag in the negative direction. Potential step 
increment, 4 mV; square-wave amplitude, 25 mV; frequency, 5 Hz. (From Doménech et al., 
2002e. J. Electroanal. Chem. 519, 72–84, with permission.)
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voltammograms for FeZSM-5 samples [(a) as-synthesized, (b) calcined, and (c) 
steamed] immersed into 0.10 M HCl. For the as-synthesized sample, reduction peaks 
at +0.15 and -0.35 V vs. AgCl/Ag appear. For the calcined sample, the first signal is 
weakened with respect to the second while an additional peak appears at +0.45 V. 
For the calcined plus steamed sample, the peak at -0.45 V largely prevails over the 
other signals, now including a weak shoulder at ca. +0.65 V. Upon comparison of 
this electrochemistry with that of iron oxides (Doménech et al., 2001), a reasonable 
description of such electrochemical processes involves solid-state reduction of frame-
work iron centers (peak at +0.15 V) accompanied by reduction of isolated, extra-
framework iron ions in the more external zeolite sites (peak at +0.45 V), solid-state 
reduction of oligonuclear iron oxo species (shoulder at +0.65 V) and reductive dissolu-
tion of extrazeolite iron oxide nanoparticles (peak at -0.45 V). These processes can 
be represented, respectively, by the equations (Doménech et al., 2002c,d):

	 {O3FeIII(OH)} + H+ (aq) + e− → {O3FeII(H2O)}	 (8.7)

	 {O3FeIII(OH)(Fe3+)z} + zH+ (aq) + ze− → {O3FeIII(OH)1−z(H2O)z(Fe2+)z}	 (8.7)

	 {FeIII
xOy} + xH+ (aq) + xe− → {FeII

xOy−x(OH)x}	 (8.8)

	 {FeIIIOx} + 2xH+ (aq) + (2x − 2)e− → Fe2+ (aq) + xH2O	 (8.9)

Peak splitting (see Figure 8.22) can be attributed to the superposition of pro-
cesses due to iron species in different zeolite sites (topological redox isomers, see 
Chapter 4) and also to the occurrence of chloride-assisted reduction processes.

A similar electrochemistry can be observed for CoZSM-5 materials in contact 
with 0.10 M HCl, as depicted in Figure 8.23. The as-synthesized material incor-
porates Co3+ centers into the framework of ZSM-5 zeolite, displaying a sharp 
reduction peak at +0.40 V vs. AgCl/Ag. Upon calcination and steam activation, 
extra-framework cobalt ions and cobalt oxide nanoparticles are formed, yielding 
signals at +0.20 and −0.50 V. Similar features were obtained in phosphate buffer, as 
shown in Figure 8.24. Here, cobalt oxide species show a prominent reduction peak 
due to the reductive dissolution of cobalt oxide forms.

Interestingly, cobalt oxide forms act as efficient catalysts with respect to the elec-
trochemical reduction of oxygen in water. It is known that electrochemical reduction 
of O2 in aqueous solution involves two main processes, which can be represented as:

	 O2 + 2H2O + 2e− → H2O2 + 2OH−	 (8.10)

	 O2 + 2H2O + 4e− → 4OH−	 (8.11)

The thermodynamic electrode potentials of these two reactions at pH 7.0 are +0.06 
and +0.60 V vs. SCE, respectively. However, reduction of dissolved oxygen in water 
at conventional electrodes involves kinetic complications so that, at graphite elec-
trodes, very weak reduction signals appear.
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Figure 8.23  SQWVs for (a) as-synthesized, (b) calcined, and (c) steamed CoZSM-5 
samples attached to paraffin-impregnated graphite electrodes immersed into 0.10 M HCl. 
Potential step increment, 4 mV; square-wave amplitude, 25 mV; frequency, 5 Hz.
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The different catalytic activity of CoZSM-5 materials can be seen by compar-
ing CVs in O2-saturated aqueous phosphate buffer at paraffin-impregnated graph-
ite electrodes modified with (a) as-synthesized and (b) steamed CoZSM-5 materials 
shown in Figure 8.25. For the as-synthesized material, weak cathodic peaks at −0.40 
and −0.60 V appear, attributable to the reduction signals for dissolved oxygen and 
small amounts of cobalt oxide forms existing in the CoZSM-5 sample. At elec-
trodes modified with steamed CoZSM-5, a prominent reduction peak at −0.70 V 
is recorded. This peak is considerably larger than those obtained for all CoZSM-5 
zeolites in deoxygenated solutions (see Figure 8.24), denoting that a significant elec-
trocatalytic effect exists.
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Figure 8.24  Deconvoluted CVs for CoZSM-5-modified, paraffin-impregnated graphite 
electrodes immersed into aqueous phosphate buffer at pH 7.0: (a) as-synthesized, (b) cal-
cined, and (c) calcined samples. Potential scan rate 50, mV/sec.
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Figure 8.25  CVs recorded at CoZSM-5-modified, paraffin-impregnated graphite elec-
trodes immersed into O2-saturated, aqueous phosphate buffer at pH 7.0: (a) as-synthesized 
and (b) steamed samples. Potential scan rate, 50 mV/sec.
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9 Electrochemical Sensing 
via Porous Materials

9.1 �E lectrochemical Sensing

In general, sensors can be defined as devices that perceive changes in physical prop-
erties of the environment and turn them into a measurable signal (Gründler, 2007; 
Bard et al., 2008). Electrochemical sensing, in general, is devoted to identifying and/
or quantifying selected analyte(s) and involves:

Monitoring any electrochemical process experienced by electroactive •	
analytes.
Monitoring an auxiliary electrochemical process whose parameters are •	
modified by the presence of the analyte. This approach can correspond to 
two basic possibilities:
The analyte participates in the electrochemical process via catalysis, com-•	
plexation, etc.
The analyte competes with electroactive species blocking of modifying •	
their electrochemical response (competitive methods).

There are three types of electrochemical sensors: potentiometric, amperometric, 
and potentiodynamic sensors.

Potentiometric sensors are based on the measurement of the voltage of a cell 
under equilibrium-like conditions, the measured voltage being a known function of 
the concentration of the analyte. Potentiometric measurements involve, in general, 
Nernstian responses under zero-current conditions; that is, the measurement of the 
electromotive force of the electrochemical cell.

Amperometric sensing is based on the record of the current response of an elec-
trode in contact with the system to be analyzed under the application of a given 
potential input. Amperometric sensors operate under conditions where mass trans-
port is limiting.

Potentiodynamic sensors are based on the measurement of the current response of 
the working electrode under no mass transport limiting conditions. Potentiodynamic 
methods typically involve accumulation (or preconcentration) steps, such as in strip-
ping voltammetry for analyzing trace metals in solution.

It should be noted that electrochemical methods for determining a given analyte 
can, in general, be affected by interfering species (whose analytical signal is super-
imposed or can distort the analyte signal) and matrix effects (species disturbing the 
signal from the analyte by complexation, adsorption, etc.). The search for highly 
sensitive and highly selective sensors reluctant to undergo interference and matrix 
effects is the focus of most of the work in electroanalytical chemistry.
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198	 Electrochemistry of Porous Materials

Social demands (e.g., miniaturization for monitoring processes in vivo) involve 
improved sensing methods accomplishing so-called analytical properties (accuracy 
and precision, repeatability and reproducibility, sensibility, selectivity, traceability) 
but also short response time (suitability), economy (power consumption), safety (for 
operators and for environment), etc.

9.2 �G as Sensors with Porous Materials

Solid-state electrochemical gas sensors exploit the conductivity of metal oxides and 
related compounds. In the case of conventional potentiometric gas sensors, the gas to 
be detected is converted to the mobile component in a solid electrolyte that separates 
a reference compartment and a test compartment, as schematized in Figure 9.1. The 
difference in potential then established between the two sides of the solid electrolyte 
is dependent on the difference in thermodynamic activity across the solid electrolyte 
of the species that will equilibrate with the charge-transporting ions in the solid 
electrolyte. Here, sensing involves, to any extent, charge transport across the solid, 
so that the sensing process is extremely sensitive to temperature and the presence of 
doping species in the solid. Solid electrolyte sensors are applied for sensing three 
types of gaseous systems (Bard et al., 2008):

	 1.	Gas mixtures in chemical equilibrium
	 2.	Gas mixtures containing the analyte beside inert gases
	 3.	Gas mixtures of nonequilibrated gases

In all three cases, the measurement cell consists, schematically, of two porous elec-
trodes (usually Pt) pressing a layer of the sensing material (Zhuiykov, 2007).

Potentiometric sensors for oxygen measurement are typically formed by a layer 
of stabilized zirconia pressed between two porous Pt electrodes, as schematized 
in Figure 9.1 (Bard et al., 2008; Pasierb and Rekas, 2009). Such electrodes are in 
contact with the gas sample and a reference gas, respectively. A typical example 
is constituted by O2 sensors based on yttrium- or scandium-doped zirconias. The 

Porous Pt 

Sample gas 

Air

Solid electrolyte 

Figure 9.1  Schematic diagram for potentiometric gas sensors.
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electrode reaction, occurring at the three-phase metal/electrolyte/gas boundary 
can be presented as (Pasierb and Rekas, 2009):

	 O2 (g) + 4e− (metal) → 2O2− (electrolyte)	 (9.1)

or, using the Kröger-Vink notation,

	
O e O

2
2 4 2+ { } + → { }−V x

O O
..

	 (9.2)

where {V
O
..
} denotes oxygen vacancies in the yttria-stabilized zirconia (YSZ) lattice. 

The cell can be considered an oxygen concentration cell, where the overall reaction 
can be described in terms of the transfer of oxygen from one side to the other.

The electromotive force of the cell is given by the Nernst equation:

	
E RT

F
p
peq

OX

OX
= 4 ln ′

′′ 	
(9.3)

where p′OX  and p′′OX  are the partial pressures of O2 in the gas sample and the refer-
ence gas (usually air with defined humidity), respectively.

Conductivity in solid oxide-type compounds can be associated to defect forma-
tion and oxygen absorption/desorption processes. The following defect-forming 
reactions are possible:

	 Null → e′ + h.	 (9.4)

	
Null e O→ + +2 1 2

2
′ V

O
.. ( / ) 	 (9.5)

where e′ and h. represent electrons and holes (defect electrons) in the Kröger-Vink 
notation. This notation, schematized in Table 9.1, will be used here.

In its most single version, the oxygen absorption process can be represented as a 
reaction between the oxygen vacancies and gaseous oxygen in which holes are gener-
ated (Logothetis, 1980):

	
V x

O O
.. ( / ) .+ → +1 2 2

2
O O h 	 (9.6)

Conversely, the transition of oxygen from the oxide phase to the gas phase involves 
the generation of excess electrons, e′:

	
O O e

O O
x V→ + +( / ) ..1 2 2

2
′ 	 (9.7)

As a result, under equilibrium conditions, the concentration of excess electrons 
and, hence, their contribution to electrical conductivity is proportional to p(O2)−1/4 
or p(O2)−1/6. Similarly, the concentration of defect electrons becomes proportional to 
p(O2)1/4 or p(O2)1/6 (Bard et al., 2008).

Moderate doping with rare earth cations such as Y3+ or Sc3+ stabilizes cubic zir-
conia at relatively low temperatures and increases conductivity, the maximum of this 
quantity being reached when the concentration of acceptor-type dopants is close to the 
minimum necessary for stabilizing the cubic phase (Kharton et al., 2004). For YSZ, 
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YxZr1−xO2−x/2 ceramics, the maximum conductivity is obtained for x ≈ 0.10. Higher 
concentrations of dopant cations decrease conductivity by the effect of their progres-
sive association with oxygen vacancies. The working temperature range extends from 
400 to 1600°C for partial pressures of oxygen between 10−20 and 10 bar.

It should be noted that the conductivity in ionic solids involves ion transport 
mechanism between coordinating sites (site-to-site hopping) and local structural 
relaxation. In general, the conductivity measured by ac measurements, σac, can be 
expressed as a function of the conductivity from dc measurements, σdc, and the 
frequency (Bruce et al., 1983a,b; Skinner and Munnings, 2002; Girdauskaite et al., 
2006; Khrokunov et al., 2006; Berenov et al., 2007):

	
σ σ ωα

ac dc
= + A

	 (9.8)

where α is the power law exponent and A is a constant. According to the jump relax-
ation model (Funke et al., 1998), α represents the quotient between the back-hop rate 

Table 9.1
Kröger-Vink Notation for Representing Point Defects in Solids

Point Defect Symbol

Vacancies V (or  when vanadium is present)

Position occupied in the ideal lattice Denoted as lower index (M: metal site,  
X: anion site)

Interstitial position Lower index i

Formal charge defect with respect to the ideal structure Superscript n+ or n−

Effective positive charge defect with respect to the ideal 
structure

Superscript dot (·)

Effective negative charge defect with respect to the ideal 
structure

Superscript prime (′)

Zero effective charge defect with respect to the ideal 
structure

Superscript cross (×)

Free electrons e′
Free holes H·

Polarons P

Interstitial M3+ cation Mi···

M2+ cation vacancy VM′′
X2− anion vacancy VX··

X− anion occupying M+ cation site X′′M
Z− anion occupying X2− anion site ZX′
A2+ cation at the M2+ site AM

x

A4+ cation at the M2+ site AM··

Cluster formed by one X2− vacancy and one A2+ cation 
occupying M3+ site

(VX··AM′) or (VX  AM)

Source: Data summarizes the notation introduced by Kröger and Vink (1956)
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and the site relaxation time. For conductivity in ionic solids, the variation of conduc-
tivity with temperature satisfies an Arrhenius-type variation given by:

	
σ σ= −( / ) exp( / )

o a B
T E K T

	 (9.9)

Ea being the activation energy.
The total conductivity of an oxide-type material with mixed ionic-electronic con-

duction, σ, can be expressed as:

	
σ σ= + ±

ion
OG T p m( ) ( ) /

2
1

	 (9.10)

where σion denotes the ionic conductivity of the material and the subsequent term 
represents the electronic conductivity of the material, expressed as the product of 
a temperature-dependent constant, G(T), and the partial pressure of O2, p(O2). The 
sign in front of 1/m is positive when the electronic conductivity is primarily due to 
electron holes (p-type conductivity) and negative when it is primarily due to excess 
electrons (n-type conductivity; Larose and Akbar, 2006).

High coordination numbers of oxygen, such as in fluorite- and perovskite-type 
structures, are desirable in enabling moderate metal ion–oxide ion bonding forces, 
thus resulting in more interchangeable oxygen sites. Mixed ionic-electronic conduc-
tors of the perovskite-type structure provide high oxide ion and electron transport 
(Teraoka et al., 1985). Doping with isovalent cations of different ionic radii gen-
erates mechanical tension in the crystal lattice, whereas heterovalent cations addi-
tionally generate acceptor- or donor-type electrical charge defects. Oxide ions are 
transported through lattice defects, mostly by a vacancy mechanism and rarely by 
oxygen interstitial sites. The vacancies in the oxygen sublattice are generated by 
partial reduction of transition metal cations or by heterovalent cationic substitution. 
Above a certain concentration, oxygen vacancies, which are randomly distributed, 
play an essential role. Increasing concentrations of ionic and electronic defects in the 
crystal cause an increase in the transport rate of oxide ions with a parallel decrease 
in the thermochemical stability of the oxide material. At high defect concentration, 
formation of clusters and new crystalline phases can occur, a process that in general 
is accompanied by a decrease in the mobility of oxide ions.

For a substituted perovskite-type material with oxygen vacancy-type defect struc-
ture, the overall formula can be written as A1−aA′aB1−bB′bO3−x, where A, A′ denotes 
rare earth or earth-alkaline cations, B, B′ transition metal cations of the fourth row 
of the periodic system.

The equilibrium at a temperature T with a gas phase containing oxygen with a 
partial pressure p(O2) can be presented as:

	 A1−aA′aB1−bB′bO3−x−δ + δO2 → A1−aA′aB1−bB′bO3−x	 (9.11)

In this equation, A1−aA′aB1−bB′bO3−x−δ, represents the oxygen-poorer state and 
A1−aA′aB1−bB′bO3−x the oxygen-richer state. For the overall equilibrium reaction (9.1), 
one can write:

	
K p

p
= −( ( )) /O

2
2d

	 (9.12)
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Related to the reaction of 1 mol of atomic oxygen, the usual thermochemical 
equations yield:

	 ∆G RT pº ( / ) ln( ( ))= d 2 2O 	 (9.13)

	
ln( ( ))

º º
p

H

RT

S

R
O

2
= − +∆ ∆

	 (9.14)

Thermobalance measurements allow for determining δ values at different temper-
atures, whereas the concentration of defects is reflected in the unit cells of the crys-
tals, determined from x-ray diffraction data. Typical δ vs. p(O2) plots are depicted 
in Figure 9.2. The process for the iron material can be represented as (Girdauskaite 
et al., 2007):

	 Ba0.3Sr0.7Co0.8Fe0.2O2.5+n−δ + (δ/2)O2 → Ba0.3Sr0.7Co0.8Fe0.2O2.5+n	 (9.15)

The oxygen exchange capacity is directly related with the oxygen/metal stoi-
chiometry. The amount of reversibly exchangeable oxygen in a A1−aAa ′ B1−bBb ′ O3−x 

perovskite-type oxide, x, is a function of temperature and gradient of the ther-
modynamic oxygen activity between the surface and the center of the crystal. 
Complete occupation of the oxygen sublattice, that is, x = 3, is reached at higher 
partial pressure of O2 in the gas phase. At decreasing p(O2), such materials 
approach a level of p(O2)-independent stoichiometry, where x = a/2. This situa-
tion corresponds to the average oxidation state of 3+ of the B cations (Ullmann 
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Figure 9.2  Typical δ vs. p(O2) for a MOx-δ material.
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and Trofinenko, 2001). At lower partial pressures of O2, the concentration of 
oxygen vacancies increases until phase destruction occurs. The corresponding 
variation of the oxygen/metal stoichiometry with p(O2) is depicted in Figure 9.3 
(Girdauskaite et al., 2007).

A second group of solid-state gas sensors is constituted by those involving equili-
bration with the mobile component of solid electrolyte. A typical example is CO2 
sensor with K2CO3 solid electrolyte. Here, K+ ions are the only mobile ions in the 
solid electrolyte, so that the overall electrochemical process can be represented as 
(Pasierb and Rekas, 2009):

   2K+ (electrolyte) + CO2 (g) + 1/2O2 (g) + 2e− (metal) → K2CO3 (electrolyte)	 (9.16)

A third group of potentiometric gas sensors involves the use of an additional aux-
iliary phase. This class was subdivided by Yamazoe and Miura (1996) depending on 
whether the mobile ions of solid electrolyte are the same, different but of the same 
sign, or different and of a different sign than those of the auxiliary phase. An exam-
ple of this type of electrode is the CO2 sensor incorporating Na2CO3 and N-alumina. 
Details are given in a recent review by Pasierb and Rekas (2009).

9.3 �S olid-State pH and Ion-Selective Electrodes

Casting metals consisting of Sb or Bi covered by a thin hydroxide layer and mem-
branes of transition metal oxide bronzes show a relatively high selectivity for hydrogen 
ions, as recently reviewed by Vonau and Guth (2006). Metal/metal oxide electrodes 
display non-Nernstian responses, but applications in food control and medicine have 
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Figure 9.3  Diagram for the variation of the oxygen/metal stoichiometry with the partial 
pressure of oxygen for different perovskite-type oxides. (From figure 1 of Girdauskaite et al., 
2007. J. Solid State Electrochem. 11, 469–477, with permission.)
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been proposed. Electrochemical reactions for tungsten and molybdenum bronze 
electrodes can be represented as:

	 {NaxWO3} + yH+ (aq) + ye− → {NaxHyWO3}	 (9.17)

	 {AxMozOw} + yH+ (aq) + ye− → {AxHyMozOw}	 (9.18)

	 {AxMozOw} + yH+ (aq) → {Ax−yHyMozOw} + yA+	 (9.19)

More recently, lithium tungsten bronzes have been studied as materials for reference 
electrodes (Gabel et al., 2004).

Ionophore-based ion-selective electrodes (IES) have been extensively studied 
over the past decades for selectively determining the concentration of selected ions 
in solution. Their practical use, however, has been limited to a relatively narrow 
range of fields because of the limited concentration interval that can be determined 
with such devices. Lowering detection limits can be obtained, among other strate-
gies, through solid-contact IES, prepared by direct contact of a ionophore-doped 
polymeric membrane with a metallic conductor. To avoid problems associated with 
poorly defined metal/membrane interfaces and unstable phase-boundary potentials, 
intermediate layers with conducting polymers or localized redox-active units sepa-
rating the sensing membrane and the metallic conductor can be used (Back, 1987). 
More recently, ordered macroporous carbon contacts have been tested (Lai et al., 
2007). The used carbons consist of a skeleton of glassy carbon surrounding a peri-
odic array of uniform spherical pores that are interconnected in three dimensions. 
Pore sizes are of a few hundred nanometers, whereas skeletal walls are tens of nano-
meters thick. As a result of the mutually interconnected pore-wall structure of such 
materials, filling pores with an electrolyte solution results in a nanostructured mate-
rial with both ionic and electronic conductivities (Lai et al., 2009).

