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Abstract Papers dealing with modified electrodes made of
carbon materials and composites for use in stripping
voltammetry of metals have been reviewed. The review
consists of two parts, of which the first considers
applications of modified glassy carbon and carbon paste
electrodes, while the second describes diverse modified
carbon-containing composite and microscopic electrodes.
Information about modifiers, electrode modification meth-
ods, conditions, and limits of detection of elements in
different materials has been tabulated. The review covers
550 papers published in Russia and abroad between 1990
and the first half of 2007.
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Introduction

Voltammetry is one of the most universal methods of
electroanalytical chemistry, which is widely used as a
technique for measurement of concentrations of substances
and as a tool for analysis of their properties. The growing
number of papers concerned with problems and urgent
issues of voltammetry is indicative of the increasing interest
among chemists to this method. The general status and
future trends of voltammetry and electrochemical sensors
are described in the reviews [1-7]. A priority line of its
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development that follows from the analysis of those papers
is the creation, the study and the use of new electrodes,
electrochemical sensors [8], transducers, and detectors for
automated, flow-through, and “field” analysis. This is
because the electrochemical signal is formed by processes
taking place on the electrode surface. Therefore, the
condition of the electrode surface, which depends on the
origin, the defect content, and the mechanical inhomoge-
neity of the material, determines many significant quanti-
tative characteristics of electrochemical measurement
systems. Required electrochemical properties of the elec-
trode can be obtained if its surface is modified purposefully.
Therefore, the modification and the “molecular design” of
the transducer surface and the formation of grafted layers
on solid surfaces constitute an actively developing new area
of investigation. Problems of the chemical modification of
solid surfaces, specific and regular features of the modifier
attachment to various solid matrices, and examples of
practical applications of chemical sensors (modified elec-
trodes) are overviewed in the papers [9-21].

Over a period of years, the development of the
voltammetric method was connected with metal, primarily
mercury, electrodes. But mercury is an extremely toxic
material. This element presents the first-rate hazard leading
to severe poisoning and heavy diseases. For this reason,
some countries (USA, Japan, EC) have declared a morato-
rium on the use of mercury in storage batteries, lamps,
thermometers, pesticides, etc. Electrodes made of nontoxic
materials also tend to smoothly force out mercury electro-
des in electroanalysis. As an alternative to toxic mercury
electrodes, electrodes of a nontoxic ‘“dental” amalgam
(Ag,Hgz with the surplus silver; [22, 23]) have been
developed and used for measurements of heavy metals.
Carbon materials (CMs) possessing some attractive features
[24, 25] are widely used as mercury-free current-conducting
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electrode materials. Firstly, depending on the CM type, the
character of the electrical conduction can change from the
metal to the semiconductor conduction suggesting broad
potentials for a wide range of capacitive, adsorption,
catalytic, and kinetic properties. Secondly, the carbon
surface can adsorb a variety of compounds by both the
nonspecific physical sorption and the specific chemisorp-
tion with a functional coating, which can be formed either
under the forced action of reagents or due to the presence of
native functional groups resulting from a thermomechanical
treatment of the material [25, 26]. Thirdly, the complexation
capacity of carbon materials is higher than that of metals.
Fourthly, CMs can form strong covalent bonds with some
surface modifiers favoring the development of modified
electrodes. Fifihly, the carbon surface is electrochemically
inert over a wide interval of potentials. All these features
predetermine the use of diverse carbon materials in
electroanalysis. Glassy carbon, pyrolytic graphite, carbon
glass-ceramics, impregnated graphite, carbon fibers, fila-
ments, cloths, gauzes, and composite materials serve as the
electrode material. The properties of CM electrodes, their
specific features and drawbacks, and applications in
voltammetric measurements of substances are described in
the Russian reviews published in 1988 and 1990 [27, 28].
The present overview covers papers published in Russia
and abroad since 1990. To narrow the borders of an
extensive literature stream on modified carbon-containing
electrodes for the 17-year period, the current review has
been restricted on a method of analysis and analyte. So, the
electrodes used for metal ion determination with SV have
been described only. All the papers published over this
period can be divided into six main groups depending on
the type of the electrode used: glassy carbon (GCE), carbon
paste (CPE), carbon-containing composite (CCE), impreg-
nated graphite (IGE), thick-film graphite-containing
(TFGE) electrodes, carbon microelectrodes (CME), and their
arrays (ACME). As Fig. 1 suggests, GCE is the first with
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Fig. 1 Representation of papers published in 1990-2005 depending
on electrode type described
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respect to the number of papers published over the 15 years.
The minimum number of papers, most of which have
appeared recently, are dedicated to TFGE and CME. This
is due to the fact that these two groups of the electrodes
represent recently emerging and vigorously developing lines
of research into the use of carbon-containing electrodes.

Glassy-carbon electrodes

Glassy carbon is isotropic, is almost gas-tight, has low
porosity, is very hard, is a good current conductor, and is
stable in many corrosive media [25]. The adsorptivity and
the reactivity of glassy carbon are low compared to those of
other structured graphite materials having a hexagonal or a
rhombohedral lattice. These factors account for the low
sensitivity of unmodified glassy-carbon electrodes in
analysis [29-34]. The detection limit of elements is reduced
by increasing the electrochemical accumulation time (up to
40 min) [35-42], using additional accumulation operations,
e.g., the ultrasonic extraction [43] or modifying the GCE
surface.

Table 1 shows some applications of modified GCE for
voltammetric measurements of inorganic ions [44—190].
Methods of the preliminary modification of the surface
(ex situ) and the in-analysis modification (in situ) are
widely used for the purposeful transformation of the GCE
surface properties. These methods are sometimes com-
bined to enhance the selectivity. For example, a film of a
metal or a current-conducting polymer is applied to GCE
and a selective organic reagent or mercury, gold, or
bismuth ions, which co-precipitate with the element to be
determined, are added to the solution. GC is a preferable
substrate for mercury film electrodes [191]. In this case,
the two-layer modification of the surface is realized by the
“ex situ/in situ” scheme. On occasion, up to three modified
layers each, having its specific application and certain
function, are built up on the surface. For example, the layer-
by-layer modification by a clay mineral, a cation-exchange
cross-linked polymer and mercury [156] results in that the
GCE surface forms a layer, which possesses cation-
exchange properties, can form an amalgam, and separates
coarse molecules or cations.

The GCE modifiers in common use are metals (mercury
[44-68], gold [81-85], cadmium [87], copper [88], lead
[89], platinum [90], bismuth [91-96]) and facilitating the
precipitation of amalgam-forming and electropositive ele-
ments. Organic substances (OS) [107-121], macrocyclic
compounds [122-126], polymers [127—-131, 157-159, 165—
166, 169-175], bioactive compounds [186], and nanotubes
[187-190] can also serve as GCE modifiers. Different
combinations of the modifiers—a metal and OS [70-80,
97-105, 106], a polymer and a metal [86, 132—147, 160—
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162, 177-184], a polymer and OS [149-151, 167, 174—
176], a polymer, OS, and a metal [152—155, 163-164,
185]—are used for the GCE surface modification. Water-
soluble OS are generally immobilized in situ