Solid-state reference electrodes for potentiometric sensors are currently under 
research. The main problem to be faced in developing this type of electrode lies in 
connecting the ionic conducting (usually aqueous) solution with an electronic con-
ductor. Since the reference electrode has to maintain a defined potential, the elec-
trochemical reaction with components of the electrolyte has to be avoided. Oxides, 
mixed oxides, and polyoxometalate salts of transition elements can be proposed for 
preparing solid-state reference electrodes. Tested compounds include tungsten and 
molybdenum oxides (Guth et al., 2009).

9.4 �Amp erometric Sensing

Amperometric sensing of gases is based on solid ion-conducting materials, as 
described for potentiometric gas sensors. Solid-state amperometric gas sensors mea-
sure the limiting current (iL) flowing across the electrochemical cell upon application 
of a fixed voltage so that the rate of electrode reaction is controlled by the gas trans-
port across the cell. The diffusion barrier consists of small-hole porous ceramics. 
The limiting current satisfies the relationship:

	
i

FAD T

RTL
p

L
=

4
OX

OX
	

(9.20)
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Here, A represents the area of holes, L their length, and DOX the coefficient of diffu-
sion of O2 (Tsipis and Kharton, 2008).

Figure 9.4 shows a cross-sectional view of a laminated-type sensor for atmo-
spheric nitrogen oxides based on YSZ, acting as an oxidation-catalyst electrode 
(Ono et al., 2004). The cell was fabricated by firing YSZ sheet on which the oxidation-
catalyst platinum anode and the platinum counterelectrode were screen-printed. 
The porosity of the electrode is adjusted by adding resin powder into each elec-
trode paste.

Amperometric sensing of selected species in liquids is widely extended with 
an enormous variety of materials and applications, which include electrochemical 
detection coupled with high-performance liquid chromatography and flux injection 
analysis. In these cases, high sensitivity and high reproducibility are required. These 
properties are conditioned by electrode fouling associated to formation of solid 
deposits and adsorbates on the electrode surface. As a result, the electrode experi-
ences “memory effects” with concomitant loss of analytical performance.

Correction of such memory effects can often be made by applying electrochemi-
cal pre- and posttreatments. These treatments, consisting of the application of suc-
cessive potential steps, are able to regenerate the electrode surface before/after 
measuring.

Most of the amperometric sensors are based on the electrocatalysis of the electro-
chemical reduction/oxidation of the analyte. A typical amperometric test is shown 
in Figure 9.5, corresponding to H2O2 sensing in buffered aqueous solution (pH 6.9) 
at hemoglobin (Hb) adsorbed in mesoporous molecular sieves (MSU), prepared as 
layer-by-layer films alternating with poly(diallyldimethylammonium) (PDDA). MSU 
was prepared from the precursor of zeolite Y using ionic liquids as templates. Layer-
by-layer films, labeled {MSU/Hb}n/PDDA, n being the number of deposited layers, 
were deposited over glassy carbon electrode by alternative adsorption of positively 

NOx conversion
electrode

NOx sensing electrode
(Cr2O3)

Air duct (O2 pumping)

Air duct (reference)

Reference electrode

O2 sensing electrode
Pt heater

Inner cavity

Exhaust gases
diffusion path

Counter electrode Pt heater

Oxidation-catalyst electrode

VOUT

VNOxVO2

Figure 9.4  Cross section of the laminated-type NOx sensor using a YSZ-based oxidation- 
catalyst electrode. (From Ono et al., 2004. Solid State Ionics. 175, 503–506, with permission.)
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and negatively charged species from their solutions (Sun et al., 2008). The staircase 
current-time variation depicted in Figure 9.5 corresponds to successive injections of 
H2O2 into the electrochemical cell. The height of the different steps remains essen-
tially constant, thus denoting that no significant memory effects appear under the 
reported experimental conditions.

Impedance spectra for electrodes with increasing number of layers are shown in 
Figure 9.6 using a K4Fe(CN)6 solution as a redox probe. The spectra recorded at the 
formal potential of the Fe(CN)6

3−/Fe(CN)6
4− couple (−0.295 V) exhibit a semicircle, 

corresponding to the electron transfer–limited process, whose diameter increases on 
increasing the number of layers. The increase in diameter indicates that the charge 
transfer rate for the redox probe is gradually reduced as a result of the deposition of 
successive insulating layers on the electrode surface.

The electrocatalytic effect exerted by {MSU/Hb}5/PDDA-modified electrodes on 
the electrochemical reduction of H2O2 can be seen in Figure 9.7, where cyclic voltam
metries (CVs) at the bare glassy carbon electrode and at the modified electrode in 
contact with blank and H2O2-containing solutions can be compared. The essentially 
reversible hemoglobin couple

	 HbFeIII + H+ + e− → HbFeII	 (9.21)

observed at {MSU/Hb}5/PDDA-modified electrode in the blank solution is replaced 
by an apparently irreversible, significantly more intense cathodic wave in the pres-
ence of H2O2.
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Figure 9.5  Amperograms at a glassy carbon electrode modified with hemoglobin 
adsorbed in mesoporous molecular sieves {MSU/Hb}5/PDDA upon successive additions of  
10 µM H2O2 to 0.2 M potassium phosphate buffer solution at pH 6.9. Applied potential 
−0.30 V vs. SCE. (Adapted from Sun et al., 2008. Talanta 74, 1692–1698.)
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Figure 9.6  EIS of different {MSU/Hb}n/PDDA electrodes (n varying from 1 to 5) in 
5.0 mM K4Fe(CN)6 plus 0.10 M KCl under application of a potential of −0.295 V vs. SCE. 
(Adapted from Sun et al., 2008. Talanta 74, 1692–1698.)
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Figure 9.7  CVs at (a, b) bare glassy carbon electrode; (c, d) {MSU/Hb}5/PDDA for  
(a, c) a blank 0.2 M aqueous phosphate buffer (pH 6.9) and (b, d) 100 µM H2O2 solution in 
the above electrolyte. Potential scan rate, 100 mV/sec. (From Sun et al., 2008. Talanta 74, 
1692–1698.)
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9.5 � Voltammetric Sensing and Selectivity

As previously noted, potentiodynamic, voltammetric sensing involves the measurement 
of the current response of the working electrode under no mass transport–limiting 
conditions. Typical analytical strategies involve the concentration of the analyte in 
the electrode surface via the application of a reductive (or oxidative) potential step, 
followed by the application of an oxidative (or reductive) potential scan. In stripping 
voltammetry devoted to the determination of trace metals in solution, metal ions are 
reduced to a metal deposit (or an amalgam at Hg electrodes) and their concentration is 
monitored by measuring the peak current in the oxidative dissolution process recorded 
upon application of a scan in the positive direction of potentials (Wang, 1985).

Porous materials, used as electrode modifiers, can act as preconcentrating agents 
in order to increase the effective concentration of the analyte in the vicinity of the 
electrode. Large pore size, uniform pore structure, and high loading capacity are 
general requirements for porous materials used for sensing purposes. Thus, the use 
of zeolites (Wang and Walcarius, 1996) and nontronite clays (Zen and Chen, 1997) 
for determining dopamine (vide infra) have been reported.

A variety of porous materials can be used for analytical applications. For instance, 
layer-by-layer films assembled by alternate adsorption of mesoporous silica and 
poly(diallyldimethylammonium chloride) onto glassy carbon electrode can be used 
for highly sensitive determination of ultratrace nitroaromatic compounds in aqueous 
solution (Shi et al., 2007).

Voltammetric methods are of particular interest with regard to the selective deter-
mination of analytes in the presence of interferents. As a widely studied case, one can 
mention the determination of dopamine and other neurotransmitter catecholamines 
in the presence of interfering compounds, namely, ascorbic acid and/or uric acid. 
It is known that dopamine exerts a significant physiological role as extracellular 
chemical messenger whose loss in neurons can be associated to serious diseases such 
as Parkinsonism. Consequently, its determination in vitro and in vivo is an obvious 
target in neurochemical studies.

Electrochemical determination of dopamine is made possible by virtue of its 
well-defined oxidation signal at ca. +0.2 V vs. saturated calomel electrode (SCE) in 
aqueous media at physiological pH values. Unfortunately, ascorbic acid accompanies 
dopamine in biological samples; thus, in the extracellular fluid of the central nervous 
system, ascorbic acid is present in concentrations between 100 and 500 µM, whereas 
the concentration of dopamine is less than 100 nM (O’Neill, 1994). The electrochemi-
cal oxidation of dopamine is an apparently irreversible process, due to the occurrence 
of post–electron transfer reactions. The initial two-proton, two-electron product, dop-
aminequinone, can undergo a deprotonation accompanied by fast 1,4 (Michael) addi-
tion to yield a bicyclic derivative, leucoaminochrome, further oxidized to its quinonic 
form, aminechrome, either electrochemically or chemically by reaction of dopamine-
quinone (Amatore and Savéant, 1978; Ciolkowski et al., 1994), as schematized in 
Figure 9.8. As a result, the apparent number of electrons consumed during the electro-
chemical oxidation of dopamine varies from two to four, depending on the timescale 
of observation. In addition, electrochemical runs can be accompanied by polymeriza-
tion processes producing melanine, a process that results in electrode fouling.
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A plausible strategy for electrochemically determining dopamine in the presence 
of excess amounts of ascorbic acid is the use of zeolites incorporating catalytic cen-
ters. This is the case of polymer film over glassy carbon electrodes modified with 
2,4,6-triphenylpyrylium ion encapsulated into zeolite Y (Doménech et al., 1999a, 
2000b) This strategy combines the size- and charge-exclusion properties of the zeo-
lite matrix with the electrocatalytic ability of the redox center, in turn increased 
by effect of site isolation provided by encapsulation into the aluminosilicate host. 
By the first token, it should be noted that at physiological pH values, ascorbate 
ion (pKa = 4.2) and protonated dopamine (pKa = 10.6) exist in solution, so that the 
zeolite host acts as a selective membrane repelling ascorbate anion. By the sec-
ond token, 2,4,6-triphenylpyrylium ion encapsulated into zeolite Y (TPY+@Y) can 
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Figure 9.8  Scheme for the electrochemical oxidation of dopamine at physiological pH 
values.
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be involved in an electrocatalytic cycle for dopamine oxidation. These effects are 
illustrated in Figure 9.9 and Figure 9.10, where the voltammetric responses of dop-
amine (Figure 9.9) and ascorbate (Figure 9.10) at bare and TPY+@Y-modified glassy 
carbon electrodes are compared. Remarkably, the oxidation peak of dopamine at 
+0.20 V is significantly enhanced at TPY+@Y-modified electrodes with respect to 
that signal at unmodified electrodes. In contrast, the oxidation signal at +0.38 V 
recorded for ascorbate at unmodified electrodes decays when TPY+@Y-modified elec-
trodes are used. In addition, as can be seen in Figure 9.9, the cathodic counterpart of 
the anodic peak for dopamine oxidation is clearly enhanced at TPY+@Y-modified 
electrodes. This feature suggests that post–electron transfer reactions are signifi-
cantly inhibited. Figure 9.11 shows a scheme for the possible catalytic cycle associ-
ated to dopamine oxidation at TPY+@Y-modified electrodes.

Under optimized conditions, using differential pulse or square-wave voltam
metries, linear peak current vs. dopamine concentration plots can be obtained in the 
1–200 µM dopamine concentration range in the presence of 0.1 mM ascorbate, with 
detection limits (S/N = 3) of ca. 0.3 µM.

A second possibility for the selective determination of analytes is provided by 
materials incorporating redox-active centers as dopants (Doménech and Alarcón, 
2002a, 2003; Doménech et al., 2004b,c). Figure 9.12 presents a typical case of elec-
trocatalysis involving doped materials, concerning the electrochemical oxidation of 
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0.5 µA
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(a)

0.20.4
Potential, V

0.60.81.0 0

Figure 9.9  CVs at (a) unmodified and (b) TPY+@Y-modified glassy carbon electrodes in  
a 0.12 mM solution of dopamine in potassium phosphate buffer, pH 7.4. Potential scan rate 
10 mV/sec. (From Doménech et al., 2002b. Anal. Chem. 74, 562–569, with permission.)
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Figure 9.10  CVs at (a) unmodified and (b) TPY+@Y-modified glassy carbon electrodes in 
a 5.5 mM solution of ascorbic acid in potassium phosphate buffer, pH 7.4. Potential scan rate, 
100 mV/sec. (From Doménech et al., 2002b. Anal. Chem. 74, 562–569, with permission.)
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Figure 9.11  Catalytic scheme for the electrochemical oxidation of dopamine at TPY+@Y-
modified glassy carbon electrodes at physiological pH values.
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Figure 9.12  SQWVs at monoclinic Ce0.10Zr0.90O2-modified polymer film electrodes 
deposited over glassy carbon for: (a) 0.14 mM MDA plus 0.30 mM dopamine and (b) 0.14 mM 
MDA plus 1.28 mM ascorbate, in 0.50 M potassium phosphate buffer, pH 7.0. Potential step 
increment 4 mV; square-wave amplitude 25 mV; frequency 15 Hz. (From Doménech et al., 
2004b. Electrochem. Comm. 6, 719–723, with permission.)

K10316_Book.indb   212 10/28/09   12:49:58 PM

www.iran-mavad.com 
مرجع دانشجویان و مهندسین مواد



Electrochemical Sensing via Porous Materials	 213

methylenedioxyamphetamine [1-(3,4-methylenedioxyphenyl)-2-aminopropane (MDA)] 
and its N-methyl analogue, MDMA, two well-known psychedelic agents. Following 
Squella et al. (1993), such compounds are electrochemically oxidized in aqueous 
electrolytes through a one-electron transfer followed by a relatively slow chemical 
reaction (EC mechanism) near +1.0 V at physiological pH values. Electrochemical 
determination of MDA is made difficult by the fact that its oxidation process occurs 
at potentials where it is overlapped with the solvent discharge and by the eventual 
interference, in biological samples, of other oxidizable analytes such as neurotrans-
mitter catecholamines (dopamine, norepinephrine), serotonin, and ascorbic acid. 
Using cerium-doped tetragonal and monoclinic zirconias (CexZr1−xO2, 0 < x < 0.1), 
the anodic peak for MDA oxidation is considerably enhanced. A lower electrocata-
lytic effect was caused by the electrochemical oxidation of dopamine and norepi-
nephrine, so that there is an opportunity for determining MDA in the presence of 
relatively large amounts of dopamine (Doménech et al., 2004b).

This can be seen in Figure 9.12, where square-wave voltammetries (SQWVs) at 
monoclinic Ce0.10Zr0.90O2-modified electrode immersed into MDA plus dopamine 
and MDA plus ascorbate solutions in aqueous phosphate buffer are depicted. Here, 
the MDA-localized oxidation peak at +1.0 V vs. AgCl/Ag is clearly separated from 
peaks corresponding to the oxidation of dopamine and ascorbate at ca. +0.20 V. 
Remarkably, the sensitivity for MDA is greater than those for its possible interfer-
ents, dopamine and ascorbate.

9.6 �E nantioselective Electrochemical Sensing

The possibility of chiral electrocatalytic sensing is one of the interesting analytical 
applications of the studied materials. In the past decade, a variety of chiral materials 
with electrochemical activity has been reported (Scholz et al., 2002), including tris-
chelated complexes adsorbed by montmorillonite (Yamagishi and Aramata, 1984), 
chiral CuO films deposited onto single-crystal Au (Khotari et al., 2004), and epi-
taxial electrodeposition of ZnO on Au(III) (Limmer et al., 2006).

The possibility of electrochemical chiral sensing can be seen in Figure 9.13, corre-
sponding to experimental SQWV data for monoclinic and tetragonal (m-VxZrO2 and 
t-VxZrO2, respectively) vanadium-doped zirconias attached to paraffin-impregnated 
graphite electrodes and immersed into 0.10 M NaOH. A main oxidation peak near  
+1.0 V vs. AgCl/Ag appears for both m-V0.075Zr0.925O2- and t-V0.075Zr0.925O2-modified 
electrodes (Doménech and Alarcón, 2007). In contact with alkaline solutions of glu-
cose, the voltammetric signals become significantly enhanced and remarkably enanti-
oselective, as can be seen in Figure 9.14. Here, SQWVs for t-V0.050Zr0.95O2 (Figure 
9.14a and b) and m-V0.50Zr0.95O2 (Figure 9.14c and d), immersed into 0.10 M NaOH 
plus 2.0 mM l-glucose (Figure 9.14a and c) and d-glucose (Figure 9.14b and d), are 
depicted. Clearly, t-VxZrO2 materials display an essentially identical response for 
both d- and l-glucose, consisting of overlapping anodic peaks at +0.92 and +1.15 V 
vs. AgCl/Ag. In contrast, m-VxZrO2-modified electrodes discriminate between  
d- and l-glucose. Measured currents at +0.92 V for monoclinic vanadium-doped zir-
conias in contact with l-glucose solutions are 10–20 times larger than those recorded 
for d-glucose solutions under identical conditions.
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This enantioselective catalytic effect can be rationalized by considering the 
different coordinative arrangement of metal centers in tetragonal and monoclinic 
vanadium-doped zirconias. As previously noted (Chapter 6), in tetragonal zirco-
nias, each M4+ ion (M = Zr, V) is eight-coordinated, whereas in monoclinic zirco-
nias, M4+ ions are seven-coordinated. In this case, there is a no centrosymmetric 
coordinative arrangement around each metal center, so that a necessary condi-
tion for enantioselectivity activity—the existence of chiral centers—is achieved. 
Consistently, monoclinic VxZrO2 materials become electrochemically enantiose-
lective with regard to oxidation of glucose, whereas tetragonal VxZrO2 ones remain 
nonenantioselective.

As previously noted, electrochemical oxidation of alcohols and carboxylic 
acids at transition metal oxide–based materials occurs via intermediate radical 
species, the rate-determining step in alcohol oxidation being radical formation 
in the carbon in the alpha position with respect to the alcohol group. Following 
Kokoh et al. (1992), at Pt electrodes in acidic solution, the oxidation mechanism 
involves an initial one-electron, one-proton electrochemical oxidation step involv-
ing the dehydrogenation of the anomeric atom followed by adsorption of glucose 
onto the metal surface. In alkaline media, Burke and Ryan (1992) postulated that  

0.0

10 µA
(b)

(a)

0.40.8
Potential (V)

1.2

Figure 9.13  Deconvolution of SQWVs for paraffin-impregnated graphite electrodes 
modified with (a) t-V0.10Zr0.90O2 and (b) m-V0.10Zr0.90O2 immersed into 0.10 M NaOH. Potential 
scan initiated at −0.15 V vs. AgCl/Ag in the positive direction. Potential step increment,  
4 mV; square-wave amplitude, 25 mV; frequency, 2 Hz. (Adapted from Doménech and 
Alarcón, 2007, Anal. Chem. 79, 6742–6751, with permission.)
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glucose undergoes a keto-enol transformation to form anionic enol species. It should 
be noted that an open-cyclic equilibrium is established in glucose solutions. 
Electrochemical oxidation of cyclic forms leads to gluconolactone (or glucon-
ate) as illustrated in Figure 9.15. Open forms, however, can lead to six-electron 
products (glycolate and glucarate) and even 12- and 18-electron products (formate 
and oxalate, respectively), as schematized in Figure 9.16 (Tominaga et al., 2006). 
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Figure 9.14  Deconvolution of SQWVs for paraffin-impregnated graphite electrodes 
modified with (a,b) t-V0.050Zr0.95O2 and (c,d) m-V0.50Zr0.95O2, immersed into 0.10 M NaOH 
plus (a,c) 2.0 mM l-glucose and (b,d) d-glucose. Conditions are as in Figure 9.15. (From 
Doménech and Alarcón, 2007. Anal. Chem. 79, 6742–6751, with permission.)
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Figure 9.16  Schematics for the electrochemical oxidation of open glucose forms. (From 
Doménech and Alarcón, 2007. Anal. Chem. 79, 6742–6751, with permission.)
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Figure 9.15  Schematics for the electrochemical oxidation of cyclic glucose forms. (From 
Doménech and Alarcón, 2007. Anal. Chem. 79, 6742–6751, with permission.)
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Controlled potential electrolysis data suggest that under our experimental condi-
tions, the two-electron product of glucose oxidation is almost exclusively formed 
at +0.92 V, whereas for the process at +1.15 V, coulometric experiments indicated 
the consumption of more than two electrons per mole of glucose.

Tafel analysis of voltammetric curves (see Chapter 3) allows us to attribute the 
electrocatalytic process at +0.92 V to the formation of relatively strong vanadium-
glucose adducts, whereas the electrocatalytic process at +1.15 V involves the oxi-
dation of glucose molecules located at the outer Helmholtz plane. The catalytic 
pathway can be described on assuming that the electrochemical process is initiated 
by the formation of vanadium-glucose surface-confined complexes:

  {VIV
xZrO2(H2O)z} + xC6H12O6 → {VIV

xZrO2(H2O)w ⋅ xC6H12O6} + (z−w)H2O	 (9.22)

For simplicity, it is assumed that all vanadium centers participate in the reaction. 
This step should be followed by vanadium-centered and glucose-centered electro-
chemical oxidation of the V4+-anionic glucose complex:

	 {VIV
xZrO2(H2O)w · xC6H12O6}+ xOH− →  

	 {VV
xZrO2(OH)x(H2O)w−x· xC6H12O6} + xH2O + xe−	 (9.23)

	 {VV
xZrO2(OH)x(H2O)w−x· xC6H12O6} →  

	 {VV
xZrO2(OH)x(H2O)w−x· xC6H11O6} + xH+ + xe−	 (9.24)

The resulting radical probably experiences an electron exchange with the oxi-
dized vanadium centers, resulting in the formation of gluconolactone and regenerat-
ing the parent V4+ centers:

	 {VV
xZrO2(OH)x(H2O)w−x · xC6H11O6} →  

	 VIV
xZrO2(H2O)w + xC6H10O6	 (9.25)

In agreement with the foregoing set of considerations, chloride ions significantly 
decrease the electrocatalytic effect of all tested materials with respect to glucose oxi-
dation. This effect can be attributed to the competence of chloride with glucose and 
water for coordinating vanadium centers. Interestingly, this effect can be minimized 
using diphasic materials, composed by either monoclinic or tetragonal vanadium-
doped zirconias included in an amorphous silica matrix (see transmission electron 
microscopy image of tetragonal V0.075Zr0.925O2 coated with a layer of amorphous sil-
ica in Figure 9.17). Here, the layer of amorphous silica covering zirconia grains acts 
as an ion-selective barrier partially blocking the access of chloride ions to vanadium 
centers (Doménech and Alarcón, 2007).

9.7 �E lectrochemical Modeling of Electronic Systems

Modeling of electronic circuitry via photochemical and electrochemical systems 
has received attention in the past two decades. On first examination, a variety of 
electrochemical systems can be regarded as frequency filters, rectifiers, or ampli-
fiers because their operating properties are parallel to those typical of vacuum and 
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semiconducting electronic devices. This is potentially interesting for transduction, 
sensing, and information storage.

A first example of electrochemical modeling is provided by the oxidation of 
N,N,N′,N′′-tetramethylbenzidine in nonaqueous media at zeolite Y-encapsulated 
poly(thienylacetylene) (PTA@Y), a hybrid material described in Chapter 8 
(Doménech et al., 2006f). As can be seen in Figure 9.18, at the PTA@Y-modified 
glassy carbon electrode, two consecutive oxidation peaks appear for benzidine oxida-
tion in 0.10 M Bu4NPF6/MeCN. Upon addition of LiClO4, the voltammetric response 
becomes essentially identical, but the peak currents are significantly enhanced. 
This effect can be interpreted as the result of the easier entrance of ClO4

− ions than 
PF6

− ones in the zeolite network demanded by charge neutrality in electrochemical 
cycles. Interestingly, the electrode modifier enhances the signal with no concomi-
tant increase in background currents as observed in, for instance, nanotube-modified 
electrodes (see Figure 7.20). This effect can be attributed to the conjunction of the 
preconcentrating effect due to the zeolite host and electrocatalytic effect associated 
to the conducting oligomer/polymer system.

Examination of Figure 9.18 suggests that one can consider the PTA@Y-modified 
electrode as an electrolyte-driven amplifier system as far as (a) the amplitude of the 
input signal is enhanced and (b) the profile of the output signal is identical to that of 
the input signal (see Figure 9.19).

The use of molecular switches in solution phase has recently received attention 
(de Silva et al., 1997). Photochemical logic gates shown AND, OR, XOR, NOR, and 
INH functionality have been reported, whereas electrochemical storage of informa-
tion via electroswitchable systems (Katz et al., 2004), electrochemical transduction 
of photonically or electrochemically encoded information, and electrochemi-
cal/photochemical information processing (Willner et al., 2001; Pérez-Inestrosa 

Figure 9.17  Transmission electron microscopy of tetragonal V0.075Zr0.925O2 coated with a 
layer of amorphous silica prepared from gels heated at 1200°C for 3 h. (From Doménech and 
Alarcón, 2007. Anal. Chem. 79, 6742–6751, with permission.)
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et al., 2007) are possible. A three-state chemical/electrochemical system can be 
approached from polyaniline attached to layered double hydroxides (LDH-PANI) 
described in Chapter 8. For this purpose, the voltammetric response of aqueous 
Fe(CN)6

4− solutions at LDH-PANI-modified electrodes is modulated upon applica-
tion of different potential inputs, the system being able to be operated as an ionic/
electronic switch (Doménech et al., 2008).

Figure 9.20 compares CVs for a 2.0 mM solution of K4Fe(CN)6 in phosphate buf-
fer at unmodified GCE (Figure 9.20a) and LDH-PANI-modified electrode (Figure 
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(electrolyte)
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Figure 9.19  Schematic representation of (left) a transistor-type amplifier system and 
(right) an electrolyte-driven PTA@Y/benzidine electrochemical amplifier.
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Figure 9.18  SQWVs for PTA@Y-modified glassy carbon electrodes immersed into  
(a) 0.50 mM N,N,N′,N′′-tetramethylbenzidine plus 0.10 M Bu4NPF6/MeCN solution and  
(b) the same plus 0.05 M LiClO4. Potential scan initiated at −0.75 V vs. AgCl/Ag in the posi-
tive direction. Potential step increment 4 mV; square-wave amplitude 25 mV; frequency 15 Hz. 
(From Doménech et al., 2006e. Electrochem. Commun. 8, 1335–1339, with permission.)
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Figure 9.20  CVs for a 2.0 mM K4Fe(CN)6 solution in 0.50 M phosphate buffer at pH 7.0 
at (a) unmodified GCE and (b–d) LDH-PANI-modified GCE after application of a constant 
potential step of (b) 0.0 V, (c) −1.25 V, (d) +0.85 V for 2 min. Potential in the CVs initiated at 
0.0 V in the positive direction. Potential scan rate 100 mV/sec. (From Doménech et al., 2008. 
J. Electroanal. Chem. 624, 275–286, with permission from Elsevier.)
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9.20b–d) after conditioning the modified electrode by applying different constant 
potential steps between 1 and 5 min. At unmodified electrodes, a well-defined quasi-
reversible couple appears at peak potentials of +0.28 V (anodic) and +0.14 V (cathodic). 
At LDH-PANI, when no conditioning potential is applied, anodic peaks at +0.28 and 
+0.60 V, attributable to LDH-PANI-mediated oxidation of Fe(CN)6

4−, and the LDH-
PANI oxidation, respectively, appear, as denoted by the increased cathodic-to-anodic 
peak potential separation, and the significant decrease of the cathodic peak for the 
Fe(CN)6

4−/Fe(CN)6
3− couple. If a conditioning potential of −1.25 V is applied, CVs 

exhibit only the second oxidation peak at +0.60 V. Finally, when a conditioning poten-
tial of +0.90 V is applied to pristine LDH-PANI electrodes, the subsequent CV initi-
ated at 0.0 V in the anodic direction shows no oxidation or reduction peaks.

This behavior suggests that LDH-PANI can be described in terms of a three-
state system where the three states can be accessed by applying the adequate poten-
tial inputs from the parent emeraldine form. Under potentials ranging between 
+0.90 and −0.80 V in contact with aqueous phosphate buffer, the three states are 
stable (as denoted upon repetitive cycling the potential scan), although, as can be 
observed on comparing Figure 9.20a and b, there is no entirely reversible switching 
between all states.

Application of such potential inputs can lead to modeling two combinational 
logic functions, the electrochemical system acting, as with a switch, able to 
transduce one chemical and one electrochemical input (I1, I2) into two electro-
chemical outputs (O1, O2), corresponding to the oxidation peaks for LDH-PANI 
and Fe(CN)6

4−.
Combinational logic circuits equivalent to the LDH-PANI switch are depicted 

in Figure 9.21. A positive logic convention (absence = 0, presence = 1) is used for 
Fe(CN)6

4− input (I1), as customary. Two alternative encodings can be used for the elec-
trochemical input (I2) by combining preconditioning potentials of (a) 0.0 V (off = 0) 
and +1.0 V (on = 1) and (b) 0.0 V (off = 0) and −1.25 V (on = 1). The corresponding 
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O2
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Figure 9.21  Schematics for the LDH-PANI-based logic circuits acting in modes (a) and 
(b). (From Doménech et al., 2008. J. Electroanal. Chem. 624, 275–286, with permission 
from Elsevier.)
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truth tables are shown as Table 9.2 and Table 9.3. Analysis of the logic behavior of 
the LDH-PANI switch in mode (a) reveals that the input I1 has no influence on the 
output O1, which is equivalent to a NOT connected to the input I2. I1 and I2 issues 
can be combined through NOT and AND gates (INHIBIT gate) producing the output 
O2. This situation is repeated in mode (b), whereas input O1 can be represented as a 
combination of one NOT and two OR gates.

TABLE 9.2
Truth Table for the ZnAl-PANI Switch  
Operating in Mode I

I1	I 2	O 1	O 2

0	 0	 1	 0

0	 1	 0	 0

1	 0	 1	 1

1	 1	 0	 0

TABLE 9.3
Truth Table for the ZnAl-PANI Switch  
Operating in Mode II

I1	I 2	O 1	O 2

0	 0	 1	 0

0	 1	 1	 0

1	 0	 1	 1

1	 1	 1	 0
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10 Supercapacitors, Batteries,  
Fuel Cells, and Related 
Applications

10.1 E lectrical Energy Storage and Conversion

Production, storage of electrical energy, and its conversion into other energy forms 
are obvious demands from current society. Batteries are power sources where chem-
ical energy is converted into electrical energy via spontaneous electrochemical 
reactions. Batteries contain one or several cells where a reduction process and an 
oxidation process occur in two electrodic compartments lined by a solid or liquid 
electrolyte. Primary batteries are not designed to be recharged, whereas secondary 
batteries allow repeated cycles of charge/discharge.

Capacitors are devices for storing electric energy consisting, ideally, of two 
conducting elements separated by a dielectric. Under application of a difference of 
potential between the conducting elements, the capacitor acquires a charge that can 
be further released through a consumer circuit. Accordingly, capacitors, apart from 
their use as frequency filters, rectifiers, etc., in electronic circuitry, can be used for 
energy storage, especially for shorter periods (Bard et al., 2008).

Remarkably, charge/discharge processes in batteries proceed via interconversions 
of electrode materials involving phase changes and a certain level of irreversibility 
resulting in limited cycle of life. Increasing stability and cycleability in energy stor-
age devices using nonpollutant and inexpensive materials are the focus of consider-
able research efforts. In this context, the use of porous materials with high surface 
area plays an essential role.

10.2  Capacitors and Supercapacitors

Traditional capacitors use nonpolarized dielectrics such as ceramic materials or 
polymers (polystyrene, polypropylene), working typically in the picofarad to micro-
farad capacitance range. Polarized (or electrochemical) capacitors involve anodic 
oxides of Al, Ta, or Nb (electrolytic capacitors), the capacitance being extended to 
the microfarad to millifarad range. In recent times, new families of electrochemical 
capacitors, generically called supercapacitors, have been devised. These involve two 
possible mechanisms for charge storage: double layer and charge transfer reactions, 
the latter resulting in the so-called pseudocapacitances (Conway, 1991). Double-layer 
capacitance arises from the separation of charge at the interface between a solid 
electrode and an electrolyte (Sarangapani et al., 1990), whereas pseudocapacitance 
arises from fast, reversible faradaic reactions occurring at or near a solid electrode 
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224	 Electrochemistry of Porous Materials

surface over an appropriate range of potential (Zheng and Jow, 1995). Such redox 
reactions can go beyond the surface area and penetrate into the bulk of these materi-
als (Hu and Tsou, 2002). Noble metal oxides such as RuO2 and IrO2 provide the most 
specific capacitance values (about 750 F/g), but they are toxic and expensive. Thus, 
porous transition metal oxides such as CoOx, NiOx, and MnO2 are currently under 
intensive research as materials for supercapacitors.

Electrochemical analysis of their performance is usually conducted via preparing 
electrodes by pressing a mixture of the powdered material with a binder (e.g., acetylene 
black plus polytetrafluorene-ethylene) onto metal foam current collectors (typically  
1 × 1 cm2). Cyclic voltammetric analysis of electrodes prepared from such materials 
allows researchers to discern between a purely capacitive behavior and a pseudocapac-
itance response. The purely capacitive response results in box-shaped voltammograms 
such as depicted in Figure 7.13. A typical pseudocapacitance behavior can be seen in 
Figure 10.1, which shows the cyclic voltammetric response of a deposit of micropar-
ticulate NiO on a graphite plate in contact with 0.10 M NaOH. Here, faradaic processes 
can be clearly seen as more or less defined peaks in the voltammogram.

The specific capacitance, Csp (F/g), can be evaluated from CVs as the quotient 
between the “box” current, I, and the product of the potential scan rate and the mass 
of the composite layer, m:

	
C

I
mvsp

= 	 (10.1)

Analogously, the specific capacitance can be calculated from charge/discharge 
curves at a given current rate by using the relationship:

	

C
I t

m Vsp
= ∆

∆
d

	 (10.2)

0.4 0.3 0.2 0.1 0 –0.1 –0.2 –0.3 –0.4 –0.5 –0.6 –0.7

Potential / V

20 µA (a)

(b)

FIGURE 10.1  CVs for NiO attached to a graphite plate in contact with 0.10 M NaOH. 
Potential scan rate of (a) 50, (b) 5 mV/sec.
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where I represents the discharge current density, m is the mass of the composite, ∆t 
is the total time of discharge, and ∆Vd is the potential drop during discharge. Typical 
curves are illustrated in Figure 10.2 for NiO in contact with 0.10 M KOH obtained 
using a supramolecular template (Xu et al., 2007). The specific capacitance can also 
be calculated from the imaginary part of impedance at the low-frequency limit at an 
electrochemical impedance spectroscopy (EIS) experiment at open circuit potential 
by using the relationship:

	

C
mj Zsp

imag

= 1
ω

	 (10.3)

Figure  10.3 shows the Nyquist plot obtained for a coating of Ru(bpy)-PA-
functionalized polyacetylene on graphite in contact with 0.10 M H2SO4. The EIS 
response is sensitive to the application of different potentials. At high frequencies, 
a small semicircle arc appears, data fitting to the equivalent circuit consisting of a 
parallel combination of double-layer capacitance, charge transfer resistance, and a 
Warburg diffusion impedance (ZW) are taken. The high-frequency intercept of the 
real axis leads to a low value of the internal resistance (electrolyte resistance plus 
active material resistance plus contact resistance at the active material-collector 
interface), whereas at intermediate frequencies, the appearance of a 45º inclined line 
in the Nyquist diagram suggests that the Warburg impedance dominates. At low fre-
quencies, the linear region leans more toward the imaginary axis, thus approaching 
purely capacitive behavior.
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FIGURE 10.2  Charge/discharge curves at different current rates for mesoporous NiO 
(obtained using supramolecular template) in contact with 0.10 M KOH. (From Xu et al., 2007. 
J. Solid State Electrochem. 11, 372–377, with permission.)
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226	 Electrochemistry of Porous Materials

The fraction of metal electroactive sites involved in the faradaic reaction, zac, can 
be calculated from the specific capacitance of the composite using the relationship 
(Srinivasan and Weidner, 2000):

	
z

C M V

Fac
sp=

∆
	 (10.4)

where ∆V represents the potential window and M is the average molecular mass of 
the material.

The specific energy, Wsp (W h/kg), can be estimated as (Schneuwly et al., 1999):

	
W

CU
msp

2

ac
= 2 	 (10.5)

In this equation, C represents the capacitance of the system, U is the working volt-
age, and mac is the total amount of active materials. Typical values of Wsp are ca. 50 
W h/kg. The specific power density is given by (Yuan et al., 2008):

	

P
IU
msp

ac

=
4

	

(10.6)
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FIGURE 10.3  Nyquist plot in the 105 – 10-1 Hz frequency range for Ru(bpy)-PA-
functionalized polyacetylene on graphite in contact with 0.10 M H2SO4. Applied potentials 
of: (a) +1.0; (b) 0.0; and (c) -1.0 V vs. AgCl/Ag. Material courtesy of Prof. Hermenegildo 
García, Polytechnical University of Valencia.
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In this equation, I and U represent the constant charge-discharge current and the poten-
tial range corrected by ohmic drop, respectively. When constant current is used for 
charging and discharging processes, coulombic efficiency, h, can be calculated as:

	

h (%) = 100
t

t
D

C

	 (10.7)

Here, tD and tC  represent the discharge and charge characteristic times, respec-
tively. Figure 10.2 shows the charge/discharge curves at different current rates for 
mesoporous NiO obtained using supramolecular template (Xu et al., 2007). A cru-
cial aspect for practical applications is the stability of the response, so that multiple 
cycling tests (typically 500–100 cycles) are routinely performed. Figure 10.4 shows 
the first seven charge/discharge cycles of a Co(OH)2-Ni(OH)2/ultrastable Y zeolite 
composite electrode immersed into 1 M KOH within the potential window between 
−0.1 and +0.45 V vs. SCE (Liang et al., 2007). It can be seen that the specific capaci-
tance loss after several cycles is negligible.

A high rate discharge capability is one of the most important properties of super-
capacitors in the application of electrode battery (Ye et al., 2004).

The surface faradaic reactions for NiO are, in general, described in terms of 
(Srinivasan and Weinder, 2000; Xing et al., 2004):

	 NiO + OH− → NiOOH + e−	 (10.8)

The reversible pseudocapacitance redox reaction might be represented as:

	 NiOOH + H2O + e− → Ni(OH)2 + OH−	 (10.9)
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FIGURE 10.4  First seven charge/discharge cycles of a Co(OH)2-Ni(OH)2/ultrastable Y zeo-
lite composite electrode immersed into 1 M KOH within the potential window between −0.1 
and +0.45 V vs. SCE (From Liang et al., 2007. J. Solid State Electrochem. 11, 571–576, with 
permission from Springer.).
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Recent developments include the use of hybrid electrochemical capacitors, in 
which intercalations compounds (Li4Ti5O12) were used as the negative material and 
activated carbon was used as the positive material (Amatucci et al., 2001). Cheng et 
al. (2006) have recently reported a b-FeOOH-based hybrid capacitor where the iron 
hydroxide, acting as negative electrode, is assembled with activated carbon positive 
electrode in ethylene carbonate/dimethyl carbonate with 1.0 M LiPF6 electrolyte.

With respect to capacitors, supercapacitors offer such advantages as virtually 
unlimited life cycle, typically ca. 106 cycles coupled with high cycle efficiency 
(95% or more), low impedance, high rates of charge and discharge with concomi-
tant low charging time (seconds), no danger of overcharge, and relatively low cost/
power ratios.

As for disadvantages (with respect to batteries), one can mention that superca-
pacitors possess relatively low energy density (ranging from one-fifth to one-tenth 
of a conventional electrochemical battery), low cell voltages, and high self-discharge 
rates. In addition, it should be noted that linear discharge voltage of capacitors pre-
vents use of the full energy spectrum, whereas their use in electrical vehicle applica-
tions requires electronic control and switching equipment.

10.3 N ickel Batteries

Nickel batteries use b-Ni(OH)2 as electrode material. This material converts to 
b-NiOOH during the charging process and this rearranges to g -NiOOH when it is 
overcharged. This last process is accompanied by a significant expansion, because 
of the difference in density between b-NiOOH and g-NiOOH, which may result in 
poor electric contact between the current collector and b-Ni(OH)2/b-NiOOH, with 
concomitant decrease in the discharge capacity of the battery. Among others, lay-
ered double hydroxides of Ni and other metals, often termed stabilized a-Ni(OH)2 
or doped Ni(OH)2, have been tested as electrode materials (Bernard et al., 1996). 
The effect of the interlayer anions on the electrochemical performance of layered 
double hydroxide electrode materials has been recently studied by Lei et al. (2008) 
(see Chapter 6).

Ferrate(VI)-based materials were studied in 1999 (Licht et al., 1999) and reviewed 
by Yu and Licht (2008). The cathodic charge storage of ferrate(VI) can be repre-
sented as the reduction processes:

	 FeO4
2− + 3H2O + 3e− → FeOOH + 5OH−	 (10.10)

	 FeO4
2− + 5/2 H2O + 3e− → ½ Fe2O3 + 5OH−	 (10.11)

CVs for the oxidation of ferrate ions in alkaline solution are shown in Figure 10.5 
(Licht et al., 2001), where an apparently irreversible diffusion-controlled oxidation 
process is recorded. A primary ferrate(VI) battery contains a Fe(VI) cathode and 
can use a zinc anode and an alkaline electrolyte such as a conventional alkaline bat-
tery. For Ag2FeO4, the general discharge reaction would be:

	 Ag2FeO4 + 5/2Zn → 2Ag + 1/2Fe2O3 + 5/2 ZnO	 (10.12)

K10316_Book.indb   228 10/28/09   12:50:12 PM

www.iran-mavad.com 
مرجع دانشجویان و مهندسین مواد



Supercapacitors, Batteries, Fuel Cells, and Related Applications 	 229

10.4 L ithium Batteries

Following Bard et al. (2008), the term lithium batteries refers to a family of differ-
ent devices having in common a lithium metal anode whose discharge reaction is Li 
→ Li+ + e−. Lithium batteries have found application in portable electronic devices 
because of their high working voltage (up to 4 V), high energy density, excellent 
cyclability, flat discharge characteristics, and long shelf life (up to 10 years) (Nazri 
and Pistoia, 2004).

Lithium was initially used as a cathode material and was later replaced (due 
to its reactivity) by Li-carbon intercalation materials. Cathode materials include 
lithiated transition metal oxides such as LiCoO2, LiNiO2, LiMn2O4, and related 
compounds (Ammunsdsen and Paulsen, 2001). Apart from these materials, differ-
ent porous materials have been studied for lithium batteries. Thus, V2O5 and vana-
dates (LiV3O8, V6O13) have been described by Abraham et al. (1981), Desilvestro 
and Haas (1990), and Delmas et al. (1994); recent advances include sol-gel chromi-
um-modified V6O13 (Leger et al., 2007). Structurally related materials are MoO2, 
MoS2, and MnMoO4 (Auborn and Barberi, 1987; Martos et al., 2000; Xie et al., 
2003; Guo et al., 2007). Such materials possess high cycling capability. A second 
group of widely studied materials comprises MnO2 and related compounds (Bach  
et al., 2000; Soudan et al., 2000), iron phosphate-based materials (Pahdi et al., 
1997; Yang et al., 2002; Santos-Peña et al., 2006), and iron sulfides (FeS, FeS2) 
(Strauss et al., 2002).
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FIGURE 10.5  CVs at Pt electrode for 2 mM K2FeO4 solution in 15 M NaOH. (From Licht 
et al., 2001. J. Power Sources 101, 167–176, with permission from Elsevier.)
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Lithium batteries can operate over a wide temperature range (−40 to 70ºC), the 
most common solvents being polar organic liquids such as acentonitrile, propyl-
ene carbonate, methyl formate, etc. Thionyl chloride (SOCl2) and sulfuryl chloride 
(SO2Cl2) are inorganic liquids that can be used as both the solvent and the active 
cathode material in lithium batteries. LiClO4, LiBF4, and LiAsF6 are the most com-
mon salts for supporting electrolyte dosage. Recent developments include the use of 
solid electrolytes, namely, polyethers, thin films of conducting ceramic materials, 
among others.

The electrochemical performance of cathodes depends significantly on their 
behavior with regard to lithium diffusion, in turn, depending on particle size, surface 
morphology, homogeneity, and porosity. Porous composite cathodes can be regarded 
as two contiguous interwoven networks. The cathode-active material network con-
sists of electronically conducting particles, whereas the second network is a poly-
mer electrolyte that fills the pores between the active cathode material particles. 
Lithium ions participating in the cathode reaction and originating from the lithium 
electrode migrate through the composite into the polymer electrolyte-filled pores of 
the composite cathode to react with the cathode-active material. The mechanism of 
charge-discharge may be affected by ion transport in the electrolyte network and 
redox insertion kinetics of the cathode-active material. General requirements are as 
follows: (1) electrical contact has to be ensured between the particles of the cathode-
active material; (2) the electrolyte must completely fill the pores to prevent the sepa-
ration of cathode-active particles and provide ion conductivity between them; (3) the 
mobility of ions in the polymer-electrolyte phase should be comparable with that in 
the cathode-active material phase.

The cycle life can be defined as the number of charge/discharge cycles that a bat-
tery can go through, under given conditions, before it reaches predefined minimum 
performance limits (Bard et al., 2008). The cycle of life depends on rates of charge 
and discharge, charge and discharge cutoff limits, depth of discharge, self-discharge 
rate, and temperature of operation.

Figure 10.6 shows the CV of a LiMn2O4 electrode on a cell with Li foil for both 
the reference and auxiliary electrodes in ethylene carbonate plus dimethyl carbonate 
solution of LiAsF6 (1 M) (Sinha and Munichandraiah, 2008). The pair of peaks at 
larger potential corresponds to the deintercalation/intercalation of Li in the range 0 ≤ 
x ≤ 0.5 for LixMn2O4, whereas the pair of peaks at lower potentials is attributable to 
this process for 0.5 ≤ x ≤ 1, both accompanied by reversible Mn(IV)/Mn(III) redox 
reactions. Following Xia and Yoshio (1996), the later electrochemical process cor-
responds to the removal/addition of Li+ ions from/into half of the tetrahedral sites in 
which the lithium intercalation occurs. The former couple is then attributed to this 
process at the other tetrahedral sites where lithium intercalations do not occur.

EIS for a LiMn2O4 electrode at 20ºC is shown in Figure 10.7, whereas the 
equivalent circuit used for fitting experimental impedance data is depicted 
in Figure 10.8 (Sinha and Munichandraiah, 2008). The Nyquist plot can be 
described in terms of two superimposed semicircles. Because the semicircles 
are depressed with their centers below the real axis, constant phase elements are 
introduced in this circuit. Here, R1 and Q1 represent the resistance of the surface 
film on LiMn2O4 and the constant phase element (CPE) representing the film 
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capacitance, both corresponding to the high-frequency region of the impedance 
spectrum. R2 and Q2 denote, respectively, the resistance and CPE correspond-
ing to the electrochemical intercalation/deintercalation process and double- 
layer capacitance. R2 is equivalent to the charge-transfer resistance (Rct) of the 
Mn4+/Mn3+ redox process. This magnitude exhibits an Arrhenius-type variation 
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FIGURE 10.7  EIS of a LiMn2O4 electrode in 1 M LiAsF6/(ethylene carbonate + dimethyl 
carbonate) at 20ºC. (From Sinha and Munichandraiah, 2008. J. Solid State Electrochem. 12, 
1619–1627, with permission from Springer.)
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FIGURE  10.6  CV of a LiMn2O4 electrode (surface density, 5 mg/cm2) in 1 M LiAsF6/ 
(ethylene carbonate + dimethyl carbonate). Potential scan rate, 0.05 mV/sec. (From Sinha 
and Munichandraiah, 2008. J. Solid State Electrochem. 12, 1619–1627, with permission from 
Springer.)
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with temperature so that the activation energy, Ea, of the electrochemical pro-
cess can be obtained from the slope of ln(Rct/T) vs. 1/T linear relationship (Suresh  
et al., 2002):

	

∆
∆

(ln( ))

( )

R T

T

E

R
ct

/

/1
= a 	 (10.13)

In the case of pyrite batteries, Strauss et al. (2002) proposed a multistep mechanism 
for the charge–discharge of pyrite in polymer electrolytes in the temperature range 
90–135ºC. In the first cycle, the reduction of pyrite occurs in two steps:

	 FeS2 + 2Li+ + 2e− → Li2FeS2	 (10.14)

	 Li2FeS2 + 2Li+ + 2e− → Fe + 2Li2S	 (10.15)

The second cycle charge/discharge curve for the Li/composite polymer electrolyte/
FeS2 cell is shown in Figure 10.9. Region b in the voltage/capacity curve in the figure 
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FIGURE 10.8  Representation of the equivalent circuit used by Sinha and Munichandraiah 
(2008) to describe the EIS of LiMn2O4 electrode in 1 M LiAsF6/(ethylene carbonate + 
dimethyl carbonate) depicted in Figure 10.7.
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cycle of Li/composite polymer electrolyte/FeS2 cell. (From Strauss et al., 2002. J. Solid State 
Electrochem. 6, 468–474, with permission from Springer.)
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corresponds to the reversible electrochemical reaction:

	 Fe + 2Li2S → Li2FeS2 + 2Li+	 (10.16)

whereas region a is associated to the reversible insertion/deinsertion of lithium in 
the Li2FeS2 host, complicated by phase change. The phase evolution of the system is 
schematized in Figure 10.10. In the first step, iron metal is oxidized to Fe2+ at the Fe/
Li2S interface (I) and a Li2FeS2 layer is formed in that interface:

	 (Fe)I → (Fe2+)I + 2e−	 (10.17)

	 (Fe2+)I + 2(Li2S)I → (Li2FeS2)I + 2Li+	 (10.18)

Here, Li+ ions are released, whereas two interfaces, Fe/Li2FeS2(II) and Li2FeS2/
Li2S(III), are generated. Fe2+ cations formed at interface II migrate and diffuse 
through lattice defects in the Li2FeS2 phase until they reach interface III, where they 
react with Li2S:

	 (Fe)II → (Fe2+)II + 2e−	 (10.19)

	 (Fe2+)II → (Fe2+)III	 (10.20)

	 (Fe2+)III + 2(Li2FeS)III → (Li2FeS2)III + 2Li+ 2e−	 (10.21)

This step continues until all iron particles electrically connected to the current col-
lector react with Li2S particles. This produces a thickening of the intermediate layer 
of Li2FeS2. When a given threshold thickness is reached, a potential jump appears, 

Fe
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Li2FeS2

Interface II 
Interface III 

Li2–xFeS2

Li2S

FIGURE 10.10  Schematics for charge solid-phase transitions in a pyrite-based composite 
cathode as described by Strauss et al. (2002).
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due to the transport limitations of Fe2+ in Li2FeS2. Final steps lead to the formation 
of a layer of Li2−xFeS2, in which Fe2+ is oxidized to Fe3+ coupled to deinsertion of 
lithium ions, and a change in iron occupancy at an advanced stage of the reaction 
(Blandeau et al., 1987).

The charging and discharging processes of lithium batteries involve the transfer 
of Li+ from one ion insertion electrode to another. This process can be regarded as a 
topotactic intercalation reaction of Li+ ions into interstitial sites in the crystalline host 
matrices, eventually accompanied by first-order phase transitions. Electrochemical 
detection of such phase transitions is conditioned by slow solid-state diffusion of ions 
into the solid matrix and uncompensated ohmic drops. Phase transition can be asso-
ciated to the two-peak response in CVs such as those shown in Figure 10.11, corre-
sponding to a composite graphite electrode immersed into LiPF6/(ethylene carbonate 
plus dimethylcarbonate) electrolyte. Figure 10.12 depicts the electrochemical con-
version of LiC12 → LiC6. The most singular picture of the phase transition/insertion 
process is provided by chronoamperometric curves such as  shown in Figure 10.13, 
corresponding to the intermittent titration of graphite electrode across the major 
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FIGURE 10.11  CVs at different sweep rates for composite graphite electrode immersed into 
1 M LiPF6 in 1:3 ethylene carbonate plus dimethylcarbonate mixture. The region between 
0.080 and 0.085 V corresponds to the almost complete LiC12 → LiC6 interphase transition. 
(From Levi and Aurbach, 2007. J. Solid State Electrochem. 11, 1031–1042, with permission 
from Springer.)

(c)(b)(a)

Li+

LiC12
LiC6

FIGURE 10.12  Schematic representation for the advance of a moving boundary during the 
electrochemical conversion of LiC12 into LiC6 following the description of Levi and Aurbach 
(2007). It is assumed that lithium ions from the electrolyte (left) intercalate into the LiC12 phase.
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intercalation peak for LiC12 → LiC6 transition, potentiostatic titration between 0.085 
and 0.080 V (Levi and Aurbach, 2007). Here, the low mass film of powdery com-
posite electrodes in a coin-type cell configuration, in contact with a small amount of 
LiPF6 in ethylene carbonate plus dimethylcarbonate electrolyte, was used to improve 
data resolution.

Five regions, labeled I–V, can be distinguished in the chronoamperometry (CA) 
curve in Figure 10.13: At short times (region I), double-layer charging is accom-
panied by saturation of the initial phase, LiC12, with Li+ ions. Here, nuclei with a 
subcritical size are formed, further undergoing coalescence to form larger size, 
supercritical nuclei, a well-known phenomenon in metal deposition electrochemistry 
(Simmons et al., 1997). In region II, the current increases almost linearly with time, 
a process that can be associated to the growth of supercritical nuclei, overlapping 
with each other and finally forming a continuous layer. The coalescence of nuclei 
of the new phase (region III) determines the end of the growth of the total sur-
face area. The current decreases through region IV, where the boundary between 
the two coexisting phases advances toward the electrode bulk (see scheme depicted 
in Figure 10.12). Finally, the current decreases monotonically when the electrode 
reaches equilibrium with lithium ions in the solution at the applied potential (region 
V). The current decrease in region IV can be interpreted by two alternative models: 
a quasi-Cottrellian approach and a progressive boundary motion model. In the quasi-
Cottrellian approach, it is assumed that the quotient between the charge passed at 
time t′ after the maximum current, Qt′, and the total charge passed at infinite time, 
Q∞, are proportional to the square root of time:

	

Q

Q
Dt

a
t ′ ′

∞

=






4
1 2

π

/

	 (10.22)
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Long-time domain of FSD

Moving boundary vs.
pseudo-Cottrellian model

Coalescence of nuclei
Nucleation and growth Step from 0.085 to 0.080 V (vs Li/Li+)

t/ks

FIGURE 10.13  Current/time curve for the intermittent titration of graphite electrode across 
the major intercalation peak for LiC12 → LiC6 transition, potential step from 0.085 to 0.080 V. 
Electrolyte: 1 M LiPF6 in 1:3 ethylene carbonate plus dimethylcarbonate mixture. (From Levi 
and Aurbach, 2007. J. Solid State Electrochem. 11, 1031–1042, with permission from Springer.)
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assuming that diffusion of lithium ions (with diffusion coefficient D) occurs from 
two opposite edges of a particle of size a. In the moving boundary model, the Qt'/Q∞ 
ratio becomes:

	

Q

Q
D tt ′

∞

= 2 1 2g ( ) /
phase

	 (10.23)

where Dphase is the diffusion coefficient for the propagating phase and γ is a numeri-
cal coefficient whose value approaches 0.52 (Levi and Aurbach, 2007). Diffusion 
influences notably EIS responses for this kind of system (Dell’Era and Pasquali, 2009). 
When conditions of semi-infinite diffusion hold, the Nyquist plot comprises a semi-
circle followed by a linear branch. When the thickness of the stagnant layer is finite 
(transmissive finite diffusion), two semicircles are obtained, while if transmission takes 
place at a limited distance (reflective finite diffusion), two consecutive linear regions 
follow to the high-frequency semicircle (Kuang et al., 2009) (see Figure 10.14).

10.5 F uel Cells

Fuel cells can be defined as energy-producing devices where chemical energy from a 
fuel and an oxidant is directly converted into electricity and heat, without involving 
combustion cycles, generally involving a steady-state electrode-electrolyte system. 
In contrast with batteries, closed systems that chemically store electrical energy, fuel 
cells can be described as open systems that can operate continuously by maintaining 
the appropriate flow of reactants. Here, the electrodes act as catalysts for the overall 
fuel oxidation reaction, also in contrast with batteries, where the electrodes react 
during charge/discharge cycles. Fuel cells provide advantages with respect to other 
energy conversion systems by virtue of their high efficiency, environmental safety, 
and possibility of recovering exhaust heat.

If the fuel cell system is in thermal and mechanical equilibrium and operates at 
constant pressure and temperature, through a chemical reaction whose changes of 
free energy, enthalpy end entropy are, respectively, ∆G, ∆H, and ∆S, the intrinsic 
maximum efficiency, ηt, is given by:

	
h

t
= = −∆

∆
∆

∆
G
H

T S
H

1 	 (10.24)

The theoretical efficiency in such systems is close to unity, but in practice, the prac-
tical efficiency is significantly lower. This is attributable to the different mechanical 
and thermal losses in the system but also to the direct chemical reactions between 
the reactants and secondary electrochemical reactions in the cell. The voltage effi-
ciency of the cell, ηv, is defined as the quotient between the cell voltage, V, at a given 
cell current, I, and the cell voltage at open circuit, Vr (the maximum value of the cell 
voltage, equivalent, if the cell is in equilibrium, to the reversible cell potential, Ef):

	

h
v

r

= V
V

	 (10.25)
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It should be noted that, in general, the electrochemical equilibrium is not fully attained 
in fuel cells. Then, stationary open circuit potentials reached in fuel cells are not equi-
librium potentials. When the electrodes are connected through an external circuit, a cur-
rent flows and the cell voltage departs from the stationary open circuit value, a situation 
generically labeled as polarization of the cell. All phenomena leading from the departure 
of the equilibrium potential of the cell are also termed polarization phenomena.

The faradaic efficiency, ηf, is defined as the quotient between the cell current and 
the theoretical cell current, Im, calculated by assuming that the reactants are com-
pletely consumed and that reactions do not take place:

	

h
f

m

= I
I

	 (10.26)
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FIGURE 10.14  Nyquist responses for (a) semi-infinite diffusion; (b) transmissive finite diffu-
sion, and (c) reflective finite diffusion, using  the equivalent circuit represented below.
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The overall efficiency of the cell, ηc, is taken as the product between the three 
efficiencies described above:

	
h h h h=

t v f 	 (10.27)

The so-called polarization of a fuel cell can be attributed to different phenomena, 
each one being, in general, quantified by an overpotential. Three main types of over-
potentials can be considered:

	 1.	Activation overpotential, due to the existence of slow charge transfer steps 
in the electrochemical reaction.

	 2.	Concentration overpotential, due to slow diffusion processes in the electro-
lyte. This arises, in particular, in porous gas diffusion electrodes.

	 3.	Resistance overpotential, associated to the difference of potential arising 
between the ends of resistive components of the cell. This can be mini-
mized by using highly conductive electrolytes, electrodes of high area, and 
small interelectrode gap.

Typical polarization curves are represented in Figure 10.15, corresponding to 
nanoscale membrane assemblies based on porous anodic alumina functioning in a 
H2/O2 fuel cell (Bocchetta et al., 2007). In the region of low current, activation con-
trol predominates, whereas in the central, essentially linear region of the diagram, 
ohmic control exists. Finally, in the region of almost constant current, mass transfer 
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FIGURE 10.15  Polarization curves (E cell voltage) at different cell temperatures recorded 
under linear potential scan conditions (sweep rate, 5 mV/sec) for a 5-cm2 H2/O2 fuel cell 
working with membrane assemblies based on porous anodic alumina. (From Bocchetta et al., 
2007. J. Solid State Electrochem. 11, 1253–1261, with permission from Springer.)
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control exists. Figure 10.16 shows the variation in power density (P, W/cm2), with 
current density recorded under linear potential scan conditions for the above fuel 
cell working at 25ºC. The maximum performance is obtained in the central current 
density region.

Taking into account the different existing activation and resistive limitations, the 
cell voltage can be expressed as:

	
V V IR= − − −

r a c
| | | |h h

tot
	 (10.28)

Here, Rtot represents the total resistance of all ohmic components in the cell, whereas ηa 
and ηc represent the overpotentials of the anodic and cathodic reactions, respectively.

Fuel cells are usually classified according to their electrolyte and working tem-
perature. The main types are alkaline fuel cells (AFCs), polymer electrolyte fuel 
cells (PEFCs), direct methanol fuel cells (DMFCs), phosphoric acid fuel cells 
(PAFCs), molten carbonate fuel cells (MCFCs), and solid oxide fuel cells (SOFCs), 
whose essential characteristics are listed in Table  10.1. Different fuels have been 
used, mainly hydrocarbons, natural gas and biogas, hydrogen, and alcohols. Oxygen 
from air is the main oxidant agent, although other oxidants, such as CO2/oxygen/air 
mixtures and chlorine and chlorine dioxide, have been tested.

In proton exchange membrane fuel cells, perhaps the most divulgate type of fuel 
cells, a proton-conducting polymer membrane acts as the electrolyte separating the 
anode and cathode sides. Porous anaodic alumina (Bocchetta et al., 2007) and mes-
oporous anastase ceramic membranes have been recently introduced in this field 
(Mioc et al., 1997; Colomer and Anderson, 2001; Colomer, 2006).
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FIGURE 10.16  Polarization curve (E cell voltage) at 25ºC and power density (P) recorded 
under linear potential scan conditions (sweep rate 5 mV/sec) for a 5 cm2 H2/O2 fuel cell work-
ing with membrane assemblies based on porous anodic alumina. (From Bocchetta et al., 
2007. J. Solid State Electrochem. 11, 1253–1261, with permission from Springer.)
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SOFCs are based on the use of doped metal oxides. Remarkably, there is pro-
duction of chemicals in the fuel cell in the course of its operation, so that it can 
also be considered an electrosynthetic reactor. Formally, the anodic reaction 
produces the electrons that flow through the external circuit toward the cathode, 
where they are transferred to the cathodic reactant. The cathode reaction can be 
written as:

	 O2 (g) + 2H2O + 4e− → 4 OH− (aq)	 (10.29)

whereas the anode reaction can be represented as:

	 H2 (g) + 2OH− (aq) → 2H2O + 2e−	 (10.30)

Thermal and mechanical stability and oxygen ionic conductivity are general 
requirements for materials that can be used as electrode materials in SOFCs. 
Increase in stability and reduction of costs require lowering of the operation tem-
perature. However, this prerequisite is accompanied by an increase of electrode 
polarization, which may be critical for the overall performance (Tsipis and Kharton, 
2008). This is because the apparent activation energies for the interfacial processes 
are, in general, higher than those for oxygen ionic transport in solid electrolytes 
(Yamamoto, 2000). The reduction of the working temperature results in a lower 
oxygen vacancy concentration with concomitant increase of the role of ionic con-
ductivity of electrode material.

As cathode materials, one can cite perovskite-type manganites, (Ln,A)(Mn)O3±δ 
(Ln = La-Yb or Y; A = Ca, Sr, Ba, Pb), ferrites, (Ln,A)FeO3±δ, cobaltites, (Ln,A)

TABLE 10.1
Main Types of Fuel Cells
				O    peration
Type of Fuel	E lectrodes	E lectrolyte	 Primary Fuel	T emperature (ºC)

Alkaline (AFC)	 Metal or	 NaOH/KOH	 Hydrogen	     60–90 
	 carbon
Polymer	 Pt on carbon	 Polymeric	 Reformate	   80–110 
electrolyte		  membrane	 hydrogen 
(PEFC)
Direct methanol	 Pt on carbon	 Polymeric	 Methanol	   80–110 
(DMFC)		  membrane
Phosphoric acid	 Pt on carbon	 H3PO4 	 Reformate	   160–200 
(PAFC)			   hydrogen
Molten	 Ni + Cr	 Li2CO3-K2CO3	 H2/CO	   600–800 
carbonate			   reformate 
(MCFC)
Solid oxide	 Ni/Y2O3-ZrO2	 ZrO2 doped	 H2/CO/CH4	 800–1000 
(SOFC)		  with Y2O3	 reformate

Source: Data taken from Alcaide et al., 2004.
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CoO3±δ, nickelates, and cuprates (Yu and Fung, 2003; Gasik, 2008). Perovskite-type 
manganites show high electrical conductivity, substantial electrocatalytic activity 
toward oxygen reduction at temperatures above 1000–1100 K and moderate thermal 
expansion coefficients, predominant electronic conductivity, and low oxygen ion 
diffusivity, with transport properties and electrochemical activity being dependent 
on oxygen nonstoichiometry. Here, electrocatalytic activity under high cathodic 
polarization is usually correlated with the generation of oxygen vacancies in the 
electrode surface. Doping with acceptor species, in general, leads to an increase in 
the p-type conductivity and electrochemical activity of Ln1−xAxMnO3±δ manganites. 
Ferrites, in general, exhibit higher electronic or mixed conductivity than mangan-
ites but provide high thermal expansion coefficients due to oxygen losses at elevated 
temperatures and may lead to thermochemical incompatibility with common solid 
electrolytes. Oxygen diffusivity is enhanced by extensive acceptor doping, but this 
is usually accompanied by increasing thermal and chemical expansion due to weak-
ening of metal-oxygen bonds and rising the atomic vibration unharmonicity (Tsipis 
and Kharton, 2008).

Perovskite-related cobaltites show better cathodic and transport properties com-
pared to manganites and ferrites but also higher chemical and thermal expansion. It 
is accepted that the performance of ferrite and cobaltite electrodes is essentially gov-
erned by the exchange processes at the electrode and electrolyte surfaces and by ion 
transfer across the cathode/electrolyte interface, with the bulk ionic transport in the 
electrode being important but less critical than the above processes. Nickelates and 
cuprates are also considered interesting materials, although their thermomechani-
cal stability and compatibility with solid oxide electrolyte ceramics are, in general, 
lower with respect to the aforementioned materials.

Manganite-, cobaltite-, and ferrite-based perovskites, however, cannot be thermo-
dynamically stable under anodic conditions. The most common materials for anodes 
consisted of ceramic-metal composites (cermets) containing yttria-stabilized zirconia 
(YSZ) and Ni or other metals. In such systems, the metallic phase acts as electronic 
conductor and catalyst. Here, composite layers should provide percolation paths for 
electrons, oxygen ions, and gas, so that the electrochemical performance of the anode 
material is strongly dependent on its microstructure. The YSZ fraction in the com-
posite, its porosity, and the sizes of the Ni and YSZ particles play a crucial role in 
determining the properties of the electrode. For cermets having components with 
similar grain sizes, the percolation threshold is expected to correspond to a ca. 30% 
v/v of metallic phase (Sunde, 1996). Microstructural differences are important in 
this context. It should be noted that, at elevated temperatures, Ni-YSZ cermets with 
high metal content experience fast degradation due to coarsening of metal particles. 
Problems due to microtructural reconstruction, strains, and failure, accompanied by 
rising overpotentials during redox cycling, are also associated to high metal contents 
in these composites.

Doped cerias have also been extensively used as anodes in SOFC cells. The 
main advantage of such materials is the high catalytic ability of ceria with regard to 
combustion reactions involving oxygen, particularly those using hydrocarbons and 
biogas as fuels. Reduced CeO2−δ materials possess a significant amount of mixed 
oxygen ionic and n-type electronic conductivity, properties that can be enhanced 
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by acceptor-type doping (Kharton et al., 2001). An additional metal has to be added 
because the electronic conduction in cerias is lower than necessary to avoid critical 
ohmic losses and/or current constriction effects on the overall anodic polarization. 
Other materials, namely, spinels, fluorites, pyrochlores, and molybdates, among oth-
ers, have been proposed for SOFC anodes.

Composite cathode materials, surface modification of solid electrolytes and 
electrodes, insertion of nano-sized particles of catalysts, and application of oxide- 
activating agents onto the electrode surface, recently reviewed by Tsipis and Kharton 
(2008), are strategies for improving the overall electrochemical performance of fuel 
cells. There is a growing interest in preparing porous anodes with gas permeabil-
ity, chemical stability, mechanical resistance, high electrical conductivity, and high 
thermal shock resistance.

Theoretical modeling of porous cermets can be ascribed to two general approaches 
simulating random packing of particles (Monte Carlo simulations) and via macro-
scopic averaged models in terms of corrugated layers covered by a thin electrolyte 
film or vice versa (Sunde, 1997).

DMFCs are based on the electrochemical oxidation of methanol at an anode. 
The main problem is the disposal of a suitable catalyst for the complete oxidation of 
methanol to CO2:

	 CH3OH + H2O → CO2 + 6H+ + 6e−	 (10.31)

Intensive research is currently being carried out to obtain efficient catalysts for this 
reaction. Most of the research is devoted to different metal (Pt, in particular)-based 
materials, but several approaches include porous materials such as Ni-impregnated 
zeolites, obtained from soaking of zeolites in, for instance, NiSO4 solutions (Abdel 
Rahim et al., 2006). The performance of gold-zeolite–modified electrodes toward 
electrocatalytic oxidation of ethanol, an alternative to methanol fuel, has been 
recently reported by Ouf et al. (2008).

10.6 E lectrocogeneration

There is a continuously growing interest in the development of cogenerative fuel 
cells, fuel cells involving generation of useful chemicals. The cogeneration processes 
require favorable thermodynamic and kinetic conditions. Such systems involve a 
conventional fuel cell, an external circuit for using electrical energy, and a system 
for recovering the useful chemicals produced (Alcaide et al., 2004). Ideally, this 
methodology can be extended to portable devices.

The use of porous materials attracts a significant part of research efforts because 
of their ability to provide electrodes with high specific area and their capacity for 
storing reaction products (gaseous products, in particular).

One remarkable aspect is that, frequently, a variety of products result from elec-
trochemical reactions in the fuel cell, so that selectivity for a given product is another 
factor to be considered in cell design. For instance, SOFC cells using bismuth 
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oxide–based catalysts can produce the oxidative dehydrogenation of propylene to 
1,5-hexadiene and benzene via the following reactions (Jiang et al., 1994):

	 Anode: C3H6 + O2− → C3 dimers + 2e−	 (10.32)

	 Cathode: O2 + 4e− → 2O2−	 (10.33)

The cell operates at 600ºC under atmospheric pressure and provides a selectivity of 
77% for the production of 1,5-hexadiene and benzene at 3.2% conversion.

A variety of cogeneration processes has been recently described in the literature. 
A brief list is shown in Table 10.2, where representative examples involving porous 
materials and different types of fuel cells are included. In most cases, electrocogen-
eration allows for a simultaneous removal of organic pollutants and flue gas emis-
sions. Examples of this possibility will be treated in Chapter 12.

TABLE 10.2
Some Examples of Cogenerative Processes in Fuel Cells Involving the Use  
of Porous Materials

			T   ype of Fuel  
Electrode	A node Reaction	 Cathode Reaction	 Cell/Source

Porous Pt	 C4H8 + H2O →	 O2 + 4H+ + 4e−→2H2O	 AFCa 

			   CH3COC2H5 + 2H+ + 2e−

Porous Pt	 H2 → 2H+ + 2e−	 C6H6 + 6H+ + 6e− → C6H12	 AFCb

Active carbon	 H2 → 2H+ + 2e−	 O2 + 2H+ + 2e− → H2O2	 AFCc

(Bi2O3)0.85(La2O3)0.15	 2C3H6 + 3O2−	 O2 + 4e− → 2O2− 	 SOFCd 

	 → C6H6 + 3H2O + 6e−

ZrO2(Y2O3)	 PhCH2CH3 + O2−→	 O2 + 4e− → 2O2− 	 SOFCe

		  PhCH = CH2 + H2O + 2e−	

Source: Data taken from: aLanger and Colucci-Rios (1985), bLanger and Yurchak (1969), cYamanaka et al. 
(2002), dDi Cosmo et al. (1986), eMichaels and Vayenas (1984). See also Alcaide et al. (2004).
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11 Magnetoelectrochemistry 
and Photoelectrochemistry 
of Porous Materials

11.1  Magnetoelectrochemistry

The term magnetoelectrochemistry refers to the study of electrochemical phenom-
ena under the application of magnetic fields. The influence of magnetic fields on 
electrochemical reactions is well known and involves from metal electrodeposition 
to electropolymerization (Fahidy, 1999). Conversely, magnetic fields can be induced 
by electrochemical reactions (Juzeliünas, 2007). The effect of magnetic fields on 
electrochemical processes in solution phase is threefold: (1) may cause energy-level 
splitting in radicals (Zeeman effect); (2) may bring about diamagnetic orientation of 
aromatic molecules; (3) may cause convection in the electrolytic solution (magneto-
hydrodynamic effect.

From the seminal work of Fahidy (1983), the magnetohydrodynamic effect has 
been studied by several authors (Waskaas, 1993, 1996, 1997; O’Brien and Santhanam, 
1997; Ragsdale et al., 1996, 1998). This effect is explained in terms of a gradient of 
paramagnetic ions in the vicinity of an electrode surface; i.e., in terms of magneto-
convection. More recently, Waskaas and Kharkats (1999) have suggested that the 
magnetic field will cause a transport of all ions because of the difference in the mag-
netic susceptibility in the solution at the electrode surface. Lorentz force (FB) due to 
moving charges in an electrolyte solution can be expressed as:

	 F nz ev nz ev BB

�� � � ��
= + ×+ + − −( ) 	 (11.1)

where B denotes the externally applied magnetic field, z+, z-, are the formal charge 
of ions, and v+, v−, their respective velocities. Notice that although the velocities 
and positive and negative mobile charges point in opposite directions, the corre-
sponding charges have opposite signs. Accordingly, cations and anions experience 
magnetic forces in the same direction. The average low-field magnetic moment 
per magnetic dipole of a given species, j, with spin ½ (including common organic 
radicals) is given by
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In this equation, g is the Lande factor and µB is the Bohr magneton. The total para-
magnetic force acting on the unit volume element, Fpm, is given by:
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Here, cj designates the concentration of radical species and NA is Avogadro’s num-
ber. The first term in the above equation describes the field gradient paramagnetic 
force exerted in areas where the magnetic field gradient is ≠0, typically occurring 
in the vicinity of ferromagnetic particles (Leventis et al., 2007). The second term 
in Equation (11.3) describes the effect due to the presence of gradients in the con-
centration of radical species. This occurs, for instance, in the diffusion layer during 
electrochemical experiments and can be obscured by other phenomena like convec-
tion (Leventis et al., 2007).

In the context of the electrochemistry of porous materials, it can be expected that 
application of magnetic fields can promote alterations in charge transport through 
materials, electrolyte, and interfaces, and eventually, variations in the orientation 
of guest molecules potentially able to be reflected in the electrochemical response 
of the materials. The effect of static magnetic fields effects on the electrochemistry 
of bipyrylium bication [1,4-bis(3,5-diphenyl-4-pyrylium)phenylene] (=BTP2+) asso-
ciated to zeolite Y and MCM-41 mesoporous aluminosilicate (BTP@Y and BTP@
MCM, respectively) has been described by Doménech et al. (2005c). Molecular mod-
eling indicates that the BTP2+ bication cannot be accommodated in a single cavity 
of zeolite Y and should occupy two neighboring supercages. Upon attachment to 
polymer film electrodes immersed into Et4N+/MeCN and Bu4N+/MeCN electrolytes, 
BTP@MCM and BTP@Y probes provide clearly separated voltammetries. As shown 
in Figure 11.1, BTP@MCM displays an almost identical response in both electrolytes 
consisting of two main cathodic signals at 0.5 and −0.12 V versus AgCl/Ag and an 
additional more or less marked peak at −0.28 V. This voltammetry can be described 
in terms of a solution-like response consisting of two one-electron reduction pro-
cesses mediated by a comproportionation reaction. The additional signal at more 
negative potentials can be ascribed to the reduction of BTP2+ species more strongly 
attached to the MCM matrix.

The response of BTP@Y in Bu4N+/MeCN is restricted to a unique reduction pro-
cess near to −0.40 V, but it differs significantly in the presence of Et4N+. Here, two 
reduction processes at −0.22 and −0.36 V appear (Figure 11.2). As described in 
Chapter 4, this response can be associated to the presence of different boundary-
associated topological redox isomers for which no significant comproportionation 
reaction occurs, namely,

	 {BTP2+} + Et4N+ (sol) + e− → {BTP•+ ··· Et4N+} 	 (11.4)

	 {BTP•+ ··· Et4N+} + Et4N+ (sol) + e− → {BTP ··· (Et4N+)2} 	 (11.5)
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Figure 11.2  SQWVs for BTP@Y immersed into (a) 0.10 M Bu4NPF6/MeCN and (b) 0.05 M 
Et4NClO4 + 0.10 M Bu4NPF6/MeCN. Potential scan initiated at 0.45 V in the negative direction. 
Potential step increment, 4 mV; square-wave amplitude, 25 mV; frequency, 15 Hz. (Adapted from 
Doménech et al. 2005. J. Electroanal. Chem. 577, 249–262, with permission from Elsevier.)
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Application of moderate magnetic fields (0.02–0.2 T) produces significant modi-
fications in the voltammetric behavior of BTP@MCM and BTP@Y. As shown in 
Figure 11.3, corresponding to the application of a horizontal magnetic field (0.2 T) to 
a vertical BTP@MCM-modified electrode immersed into Et4NClO4 plus Bu4NPF6/
MeCN electrolyte, the main effect appears to be a lowering of peaks while the overall 
voltammetric profile becomes slightly unchanged. Similar features were obtained for 
BTP@Y in contact with Bu4N+/MeCN electrolytes. In the case of BTP@Y-modified 
electrodes immersed into Et4NClO4 plus Bu4NPF6/MeCN electrolytes, however, the 
relative height of voltammetric peaks becomes changed, apparently depending on 
the angle between the applied magnetic field and the electrode axis, as depicted in 
Figure 11.4.

These features can be rationalized by considering the magnetoconvective effect–
associated ion motion, paramagnetic effect associated with concentration gradients, 
and, eventually, orientation effects induced by the applied magnetic field. First of all, 
for BTP@MCM, the main effect due to magnetic fields is peak current variations with 
no significant change in relative peak currents. These features suggest that in this 

Figure 11.3  SQWVs for BTP@MCM immersed into 0.05 M Et4NClO4 + 0.10 M Bu4NPF6/
MeCN (a) in the absence and (b) under the application of a horizontal magnetic field of 0.2 
T. Potential scan initiated at 0.45 V in the negative direction. Potential step increment, 4 mV; 
square-wave amplitude, 25 mV; frequency 15 Hz. (Adapted from Doménech et al., 2005. J. 
Electroanal. Chem. 577, 249–262, with permission from Elsevier.)
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system, where there are no restricted ionic mobility and a solution-like response was 
obtained, magnetoconvection is the main factor determining changes in the voltammet-
ric response. In the case of BTP@Y in the presence of Et4N+ electrolytes, however, the 
magnetoconvection on charge-balancing cations can be superimposed, to any extent, 
to orientation effects. In fact, magnetic effects appear to influence the reaction rate in 
conformationally constrained macrocyclic systems in the solution phase (Doménech  
et al., 2004f). Future developments should consider magnetically assisted electrochem-
ical formation of porous layers and the effect of nonstationary magnetic fields because 
relaxation effects associated with encapsulation would be possibly detected.

11.2  Photoelectrochemistry

The term photoelectrochemistry is in general applied to all phenomena where photon 
absorption is accompanied by electrochemical processes. The usual requirements for 
photoelectrochemical activity are (1) the semiconductor character of the electrode 

Figure 11.4  SQWVs for BTP@Y immersed into 0.05 M Et4NClO4 + 0.10 M Bu4NPF6/
MeCN under the application of a magnetic field of 0.2 T forming angles of (a) −60°, 
(b) 0°, and (c) 60° with the vertical electrode axis. Potential scan initiated at 0.45 V in 
the negative direction. Potential step increment, 4 mV; square-wave amplitude, 25 mV; 
frequency, 15 Hz. (Adapted from Doménech et al., 2005. J. Electroanal. Chem. 577, 
249–262, with permission from Elsevier.)
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material, (2) the existence of an electrolyte concentration high enough to significantly 
exceeding the density of charge carriers in the semiconductor, and (3) that the semi-
conductor should be reverse biased with respect to the solution (Bard et al., 2008).

A significant part of such systems are addressed to produce hydrogen for water, 
pioneered by Honda and Fujishima (1972), who discovered that water can be decom-
posed into H2 and O2 by using a photocell comprising a TiO2 electrode under light 
irradiation. Due to their wide band gaps, the majority of the photocatalysts are only 
active under UV light irradiation, thus limiting their application for hydrogen pro-
duction from water and sunlight.

For all types of cells, the position of the valence and conduction bands of the 
semiconductor relative to the redox energy levels of the redox couple is an important 
parameter with regard to estimate the efficiency of the cell in energetic terms.

As previously noted, photoelectrochemical cells involve semiconductor/electrolyte 
junctions. To describe this system, it should be kept in mind that for an intrinsic 
semiconductor at room temperature, the Fermi level (the energy value, EF, where the 
probability of a level being occupied by an electron is equal to the probability of being 
occupied by a vacant) is at the midpoint in the band gap region between valence and 
conduction bands. For a doped material, the location of the Fermi level depends on 
the doping level and dopant concentration. Roughly, for doped n-type materials, EF 
lies just below of the conduction band edge, whereas for doped p-type materials the 
Fermi level is located slightly above the valence band edge. EF can be determined 
from measurements of work functions or electroaffinities and is usually expressed 
with respect to the vacuum scale of energies, i.e., taking as zero the energy for a free 
electron in vacuum.

When equilibrium is established between a semiconductor and an electrolyte solu-
tion, the Fermi level in both phases is equalized via charge transfer between phases. 
In the case of an n-type semiconductor, this implies the pass of electrons from the 
semiconductor to the solution phase, so that the semiconductor becomes positively 
charged and the electrolyte negatively charged. The excess charge in the semicon-
ductor resides (contrary to a metal, where excess of charge resides at the surface) 
in a space charge region. This region can be considered as analogous to the diffuse 
double layer (see chapter 1) formed near the electrolyte/semiconductor junction. 
Then the surface region of the semiconductor (50–2000 Å) becomes depleted of 
majority carriers and a depletion layer is formed. This situation is represented in 
energy diagrams by the bending of the bands for p- and n-type semiconductors 
(Figure 11.5). The potential at which no charge excess exists in the semiconductor 
is the potential of zero charge or flat band potential, EFB. It should be noted, however, 
that this ideal, reversible behavior of the semiconductor/electrolyte junction is rarely 
found, with deviations from reversibility arising by inherently slow charge transfer 
across the semiconductor/electrolyte interface, surface oxide formation, corrosion, 
etc. (Bard and Faulkner, 2001).

In ideal semiconductor/electrolyte junctions, the presence of an energetic barrier 
in the semiconductor phase, originated from the equilibrium of the Fermi level in 
the solid and liquid phases, can be approached by the semiconductor depletion layer 
capacitance or space charge capacitance, CSC. Measurement of capacitance versus 
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applied potential at a given frequency gave information regarding types of conduc-
tivity of solid electrodes and the carrier concentrations, which can be derived from 
capacitance measurements for electrodes in contact with aqueous electrolytes. Here, 
the Mott-Schottky relationship applies:

	
1 2

2C

E E k T e

N e
B

o DSC

FB=
− −( / )

ee 	 (11.6)

where E represents the electrode potential, EFB is the flat band potential (both relative 
to a given reference electrode), e is the carrier charge, ND is the ionized donor or 
acceptor concentration, kB is the Boltzmann’s constant, and e and eo are the per-
mittivities in the medium and in vacuum, respectively. At 298 K and taking CSC in 
farads per square centimeter, ND in cubic centimeters, and all potentials in volts, 
Equation (11.6) becomes (Bard and Faulkner, 2001)

	
1

0 0257
2C N

E E
DSC

FB

constant= − −
e

( . ) 	 (11.7)

Mott-Schottky plots of 1/CSC
2 versus E using capacitance data at different 

applied potentials for semiconductor electrodes in contact with aqueous media 

Figure 11.5  Energy diagrams for the semiconductor/electrolyte junction under dark con-
ditions (a, b) before contact and (c, d) after contact and electrostatic equilibration for (a, c) 
n-type and (b, d) p-type semiconductors.
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allows to estimate the flat band potential (from the intersection with the potential 
axis), while the slope is proportional to the inverse of ND. Figure 11.6 shows typi-
cal Mott-Schottky plots for commercial TiO2 oxide in contact with 0.1 M H2SO4 
(Rincón et al., 2007).

For the case of metal oxides and related compounds, using potentials versus SCE, 
the position of the valence band edge with respect to the vacuum level, EVB, can be 
expressed as

	 E V E V
F HVB FB

= + + +4 4. ∆ 	 (11.8)

In this equation, the term 4.4 corresponds to the position of the SCE with 
respect to the vacuum level and ∆EF represents the difference between the Fermi 
level and the valence band edge (∆EF = EF − EVB), a parameter that can be estimated 
from thermoelectric power measurements. VH is the Helmholtz potential between 
the electrode, and the solution originated from the preferential adsorption of either 
OH− or H+ ions from the solution on the metal oxide surface. VH depends on the pH 
according to

	 V
H

= −0 059. ( )pH pH
zc 	 (11.9)

where pHzc is the pH of zero charge, a parameter that can be estimated with an accuracy 
of 1–2 pH units from electronegativity considerations (Koffyberg and Benko, 1982). 
Figure 11.7 shows the energy band scheme calculated by Koffyberg and Benko 
(1982) for CuO.

Figure 11.6  Mott-Schottky plots from capacitance measurements at commercial TiO2 in 
contact with 0.1 M H2SO4. Frequency, 10 Hz; potential scan, 10 mV/sec. (From Rincón et al., 
2007. J. Solid State Electrochem. 11, 1287–1294, with permission from Springer.)
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11.3  Photon Energy and Redox Processes

When the semiconductor surface being in contact with a redox couple Ox/Red is 
irradiated with a light of sufficiently low wavelength (i.e., when the photon energy, 
hn, is larger than the band gap energy), photons are absorbed and electron-hole pairs 
are created. Although some electron-hole pairs are recombined, the space charge 
field favors their separation and promotes the oxidation process for the redox pair 
in solution when the electrode potential is larger than the flat band potential. As 
a result, the oxidation process in solution takes place at electrode potentials less 
positive than those required for developing this process at inert metal-conducting 
electrodes. Similarly, p-type semiconductors produce photoassisted electrochemical 
reduction processes, as schematized in Figure 11.8.

It should be noted that these effects are generally not observed at potentials for 
redox couples located at potentials negative (n-type semiconductors) or positive 
(p-type semicoductors) of the flat band potential. In these cases, the majority carriers 
(electrons for n-type semicoductors, holes for p-type ones) tend to accumulate near 
the semiconductor/electrolyte interface and the semiconductor behavior approaches 
that of a metal electrode.

Correlation between electrochemical and spectroscopic data usually focuses on 
the determination of band gap energy and the estimation of the position of upper 
edge of the valence band (HOMO energy) and the lower edge of the conduction 
band (LUMO energy). Formal electrode potentials are correlated to the vacuum level 
as previously indicated. In most cases, the corresponding energies, EHOMO, ELUMO, 

Figure 11.7  Energy band scheme for CuO calculated by Koffyberg and Benko (1982).
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and corresponding electrochemicalband gap can be approached by the voltammet-
ric onset potentials from extreme oxidation and reduction voltammetric peaks, as 
described by Chen et al. (2000) for polymer systems. There are, however, discrepan-
cies between band gap energies calculated from electrochemical and spectral data 
(Alhalasah and Rolze, 2007).

11.4  Photoelectrochemical Cells

Photoelectrochemical cells are formed by a semiconductor electrode and a suitable 
counterelectrode immersed into the electrolyte. Three types of photoelectrochemical 
cells can be distinguished. In photovoltaic cells, the reaction at the counterelectrode 
is simply the reverse of the photo assisted reaction occurring at the semiconductor 
electrode so that the cell converts radiant energy into electricity with no change in 
the composition of the solution or electrodes.

In photoelectrosynthetic cells, the Ox′/Red′ reaction at the counterelectrode is 
different than that occurring at the semiconductor electrode, Ox/Red. As a result, 
the overall reaction occurring in the cell is driven by light in a direction opposite 
that of the thermodynamically spontaneous one. Then light energy is converted into 
chemical energy stored in the resulting products of the electrochemical reaction. For 
an n-type semiconductor, this requires that the potential of the Ox/Red couple lies 
above the valence band edge while the potential of the Ox′/Red′ couple becomes 
lower than the flat band potential.

Finally, in photocatalytic cells, the reaction, which is kinetically hindered, is 
conducted in its thermodynamically spontaneous direction by applying an external 
potential bias to the cell, with the light providing the necessary activation energy for 
the process. Here, the location of the potentials of the Ox/Red and Ox′/Red′ couples 
is inverse to the case of photoelectrosynthetic cells.

Because the light used for photoelectrochemical processes must have photon 
energy greater than the band gap of the semiconductor, UV irradiation is needed 

Figure 11.8  Schematic representation of (a) n- and (b) p-type semiconductor in contact 
with an electrolyte solution containing an Ox/Red redox couple under irradiation of photons 
with energy larger than the band gap energy.

EC

EF

EC

EF

EVEV

Ox

Red

EOx/Red

Red 

Ox
EOx/Red

hv

hv

e–

e–

(a) (b)

K10316_Book.indb   254 10/28/09   12:50:29 PM

www.iran-mavad.com 
مرجع دانشجویان و مهندسین مواد



Magnetoelectrochemistry and Photoelectrochemistry of Porous Materials	 255

in most cases. A strategy for using visible light is the sensitization of the semi-
conductor with a layer of a photomediator (typically, dyes), which is capable of 
absorbing visible light. The photonically excited mediator injects an electron in 
the semiconductor band, thus becoming oxidized. If a suitable redox couple exists 
in the adjacent electrolyte solution, the original mediator form is regenerated via 
electron exchange with species in solution. This can be described as the sequence 
of react ions:

	 {Med} + hn → {Med+} + e−	 (11.10)

	 {Med+} + Red → {Med} + Ox	 (11.11)

Here, { } denote the layer of mediator deposited over the semiconductor surface.
Figure 11.9 compares the energy levels for CdS and LaMnO3 in water at pH = 

14 (Kida et al., 2003). Under illumination, photogenerated electrons in the conduc-
tion band of CdS can react with water to produce hydrogen. This is not the case for 
LaMnO3 because the conduction band edge of this material is more positive than the 
H2/H2O redox potential.

Apart from oxides such as TiO2, ZnO, and ZrO2, sulfides (typically CdS), nio-
bates, tantalates, titanates, and other compounds have been tested as photocatalytic 
materials for splitting water. Composites (Kida et al., 2003; Rincón et al., 2007) and 
porous materials (Velaski et al., 2006) have been introduced as electrode materials 
in photovoltaic cells in the last years.

Figure 11.9  Energy levels for CdS and LaMnO3 following Kida et al. (2003). CB, conduc-
tion band; VB, valence band.
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11.5 �E lectrochemically Induced Luminescence 
and Electrochromic Materials

Another interesting phenomenon is producing luminescence from electrochemical 
reactions. This can be achieved by doping crystalline metal oxides and related mate-
rials or anodic metal oxide layers (Meulenkamo et al., 1993) or depositing organic 
molecules onto nanostructured porous materials such silicon (Martín et al., 2006).

Electrochromic materials are of interest for displays, smart windows, sunroofs, 
etc., and are characterized by the reversible change in their color upon application of 
light or electrical inputs. The electrochromic effect is generally associated with the 
ingress/issue of electrons and metal cations.

Typical electrochromic materials are oxides that can be colored anodically (IrO2, 
Rh2O3, NiOx) or cathodically (MoO3, WO3, TiO2). A typical example is that of tung-
sten (VI) oxide. This compound is transparent when forming thin films. Upon elec-
trochemical reduction, WV sites are generated to give an electrochromic material:

	 {WVIO3} + xM+ + xe− → {MxWV
xWVI

1−xO3}	 (11.12)

At low x values, the films acquire a blue coloration caused by intervalence charge 
transfer between adjacent WV and WVI sites. At higher x values, irreversible insertion 
occurs, yielding a metallic “bronze” (Bard et al., 2008).

Since the electrochromic properties are strongly related with the ability of the base 
material for incorporating doping ions, the synthesis of porous materials is receiv-
ing a growing interest. Tested materials include anastase films and amorphous TiO2 
(Ohtsuka et al., 1987). Figure 11.10 shows a diagram for an electrochromic device 
assembled by separating indium-doped tin oxide (ITO)/glass and TiO2/ITO/glass 
junctions by means of a spacer and filling the volume between the two electrodes 
with the electrolyte (Lin et al., 2008). The optical transmittance spectra of different 

Light source

Glass windows Transparent electrode
(typically ITO)

Light-sensitive
material (TiO2  , etc.)

V

Electrolyte

Figure 11.10  Schematics for a typical electrochromic device.
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films in the 350- to 700-nm wavelength range are shown in Figure 11.11. One can 
observe that the transmittance at 550 nm varies significantly from the bleached to 
the colored (blue) state; this last state was reached upon Li+ insertion. Cyclic voltam
mograms of such films in contact with 1 M LiCLO4/propylene carbonate show a 
reduction peak at −3.8 V versus AgCl/Ag and an oxidation peak at ca. −0.10 V asso-
ciated to the Li+ insertion/deinsertion processes (Figure 11.12). The electrochromic 
efficiency at a given wavelength, h(l), can be calculated from spectrochronocoulo-
metric experiments as (Gaupp et al., 2002)

	 h l
l l

σ
( )

log ( ) log ( )
=

−T T
bleach color 	 (11.13)

In the above equation, T(l)bleach and T(l)color represent, respectively, the transmit-
tance of the bleached and colored forms at the selected wavelength and s the charge 
density (C/cm2) necessary to produce the observed chromatic change.
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Figure 11.11  Transmittance spectra of (a) 100- and (b) 350-nm-thick pristine TiO2 thin 
films heated at 300°C for 10 min. (From Lin et al., 2008. J. Solid State Electrochem. 12, 
1481–1486, with permission from Springer.)
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Electrochromic electrodes are frequently based on a conducting polymer film 
supported on a conducting substrate. Changes in color upon application of different 
potentials can be seen in Figure 11.13, which correspond to the spectra recorded for 
a poly(3-methylthiophene)-mesoporous TiO2 nanocomposite deposited on ITO upon 
application of different negative-going potentials in contact with a pure ionic liquid, 
1-butyl-3-methylimidazolium hexafluorophosphate (Ma et al., 2008). Changes of 
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Figure 11.12  CVs of 100- and 350-nm-thick TiO2 thin films. Electrolyte, 1 M LiClO4 in 
propylene carbonate. (From Lin et al., 2008. J. Solid State Electrochem. 12, 1481–1486, with 
permission from Springer.)
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Figure 11.13  Spectra recorded for a poly(3-methylthiophene)-mesoporous TiO2 nanocom-
posite deposited on ITO in contact with 1-butyl-3-methylimidazolium hexafluorophosphate 
upon application of negative-going potentials of (a) 1, (b) 0.5, (c) 0, (d) −0.5, and (e) −1 V. (From 
Ma et al., 2008. J. Solid State Electrochem. 12, 1503–1509, with permission from Springer.)
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transmittance at 500 nm on such electrodes when switched between 1.2 and −1.5 V 
in 5-s intervals are depicted in Figure 11.14.

11.5 � Photochemical Modulation of Electrocatalytic  
Processes

Modulation of the electrocatalytic response by electrochemically or photochemically 
induced changes in the electroactive centers anchored to porous solids is another 
possibility in photoelectrochemistry. This can be illustrated by the voltammetric 
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Figure 11.14  (a) Applied potential and (b) changes of transmittance at 500 nm on poly(3-
methylthiophene)-mesoporous TiO2 nanocomposite deposited on ITO in contact with 1-bu-
tyl-3-methylimidazolium hexafluorophosphate electrodes when switched between 1.2 and 
−1.5 V in 5 s. (From Ma et al., 2008. J. Solid State Electrochem. 12, 1503–1509, with per-
mission from Springer.)
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behavior of spiropyrans attached to zeolite Y, SP@Y. Spiropyrans are composed of 
an indoline and a chromene moiety that are linked by a spirocarbon atom. In solu-
tion, irradiation with near-UV light (l < 350 nm) induces heterolytic cleavage of the 
spiro-carbon-oxygen bond of the original closed spiropyran to produce a ring-opened 
species whose structures are depicted in Figure 11.15. In the absence of UV irra-
diation, this undergoes ring closure to reform the parent spiropyran. However, upon 
attachment to aluminosilicates, spiropyrans show a reverse photochemical behavior 
in which, under illumination with visible light (l > 450 nm), the predominant open 
form undergoes ring closure to the closed spiropyran one (Guglielmetti, 1990). In 
addition, a third form consisting of protonated open spiropyran is also detected in the 
solids. Thus, there is a distribution of three different species (closed, unprotonated 
open, and protonated open forms) whose populations vary depending on the polarity 
and acidity of the solid, the open protonated form being the predominant species in 
the solids (Casades et al., 2000).

Due to the frozen orthogonal configuration of the indolic and phenolate moieties, 
the closed spiropyran form is a rigid molecule. In contrast, the open forms are sig-
nificantly more flexible due to the allowed rotation through the single C–C bond 
connecting the indole and chromene units. In the interior of cages of zeolite Y, in 
which the spiropyran molecule must occupy a little more space than that available in 
a single cavity, the conformational freedom should be, at least partially, hindered, so 
that the cis configuration with respect to the central C–C bond of the open chain is 
probably retained (Figure 11.15).

Electrochemical data for SP@Y probes were consistent with these above consid-
erations (Doménech et al., 2004e). For our purposes, the relevant point to emphasize 
is that a light-sensitive effect on the voltammetric response for benzidine oxidation 

NO2N O
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N O
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NO2N
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Figure 11.15  Main photoelectrochemical processes involved in the voltammetric response 
of SP@Y systems. (From Doménech et al., 2004. J. Phys. Chem. B. 108, 20064–20075, with 
permission.)

K10316_Book.indb   260 10/28/09   12:50:34 PM

www.iran-mavad.com 
مرجع دانشجویان و مهندسین مواد



Magnetoelectrochemistry and Photoelectrochemistry of Porous Materials	 261

in nonaqueous media at SP@Y-modified electrodes occurs. This can be seen in 
Figure 11.16, where CVs at paraffin-impregnated graphite electrodes modified with 
bleached, partially bleached, and pristine SP@Y specimens in contact with a MeCN 
solution of N,N,N′,N′-tetramehylbenzidine are shown. The two-peak response of 
benzidine recorded for pristine SP@Y specimens is essentially identical to that 
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Figure 11.16  CVs at paraffin-impregnated graphite electrodes modified by (a) bleached 
SP@Y, (b) partly bleached SP@Y, and (c) pristine SP@Y, immersed into 3.0 mM N,N,N′,N′-
tetramehylbenzidine solution in 0.10 M Et4NClO4/MeCN. Potential scan rate 100 mV/sec. 
(From Doménech et al. 2004. J. Phys. Chem. B. 108, 20064–20075, with permission.)
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recorded at unmodified graphite electrodes, but peak currents are clearly enhanced 
upon bleaching the SP@Y specimen. These features are attributable to an electro-
catalytic effect that is associated with the closed spiropyran form attached to the 
zeolite boundary. This effect can be modulated by irradiation of the electrodes as 
can be seen in Figure 11.17. Here CA data were obtained upon application of a con-
stant potential of 1.0 V to a SP@Y-modified electrode immersed into a quiescent 
benzidine solution. Upon maintaining the electrode under dark conditions, a smooth, 
monotonically decreasing curve is obtained. If intermittent irradiation steps with 
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Figure 11.17  Current-time curves obtained upon application of a constant potential of 
1.0 V to a SP@Y-modified paraffin-impregnated graphite electrode immersed into a 1.0-mM 
solution of N,N,N′,N′-tetramehylbenzidine in 0.10 M Et4NClO4/MeCN. The electrode was 
(a) maintained under dark conditions or (b) submitted to illumination with visible light during 
periods of 1 min (marked by arrows). (From Doménech et al., 2004. J. Phys. Chem. B. 108, 
20064–20075, with permission.)
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visible light during periods of 1 min are applied, prominent currents are recorded in 
agreement with the reversible nature of the open-closed spiropyran interconversion 
and the different electrocatalysis associated to such forms.

Comparable results can be obtained for electrochemically active doped mate-
rials (Figure 11.18) for chromium-doped sphene samples prepared from sol-gel 
techniques (Doménech et al., 2006e). Here, Cr(V), Cr(IV), and Cr(III) centers, 
providing different redox properties, exist. Figure 11.18 compares CVs recorded in 
a K4Fe(CN)6 aqueous solution at a paraffin-impregnated graphite electrode modi-
fied with Ca0.95Y0.05Sn0.95Cr0.05SiO5 under dark conditions and under irradiation with 
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Figure 11.18  CVs recorded in a 0.50-mM K4Fe(CN)6 aqueous solution in 0.50 M 
H2SO4 at (a) bare paraffin-impregnated graphite electrode and Ca0.95Y0.05Sn0.95Cr0.05SiO5-
modified electrode under (b) dark conditions and (c) irradiation with visible light. Potential 
scan rate 50 mV/sec. (From Doménech et al., 2006. Eur. J. Inorg. Chem. 638–648, with 
permission from Wiley.)
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visible light. The response of the modified electrodes consists of two overlapping 
couples attributable to the nonmediated (midpoint potential of ca. 0.44 V versus 
AgCl/Ag) and modifier-mediated oxidation (midpoint potential of ca. 0.62 V) of 
hexacyanoferrate(II) ions. Under irradiation, the mediated process, attributed to 
Cr(IV) centers in the surface of the sphene crystals, is significantly decreased with 
respect to nonmediated Fe(CN)6

4− oxidation, as expected from a decrease in the 
population of Cr(IV) centers, induced by light irradiation.
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12 Microporous Materials 
in Electrosynthesis 
and Environmental 
Remediation

12.1 � Electrosynthesis

Electrosynthetic procedures are those devoted to prepare chemical products using 
electrochemistry, ordinarily using controlled current or controlled potential electrol-
ysis in a cell or electrochemical reactor. An electrochemical reactor can be defined 
as a device where a chemical product is obtained from one or more reagents using 
electrical energy. Electrolysis cells or electrochemical reactors mainly differ from 
chemical reactors by the use of electrical energy as a driving force for promoting 
chemical changes and by the existence of an interface where the electrochemical 
reaction takes place.

Different classifications of electrochemical reactors can be made depending on 
their configuration (divided, undivided cathodic, and anodic compartments) elec-
trode geometry (bi- and tri-dimensional), the fluid flow through the reactor (mixing, 
plug-flow, fluidized baths), among others. There are several demands for electro-
chemical reactors (Pletcher and Walsh, 1990; Molina et al., 2004):

Security, safety, low cost, ease in operation, and, eventually, automatic control•	
Controlled, uniform potential distribution, and current density between •	
the electrodes
Low cell voltage as possible for minimizing energetic cost•	
Electrode surface/reactor volume ratio must be as high as possible•	
Low pressure drop and easy gas evacuation•	
Control of mass transport and heat transport in the reactor•	

The methodology used in chemical engineering to describe the performance of chem-
ical reactors can be adapted to the study of electrochemical cells. Electrosynthesis 
of a variety of industrially relevant products has been studied; for instance, the 
synthesis of ammonia from natural gas at atmospheric pressure (Marnellos et al., 
2001; Wang et al., 2007).
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12.2 �E lectrolytic Procedures Involving 
Porous Electrodes

Porous metallic structures have been used for electrocatalysis (Chen and Lasia, 1991; 
Kallenberg et al., 2007). Porous electrodes are made with conductive materials that can 
degrade under high temperatures at high anodic potential conditions. This last problem 
is of less importance for fuel cell anodes, which operate at relatively low potentials, but 
it can be of importance for electrochemical reactors. Porous column electrodes prepared 
by packing a conductive material (carbon fiber, metal shot) forming a bar are frequently 
used. Continuous-flow column electrolytic procedures can provide high efficiencies for 
electrosynthesis or removal of pollutants in industrial situations. Theoretical analysis 
for the electrodeposition of metals on porous solids has been provided by Masliy et al. 
(2008).

Industrially relevant products can be prepared by means of electrosynthetic pro-
cedures using microporous materials. Two general approaches can be used:

	 1.	Electrosynthesis at conventional electrodes immersed into dispersions of 
the porous material in the electrolyte

	 2.	Electrosynthesis at porous electrodes

In most cases, a catalyst is deposited over the basal electrode, but it is also possible 
to interpose an electron mediator between the catalyst and the electrode (Zhong 
et al., 2007).

12.3 � Electrocatalytic Processes

As discussed in Chapter 10, most of synthetically or energetically relevant electro-
chemical processes involve high kinetic constraints, represented by cathodic and/
or anodic overpotentials. Electrocatalysis allows lowering such overpotentials and 
obtaining effective electrosynthetic procedures.

The encapsulation of catalytically active species into porous solids is one of the 
possible strategies of particular interest. Thus, Bessel and Rolison (1997b,c) com-
pared the electrocatalytic effect of zeolite Y-encapsulated Co(salen) (salen = N,N′-
bis(salicylidene)ethylenediamine) on the reaction between benzyl chloride and carbon 
dioxide in tetrahydrofuran/hexamethylphosphoramide, with that exerted by the same 
complex in solution. Using a large surface area reticulated vitreous carbon electrode 
immersed into suspensions of Co(salen)@NaY in solutions of the reagents, the effec-
tive electrocatalytic turnover is ca. 3000 times that of homogeneous Co(salen) under 
comparable conditions. Remarkably, coulometric experiments indicated that only 
0.1% of encapsulated Co(salen) is electroactive.

It should be noted that electrocatalytic effects in zeolites can be influenced by

Lewis base effects associated to framework oxygens (Teunisson et al., 1993)•	
“Docking” of the substrate into the supercages (Derouane et al., 1988; Chen  •	
et al., 1994)
“Boxing effect” due to electronic confinement for the guest molecule •	
entrapped into the zeolite framework (Zicovich-Wilson et al., 1997)
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Microheterogeneous electrocatalysis can be performed with zeolite-based cata-
lysts using suspensions of such materials in organic solvents with low ionic strength 
by applying a DC voltage to suspensions of zeolite particles, as described by Rolison 
and Stemple (1993) for the PdII-CuII-NaY catalyzed oxidation of propene, but a wide 
variety of systems has been studied.

In the case of electron transfer mediators immobilized on electrode surfaces, one 
can define a specific activity, SA, as the quotient between catalytic peak current, ipcat, 
and catalyst deposition charge, Qcat (SA = ipcat/Qcat) (Wang et al., 2004). In most systems, 
one can define apparent activation energy, Ea, satisfying an Arrhenius-type equation:

	
i k E RTp a= −exp( / )

	 (12.1)

Then, the specific activity should vary with temperature as

	 S E RT tA a= − +/ constan 	 (12.2)

12.4 � Oxygen Evolution Reaction

Oxygen evolution reaction (OER) can be considered as one of the most relevant pro-
cesses in electrochemistry involved in, for instance, chlor-alkali and ozone produc-
tions. One of the challenges is seawater electrolysis in order to store pure hydrogen 
and oxygen gases and prevent Cl2 formation. The overall OER,

	 2H2O → O2 + 4H+ + 4e−	 (12.3)

can be described in terms of the sequence of elementary steps:

	 H2O → OH· (ads) + H+ + e−	 (12.4)

	 OH·(ads) → O· (ads) + H+ + e−	 (12.5)

	 2O· (ads) → O2	 (12.6)

where the process described by Equation (12.4) acts as a rate-determining step 
(Silva et al., 2003). The mechanism for OER at metal oxide electrodes is a sub-
ject of discussion, although it is generally accepted that adsorbed or chemisorbed 
OH· and O· radicals are involved, but probably adsorbed or chemisorbed O− and 
O2

2− species participate in the process (Bockris and Otagawa, 1984; Oliveira  
et al., 1994). Different electrode configurations (packed bed, gas diffusion, trickle 
bed, rotating porous cylinders, etc.) have been described. Figure 12.1 shows 
hydrodynamic voltammograms at reticulated vitreous carbon in O2-saturated 0.5 
M H2SO4 at different rotation rates (Awad et al., 2008). Here, the electrode was 
pretreated by applying an anodic potential of 2 V in 0.1 M H2SO4 during 1 min 
for enhancing the values of the limiting currents, H2O2 being the product of the 
reduction wave recorded at −0.70 V versus AgCl/Ag. Simulation of oxygen evolu-
tion at porous anodes from flowing electrolytes has recently been performed by 
Saleh (2007).
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12.5 � Hydrogen Evolution Reaction

Obtaining hydrogen gas from water electrolysis has received considerable attention 
due to the possible use of H2 as fuel. Mainly, noble metal electrodes displaying low 
overpotentials for hydrogen evolution have been investigated. The mechanism of the 
electrochemical hydrogen evolution reaction (HER) has been described as a two-
step process with high electrocatalytic character (Bard et al., 2008). In the first step, 
adsorbed hydrogen is formed from H+ or water (Volmer reaction):

	 H+ (aq) + e− → H· (ads) 	 (12.7)

	 H2O + e− → H· (ads) + OH− (aq) 	 (12.8)

In the second step, adsorbed hydrogen is removed from the electrode either through 
a chemical process (Tafel reaction):

	 2H· (ads) → H2 (g) 	 (12.9)

or by means an electrochemical process:

	 H· (ads) + H+ (aq) + e− → H2 (g) 	 (12.10)

Thermally prepared thin films of RuO2 and IrO2 on titanium have been tested as 
cathodes for use in water electrolysis cells (Kondintsev and Trasatti, 1994; Burke and 
Naser, 2005). The mechanism of the HER at oxide electrodes, however, should differ 
significantly from that studied at metal electrodes (Burke et al., 2007).
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Figure 12.1  Hydrodynamic voltammograms at reticulated vitreous carbon in O2-saturated 
0.5 M H2SO4 at different rotation rates (a) 400, (b) 600, (c) 800, (d) 1000, (e) 1500, and  
(f) 2000 rpm. Potential scan rate 20 mV/s. (From Awad et al., 2008. J. Solid State Electrochem. 
12, 251–258, with permission from Springer.)
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12.6 � Electrocatalytic Oxidation of Alcohols

With the development of fuel cells, electrocatalytic oxidation of small organic mol-
ecules, such as methanol or formic acid, has attracted great interest recently (Rice 
et al., 2003). Ethanol oxidation to acetaldehyde can be performed by means of the 
reactions:

	 Anode: CH3CH2OH → CH3CHO + 2H+ + 2e−	 (12.11)

	 Cathode: O2 + 4H+ + 4e− → 2H2O	 (12.12)

Since 1990, cogeneration strategies have grown considerably. These imply the 
production of useful chemical together with energy. The chemical cogenerative pro-
cesses can be classified according to the different types of fuel cells (Alcaide et al., 
2004). Hydrogenations, dehydrogenations, oxygenations, halogenations, among oth-
ers have been reported.

12.7 � Electrochemical Degradation of Contaminants

Preservation and improvement of the environment is a contemporary necessity that 
involves all the humanity. Terms like sustainable development or green chemistry 
have become something more than a literary topic and are currently converted into 
widely claimed social demands. Destruction of environmental pollutants is one of 
the aspects dealing with environmental management, a term where concepts such as 
environmental preservation, environmental remediation, etc., are included. Here, the 
attention will be focused in the electrodegradation of pollutants.

Electrochemical methods for degradation of environmental contaminants are 
more advantageous with respect to other treatments (incineration, chemical attack) 
because of, among other factors, the use of low operating temperatures and the pos-
sibility of an accurate control of variables influencing the overall process.

Electrochemical methods play a prominent role in the degradation/destruction 
of environmental pollutants, a strategy addressed to the conversion of pollutants 
into environmentally innocuous substances. The most divulgated method for the 
electrochemical degradation of organic contaminants in waters is anodic oxidation, 
often also called electrochemical incineration. This methodology is based on the 
oxidation of pollutants by adsorbed hydroxyl radical (OH·) formed at the surface of 
the anode as a result of water oxidation.

The hydroxyl radical is a powerful oxidizing agent that can react with organic 
compounds to give dehydrogenated or hydroxylated derivatives until they achieve 
complete mineralization and yield water and carbon dioxide. Typically, the contami-
nated water is treated in the anodic compartment of a divided cell with high-oxygen 
overvoltage anodes such as Pt or undoped or doped PbO2, SnO2, or IrO2.

Lastly, indirect methods have been introduced. These involve continuous supply 
of H2O2 to the contaminated solution. Hydrogen peroxide can be electrochemically 
obtained in acidic media from

	 O2 + 2H+ + 2e− → H2O2	 (12.13)
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The Fenton procedure involves the addition of Fe2+ ions to the solution, thus resulting 
in the generation of hydroxyl radicals:

	 H2O2 + Fe2+ → Fe3+ + OH· + OH−	 (12.14)

This is a catalytic process that can be propagated via the regeneration of ferrous ions 
with electrogenerated H2O2. This reaction yields hydroperoxyl radical (HO2·), a spe-
cies that has a much weaker oxidizing power than OH:

	 H2O2 + Fe3+ → Fe2+ + HO2· + H+	 (12.15)

Additionally, reaction of Fe3+ with HO2· and organic radical intermediates is also 
possible.

Advanced methods, however, can electrochemically generate hydroxyl and 
hydroperoxyl radicals (Pirvu et al., 2004):

	 H2O → OH· (ads) + H+ + e−	 (12.16)

	 H2O2 → HO2· + H+ + e−	 (12.17)

Direct electroreduction methods are typically used for dechlorination of chlorinated 
pollutants in waters. The easy removal of Cl from chlorinated organics allows con-
version of chlorofluorocarbons (CFCs) into hydrochlorofluorocarbons (HCFCs), 
hydrofluorocarbons (HFCs), and even fluorocarbons (FCs). ECFCs are much less 
destructive to the atmospheric ozone than CFCs, but HFCs and FCs are harmless to 
atmospheric ozone, although they may contribute to the greenhouse effect.

The proposed reactions for the reduction of CFCl3 at Hg or Pb cathodes can be 
represented as

    CFCl
3 2

+ − + −− − − −
 →  →2e , Cl 2e , Cl

2
CHFCl CH FCCl CH F2e , Cl

3
+ −− −

 → 	 (12.18)

The electrochemical reactions proceed in ethanol-water or methanol-water mixtures. 
Alternatively, gas diffusion electrodes can be used.

A variety of methods exploit porous materials for environmental treatments. For 
instance, Hayes et al. (1994) developed several methods for decomposing environ-
mental toxins by application of voltages up to 10 V to zeolite suspensions in waters, 
whereas lead and tin oxide thin films can be used for the electrochemical degra-
dation of a variety of organic pollutants (Grimm et al., 1998; Borrás et al., 2003; 
Monteiro et al., 2006).

Electrodes based on doped SnO2 have received attention in the last years. In its 
pure form, SnO2 is an n-type semiconductor with relatively high electrical conductiv-
ity due to a level of nonstoichiometric impurities. This electrical conductivity can be 
enhanced upon addition of small amounts of dopants such as Sb, F, Cl, and Br. Good 
performances have been reported by codoped materials; for instance, Gd-Sb–doped 
SnO2 deposited over Ti plates (Feng et al., 2008) exhibits a significant performance 
for the electrocatalytic decomposition of phenol.
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12.8 � Degradation/Generation

Cogeneration strategies were described in Chapter 10 with regard to the simulta-
neous production of energy and chemicals in fuel cells. A similar concept can be 
applied in environmental chemistry because electrochemical degradation of most 
contaminants can yield useful products and eventually produce energy.

One of the most significant cases is that of CO2, which can be used as a starting 
product to generate useful chemicals. The electrochemical reduction of CO2 to CO 
(Eº = −0.41 V versus SHE at pH = 5) can be homogeneously catalyzed by several 
species, in particular, by Ni(II)-cyclam complexes (Beley et al., 1984). Alternatively, 
different electrodes can use heterogeneous catalysis. As a result, CO2 can be used for 
electrocarboxylations to give a variety of carboxylic acids. Two possible pathways 
can be considered, having in common the generation of a radical anion of the organic 
compound (Sánchez-Sánchez et al., 2004):

	 R → R·− - e−	 (12.19)

The generated radical anion can react as a nucleophile attacking the CO2, and 
yielding a carboxylated radical anion further electrochemically reduced

	 R·− + CO2 → R-COO·−	 (12.20)

	 R-COO·− + H+ + e− → RH-COO−	 (12.21)

or, alternatively, can reduce CO2, giving a CO2·− radical anion, which is subsequently 
coupled with the parent radical:

	 R·− + CO2 → R + CO2·−	 (12.22)

	 R·− + CO2·− + H+ → RH-COO−	 (12.23)

Similarly, nitrogen oxides in emissions from automobiles and power plants can 
be processed in fuel cells using HClO4 as electrolyte, the anodic reaction being 
hydrogen oxidation to protons (Langer and Pate, 1980). Possible electrochemical 
reactions are

	 2NO (g) + 2H+ (aq) + 2e− → N2O (g) + H2O (l) 	 (12.24)

	 2NO (g) + 4H+ (aq) + 4e− → N2(g) + 2H2O (l) 	 (12.25)

	 NO (g) + 3H+ (aq) + 3e− → NH2OH (aq) 	 (12.26)

	 NO (g) + 5H+ (aq) + 5e− → NH3 (aq) + H2O (l) 	 (12.27)

Similarly, sulfur dioxide can also be treated. Here, the cathodic reaction is the 
oxidation of O2 to water, while the anodic reaction is

	 SO2 (g) + 2H2O (l) → H2SO4 (aq) + 2H+ (aq) + 2e−	 (12.28)
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12.9 � Photoelectrochemical Degradation

In most cases, photo assisted electrochemical degradation processes are used. For 
instance, in the aforementioned Fenton method, formation of complexes of iron ions 
with some intermediates such as oxalate ions can reduce the effectiveness of the 
process. Then, photoelectro-Fenton methods involve the use of UV irradiation to 
produce photolysis of such Fe3+ complexes and increase the rate of Fe2+ regeneration 
by means of the photo-Fenton reaction:

	 Fe3+ + H2O + hν → Fe2+ + H+ + OH·	 (12.29)

An alternative is the use of a sacrificial Fe anode that continuously supplies Fe2+ 
ions to the solution by means of the electrochemical process:

	 Fe → Fe2+ + 2e−	 (12.30)

Here, ferrous ions are oxidized by electrogenerated hydrogen peroxide so that an Fe3+-
saturated solution is obtained, with the excess of this ion precipitating as Fe(OH)3. 
Then, the pollutants can be removed from the contaminated solution by their degra-
dation with OH· and coagulation with the Fe(OH)3 precipitate (Arias et al., 2004).

Photocatalytic oxidation of organic pollutants on TiO2-based materials has been 
extensively investigated. The catalyst is used in the form of a suspension of fine 
particles or thin film on robust substrates. Figure 12.2 shows the variation of open-
circuit potential with time for TiO2 film electrodes, prepared by anodization of Ti 
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Figure 12.2  Variation of open-circuit potential with time for TiO2 film electrodes, pre-
pared by anodization of Ti, in contact with BS. Base solution; S1 and S2: 0.1 and 0.5 mM 
salicylic acid; M1 and M2: 1 and 10 mM methanol; F1 and F2: 1 and 10 mM formic acid 
solutions. (From Li and Shen, 2006. J. Solid State Electrochem. 10, 980–986, with permis-
sion from Springer.)
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(see Chapter 6), in contact with solutions of different organic compounds under UV 
illumination (Li and Shen, 2006). In the base solution, water is oxidized at TiO2 elec-
trode surface by the photogenerated holes, while both water and organics are oxidized. 
The variation of the photocurrent density, iph, the tested and base solutions, with the 
applied potential bias, ∆E, taken as the difference between the applied potential and 
the open-circuit potential, display s-shaped curves as shown in Figure 12.3 for salicylic 
acid. At low potential bias, iph increases slowly on ∆E as a result of the low separation 
rates of photogenerated e-h pairs under low electric field conditions. At higher bias 
potentials, there is an almost linear variation of iph on ∆E. This can be rationalized 
by assuming that the electron transport in the film becomes rate determining so that 
the TiO2 photoelectrode behaves as a constant resistance (Jiang et al., 2003). With 
further increase in ∆E, the photocurrent levels off and tends to stabilize, thus defin-
ing a saturation behavior that is attributable to scanty holes that facilitate interface 
reaction. The variation of the difference photocurrent density, ∆iph, calculated as the 
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Figure 12.3  Variation of the photocurrent density with the bias potential for TiO2 film 
electrodes in contact with base solution, 0.1 and 0.5 mM salicylic acid. (Adapted from Li and 
Shen, 2006. J. Solid State Electrochem. 10, 980–986, with permission from Springer.)
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Figure 12.4  Variation of the difference photocurrent density with the bias potential for 
TiO2 film electrodes in contact with base solution, 0.1 and 0.5 mM salicylic acid. (Adapted 
from Li and Shen, 2006. J. Solid State Electrochem. 10, 980–986, with permission from 
Springer.)
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difference between the photocurrents measured for the tested and base solutions, 
with the applied potential bias, ∆E, is depicted in Figure 12.4 for salicylic acid. Here, 
a peak in the photooxidation rate appears at a potential bias of 0.26 V. This peak can 
be attributed to the combination of the current associated to the oxidation of organic 
molecules and the additional reduction in the e-h recombination rate.

Improving the photocatalytic efficiency of such systems can be fulfilled by using 
porous TiO2 films to increase the active area for photoreactions and applying a posi-
tive potential bias on the catalyst to suppress markedly the reaction of recombination 
of photogenerated electrons and holes (Li and Shen, 2006). Hierarchical TiO2 porous 
film produces efficient mineralizing gaseous acetaldehyde and liquid-phase phenol, 
providing the fast transport pathway for reactants, products, and O2 moving into and 
out of the catalytic framework (Zhao et al., 2008). These systems illustrate the capa-
bilities of photoelectrochemical methodologies for the degradation of environmental 
pollutants.
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A

Abraham, 229
Al-anodizing, 131, 132
Alditols, 50
Alizarin, 90, 91
Alkaline fuel cells (AFCs), 239, 240
Alkoxysilanes, 131–136
Alumina films, 131–136, 238, 239
Aluminosilicates, 1–8, 69–94, 170
Alvaro, 161, 188
Amperometric sensing, 197, 204–207
Andrieux, 33, 49
Andrieux and Audebert, 43
Andrieux and Savéant, 52
Anodic metal oxide films, 131–136
Añil, 84
Arrhenius, 267
Arnold, 84, 88
Ascorbic acid, 162–165, 208–210
Asthakhov, See Dubinin-Asthakov method
Atomic force microscopy (AFM), 24, 25, 45, 88, 

89, 102–107, 111, 177–180
Audebert, See Andrieux and Audebert
Au-TiO2 nanocomposites 
Aurbach, See Levi and Aurbach
Avogadro’s number, 246

B

Bard, 14, 25, 229
Barrett-Joyner-Halenda method, 2
Batteries, 131, 143, 223, 228
Benko, See Koffyberg and Benko
Bessel and Rolison, 73, 74, 125, 266
BET
Bipyrylium bication, 246–249
Blodgett, See Langmuir-Blodgett
Bode plots, 23, 24, 171
Bohr magneton, 246
Boltzmann’s constant, 251
Bond, 92, 150
Born-Haber cycle 
Botár, 40
Bronsted centers, 57, 72
Brucite, 174
Brunauer-Emmett-Teller method, 2
Burk, See Lineweaver-Burk
Burke and Ryan, 214
Butler-Volmer equation, 10

C

Calakmul, 84–86
Capacitors, capacitance, 15–24, 155–156, 

223–228 
Carbines, 154
Carbon functionalization, 156–158
Carbon nanoribbons (CNRs), 145–149
Carbon nanotubes (CNTs), 145–154, 158–165, 

167, 168
Carbons, 143–165, 168
Casella, 63
Catalysis, 47–67, 131
Catalytic current, 47
CdS, 255
Cellulose, 143
CeO2, 123
Cerias, 241, 242
Cerium-doped zirconias, 213–217
Chandrasekara Pillai, See Dharuman and 

Chandrasekara Pillai
Charge-discharge curves, 224, 225
Charge transfer resistance, 22, 23,  

170–172, 231
Charm bracelet polymers, 151
Chen, 254
Cheng, 228
Chiral electrocatalysis, 137, 213–217
Chiral sensing, 213–217
Chloride ions, 217
Chlorinated organics, 270
4-Chloro-2-nitrophenol, 156, 157
Cobalt cordierites, See cordierites
Cobalt spinel, 139, 140
Cobaltites, 240, 241
Composites, See nanocomposites
Comproportionation reaction, 246
Conducting polymers, 169–181
Conductivity, 144, 153, 169, 170, 200–202
Constant phase element, 23–24, 43, 

230–232
CoO, 139
Cordierites, 60, 61, 138–142
Cottrell equation, 11, 12, 32, 42
Cottrell-type behavior, 32, 36
CoZSM-5, 192–195
Cr(VI), 50, 51
Cristobalite, 64
CuO, 213, 252, 253
Cysteine, 64–67
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D

Dahms, 40
Dawson metalates, 127
De Castro-Martins, 83
Dehydroindigo, 85–94
Delmas, 229
Denny, 33
Depletion layer capacitance, See space  

charge capacitance
Desilvestro and Haas, 229
Dharuman and Chandrasekara Pillai, 121
Diazonium salts, 156
Diffusion, diffusion coefficients, 11–15, 31–43, 

48, 49, 58–63, 76, 77, 92, 94, 
108–111, 235–237

Diffusion jumps distance, 41
Diffusion layer, 11, 43
1,4-Dihydrobenzoquinone, 55–58, 62, 63 
Direct methanol fuel cells (DMFCs), 239, 240
Doménech, 85, 246
Dopamine, 162–165, 208–210
Doped materials, 128–130, 173, 240, 250, 269
Doping, 6, 117, 128–130, 149, 170, 173, 181, 182, 

199–205, 210–213, 256
Double layer, 9, 12
Double layer capacitance, 22, 23 
Dousek, See Janska and Dousek
Dubinin-Astakhov method, 2
Dzibilnocac, 88, 89

E

Eadie-Hofstee plot, 60, 61
Egbe, 188
Ek Balam, 87
Electrical energy storage, 223
Electrocatalysis, 47–67, 95, 111–115, 128,  

136, 137, 158–165, 205, 259–264, 
266, 267 

Electrochemical degradation of contaminants, 
269, 270

Electrochemical Impedance Spectroscopy (EIS), 
19–24, 144, 145, 169–172, 178–182, 
207, 225, 226, 230, 236

Electrochemical quartz crystal microbalance 
(EQCM), 24–25, 151, 152

Electrochemical synthesis, 154, 155, 265–
Electrochromic materials, 256
Electrocogeneration, 242, 243
Electronic systems, electronic devices, 217–222
Electropolymerization, 153, 169–170
Emeraldine, 172–180
Emmett, See Brunauer-Emmett-Teller
Enantioselectivity, 213–217
Energy-dispersive X-ray spectra (EDX), 98, 99
Eyring model, 41

F

Fahidy, 245
Faradaic pseudocapacitance, 148, 155, 233
Faraday’s law, 132, 135
Farin, 45
Faulkner, See Bard and Faulkner
Fe(CN)6

3-/Fe(CN)6
4-, 17, 18, 206

Fermi level, 250
Ferrates, 228, 229
Ferrites, 240, 241
Ferrocene, 13
Fenton method, 270, 272
FeZSM-5, 83, 188–192
Fick’s law, 31, 34, 41
Field emission scanning electron micrograph, 

129, 130
Flat band potential, 251–253
Fluorocarbons, 270
Flux injection analysis, 205
Fractal structures, 41–45
Fractal dimension, 41–45
Fujishima, See Honda and Fujishima
Fuel cells, 95, 143, 236–243, 266, 269, 271
Fullerenes, 145, 167, 149–153

G

Garcia-Garibay, See Turro and  
Garcia-Garibay

Gas sensors, 198–203
Gemborys and Shaw, 73
Glucose, 137, 213–217
Go and Pyun, 45
Graphene, 154
Graphite, graphitic carbons, 143, 150, 154
Guidelli, 63
Guth, See Vonau and Guth

H

Haas, See Desilvestro and Haas
Haber, See Born-Haber cycle
Halenda, See Barrett-Joyner-Halenda
Hayes, 270
Helmholtz, 9, 64, 217, 252
Hemoglobin, 205, 206
Hermes, See Scholz and Hermes
Heteropolyacids, heteropolyanions, 127
High-performance liquid  

chromatography, 205
Hills, See Sharifker and Hills
Hinshelwood, See Langmuir-Hinshelwood
Hofstee, See Eadie-Hofstee
Honda and Fujishima, 250
Hydrodynamic voltammograms, 267, 268
Hydrogen evolution reaction (HER), 268
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Hydrotalcite, 17, 18, 124–126
Hybrid capacitors, 228
Hybrid materials, 5, 8, 91–94, 153, 167–195

I

Identification of species, 44–55
Indigo, 83–94
Indigofera suffruticosa, 84
Indirubin, 88
Information processing, information  

storage, 218–222
Integral techniques, 39
Intermetallic compounds, 46
Ion-selective electrodes, 203, 204
Ionomeric layer, 72, 73
IrO2, 224, 256, 268, 269
Iron oxide particles, nanoparticles, 83, 84
Iron sulfides, 229, 232–234
Ising model, 33

J

Janska and Dousek, 154
José-Yacamán, 84
Joyner, See Barrett-Joyner-Halenda

K

Kaganer, 2
Kaolinite, 69, 90, 91
Kavan, 149, 150
Keggin metalates, 127
Kessler, 45
Kickelbick, 167
Kharkats, See Waskaas and Kharkats
Kharton, See Tsipis and Kharton
Kleber, 90
Klessinger and Lüttke, 87
Koffyberg and Benko, 252, 253
Konaka, 63
Koutecky-Levich, 49
K4Fe(CN)6, 16–18, 42, 206, 207, 219–221, 263, 264
Kokoh, 214
Kröger-Vink notation, 135, 199

L

LaMnO3, 255
Landé factor, 246
Langmuir, 2
Langmuir-Blodgett films, 7
Langmuir-Hinshelwood kinetics, 59
Laviron, 14
Layné, 77
Layered double hydroxides (LDHs), 4, 117, 

123–126, 174–180, 219–222, 228

Lei, 228
Leucoindigo, 85, 86, 90
Levi and Aurbach, 234
Levich, See Koutecky-Levich
Lewis centers, 57, 72
Li, 7, 73
LiC6, 234–236
LiC12, 234–236
Licht, See Yu and Licht
Li2FeS2, 232–234
Li2S, 232–234
LiMn2O4, 230–232
Lindquist metalates, 127
Lineweaver-Burk kinetic, 60, 61
Lithium batteries, 95, 143, 149, 155, 229–236
Logic gates, 218–222
Lorentz force, 245
Lovric, 29, 108
Lovric and Scholz, 52
Luminiscence, 256
Lunsford, 72
Lüttke, See Klessinger and Lüttke
Lyons, 59, 120

M

Magnetic moment, 245, 246
Magnetoconvection, 244–249
Magnetoelectrochemistry, 245–249
Malayaite, See Tin-sphene
Manganites, 240, 241
Mannitol, 60
Masliy, 266
Maya Blue, 83–94
Mayapán, 89
Macrocyclic receptors, 162–165
MCM-41, MCM-48, 2, 55–58, 69, 81, 143, 171, 

246–248
MDA, MDMA, 162–165, 212, 213
Menten, See Michaelis-Menten
Mercapto-trimethoxysilanes, 81, 82
Mercury, 81
Mesoporous materials, 81–83
Mesostructural effects, 138
Metal nanoparticles, 27, 153, 168, 188–195
Metal oxide nanoparticles, 188–195
Metal-organic frameworks (MOFs), 1–4, 6, 8, 

27, 95–115
Metal oxides, 117–123
Michaelis constant, 59
Michaelis-Menten kinetics, 59
Mie-type light dispersion, 84
Mirkin, See Bard and Mirkin
Miura, See Yamazoe and Miura
MnO2, 118, 224, 229
Molecular switches, 218
Molten carbonate fuel cells (MCFCs), 239, 240
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Montmorillonite, 69, 90, 91, 213
Moon and Pyun, 132
Mösbauer spectroscopy, 189, 190
Mott-Schottky relationship, 251, 252
Multiwalled carbon nanotubes (MWNTs),  

See carbon nanotubes
Mushameh, See Wang and Mushameh

N

NAD+, 55–57
NADH, 55–58, 62, 63
nanocomposites, 167, 168
Nanotubes, See carbon nanotubes
Network building, 3
Nework functionalization, 3
Network modification, 3
Nernst equation, 10, 30
Nickel batteries, 228, 229
Nickel cordierties, See cordierites
NiO, 18, 19, 63, 64, 167, 224, 227
NiOOH, 18, 63, 64, 227, 228
Ni(OH)2, 18, 227, 228
Nitrite ion, 159–161
Nontronite clays, 208
N,N,N’,N’’-Tetramethylbenzidine, 218, 219, 

261, 262
Nyikos, 42
Nyquist plots, 21–23, 148, 168, 181, 225, 226, 236

O

Octahedral molecular sieves (OMS), 117, 118
Oldham, 29, 52, 108
Ordered mesoporous carbons, 143
Ostwald ripening, 5
Ouf, 243
Oxygen evolution reaction (OER), 267–268
Ozeki, 45
Ozone, 269, 270

P

Pajkossy, See Nyikos and Pajkossy
Palygorskite, 84–94
Pandurangappa and Ramakrishnappa, 158
Pasierb and Rekas, 203
PbO2, 269
Perovskites, 201–203, 240, 241
pH electrodes, 203, 204
pH oz zero charge, 252
Phase angle, 20–24
Phosphoric acid fuel cells (PAFCs), 239, 240
Photochemical modulation of electrocatalytic 

processes, 259–264
Photocurrent density, 233

Photoelectrochemistry, 249–264
Photoelectrochemical cells, 254, 255
PMA, 162–165
Polarization curves, 238, 239
Polarization resistance, 22 
Polyacetylene, 42
Poly(acrylonitrile), 143, 168
Polyalcohols, 63
Polyaniline (PANI), 8, 169–174, 169–181, 

219–222
Polycyanometalates
Poly(diallyldimethylammonium), 205
Poly(methyl methacrylate), 168
Polyoxometalates (POMs), 117, 126–128,  

173, 204
Poly(p-phenylenevinylene), 168, 169
Polypyrrole, 128, 169, 173
Poly(tetrafluoroethylene), 154
Poly(thenylacetylene), 182–188
Poly(thiophene), 169, 173
Poly(vinylchloride), 120–122
Polyynes, 154
Porous polymers, 167–169
Potential of zero charge, See flat band  

potential
Potentiodynamic sensors, 197, 208–213
Polymer electrolyte fuel cells (PEFCs),  

239, 240
Porosity, 135, 136
Porous carbons, 2, 4–6, 95, 131, 143, 144
Porous carbon activation, 144, 145
Porous oxides, 117–141
Porous polymers, 168–180
Protein electrochemistry, 82
Proton-exchange membrane fuel cells, 239
Pseudocapacitance, See Faradaic 

pseudocapacitance
Pyrite batteries, 233
Pyrylium ion, See 2,4,6-Triphenylpyrylium ion
Pyun, See Go and Pyun and Moon and Pyun

R

Randles circuit, 22–24, 170
Randles-Sevcik equation, 14
Ramakrishnappa, See Pandurangappa and 

Ramakrishnappa
RC cirduit, 20–22
Rekas, See Pasierb and Rekas
Reddy, 168
Relaxation time, 24
Rolison, 7, see also Bessel and Rolison
Rolison and Stemple, 267
RuO2, 8, 120, 121, 137, 168, 224, 225, 268
Ruff, See Botár and Ruff
Ryan, See Burke and Ryan
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S

Sacalum, 88, 89
Sadakane and Steckhan, 127
Saleh, 267
Salicylic acid, 273, 274
Sánchez del Río, 84
Sangaranarayan, See Denny and Sangaranarayan
Sauerbrey equation, 25
Savéant, See Andrieux and Savéant
SBA-15, 2, 55–58, 143
Sangaranarayan, See Denny and  

Sangaranarayan
Scanning electron microscopy (SEM), 132, 157, 

159, 160
Scanning electrochemical microscopy (SECM), 

25, 132, 142
Scavetta, 124
Scholz, 1, 7, 29, 52, 108
Scholz and Hermes method, 93
Schröder, 29, 37, 52, 76
Selectivity, 162, 198, 208–213
Semiconductors, 145–148, 249–253
Sensing, 111–115, 118, 123, 197–217
Sepiolite, 69, 90–94
Sevcik, See Randless-Sevcik
Sharifker and Hills, 108
Shaw, 73, see also Gemborys and Shaw
Shepard, 83
Shirakawa, 169
Schottky, See Mott-Schottky relationship
Silicomolybdate, 50, 51 
Single-walled carbon nanotubes (SWNTs),  

See carbon nanotubes
SnO2, 7, 269, 270
Solid oxide fuel cells (SOFCs), 239, 240
Solution resistance, 22, 23
Space charge capacitance, 250, 251
Spiropyrans, 260–263
Squella, 213
Steam activation, 189
Stemple, See Rolison and Stemple
Standard rate constant, 10
Steckhan, See Sadakane and Steckhan
Strauss, 232
Su, 124
Sugars, 50, 63–64
Supercapacitors, 143, 223–228
Symmetry factor, 10

T

Tafel representation, 64, 66
Tafel slope, 64
Teller, See Brunauer-Emmett-Teller
Template synthesis, 5, 6

Templates, 5, 6, 143, 225
Terephtalic acid, 95
Thermobalance, 202
Thionine, 159–161
Tin-sphene, 130
TiO2, 5, 250, 255–259, 272–274
Titanium silicalite, 82, 83
Tomic, 95
Topological redox isomers, 73–77, 90–94
Transmission electron microscopy (TEM),  

36, 44, 89, 108–111, 159, 160, 189, 
190, 217–218

Transmitance, 257, 259
2,4,6-Triphenylpyrylium ion, 35–40
2,4,6-Triphenylthiopyrylium ion, 75–79,  

209, 210
Tris(2,2’-bipyridine)ruthenium(II) , 77
Truth table, 222
Tsipis and Kharton, 242
Tungsten bronzes, 128, 204, 256
Turro and Garcia-Garibay, 74

U

Umbers, 84–87
Uncompensated ohmic drops, 36
Uric acid, 162–165

V

Van de Waals interactions, 167
Van Hove singularities, 149
Van Olphen, 83, 90
Vanadium-doped zircons, 64–67
Vanadium-doped zirconias, 128–130,  

213–217
Vink, See Kröger-Vink notation
V2O5 , 44–45, 119, 129, 170, 229
Volmer, See Butler-Volmer equation
Voltammetric sensing, 197, 208–213
Vonau and Guth, 203

W

Wang and Mushameh, 159
Warburg equation, 43
Warburg impedance, 23, 225
Waskaas and Kharkats, 245
WO3, 128, 256
Wu, 33

X

Xia and Yoshio, 230
Xiuquitlitl, 84
X-ray diffraction, 202
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Y

Yaghi, 95
Yamazoe, 203
Yoshio, See Xia and Yoshio
Yttria-doped zirconias
Yttria stabilized zirconias, 167, 198–200,  

205, 241
Yu and Licht, 228
Yucatán, 92–94

Z

Zeolites, 3, 5, 27, 29, 40, 48, 69–83, 136, 168, 
182–195, 242, 270

Zeolite X, 2, 70
Zeolite Y, 7, 16–20, 35–40, 42, 70, 73, 168–169, 

182–188, 205, 218–219, 227, 246–249, 
260–262, 266

Zircon, 64
Zirconia, ZrO2, 137, 213–217, 255
ZnO, 213, 255
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COLOR Figure 4.11  Image of Maya wall paintings in the Substructure I of Calakmul 
(Campeche, México), Early Classical Maya period. Photograph courtesy of María Luisa 
Vázquez de Agredos Pascual. (From Doménech et al., 2007b. Anal. Chem. 79, 2812–2821, 
with permission.)

K10316_CI.indd   313 11/3/09   4:53:14 PM

www.iran-mavad.com 
مرجع دانشجویان و مهندسین مواد



Sox

Sred

{Cat red} + Sox

{Catox} + e- {Catred ··· nM+}

{Catox} + Sred + nM+ 

e-

COLOR Figure 3.4  Diagram for possible electrocatalytic processes involving immobi-
lized catalyst species (ES

o ′ > Ecat
o ′).

COLOR Figure 4.8  Schematics for the electrochemical reduction of a species immobi-
lized into the voids of a porous aluminosilicate involving the ingress of size-allowed electro-
lyte cations (M+). Size excluded electrolyte cations cannot contribute to intrazeolite redox 
conductivity.

M+

M’+

e-
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(b)

(a)

COLOR Figure 4.15  AFM images for (a) pristine palygorskite crystals from Sacalum and 
(b) MB sample from Dzibilnocac (Yucatán, Maya Late Classical period). (From Doménech et 
al., 2006c. J Phys. Chem. B 110, 6027–6039, with permission.)
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COLOR Figure 5.8  AFM images recorded on a Cu-MOF modified electrode in contact 
with 0.50 M acetate buffer (pH 4.85): (a) pristine sample; (b) after application of a potential 
step at −250 mV for 5 min. (Adapted from Doménech et al. 2007d. J. Phys. Chem. C 111, 
13701–13711, with permission.)
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COLOR Figure 5.10  AFM images recorded on a Cu-MOF modified electrode in contact 
with 0.50 M acetate buffer (pH 4.85): (a) after application of a potential step at −0.50 V for  
5 min; (b) id. at −0.85 V. (Adapted from Doménech et al. 2007d. J. Phys. Chem. C 111, 
13701–13711, with permission.)
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COLOR Figure 5.11  AFM images of Zn-MOF-modified electrode immersed into acetate 
buffer: (a) pristine sample; (b) after application of a potential step at −935 mV for 5 min.
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COLOR Figure 6.10  Field emission scanning electron micrograph and energy-dispersive 
x-ray spectroscopy of monoclinic V0.075Zr0.925O2 solid solution prepared after heating gels 
at 1300°C for 3 h. (From Doménech and Alarcón, 2007, Anal. Chem. 79, 6742–6751, with 
permission.)
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(a)

(b)

(c)

COLOR Figure 8.11  AFM images (750−750 nm in size) recorded for a ZnAlNO3
--LDH-

PANI deposit on graphite plate immersed into 0.50 M phosphate buffer at: (a) open-circuit 
conditions, (b) upon scanning the potential to +1.20 V at 10 mV/sec, and (c) upon scanning 
again the potential from +1.20 to −1.00 V at 10 mV/sec. (From Doménech et al. 2008. J. 
Electroanal. Chem. 624, 275–286, with permission.)
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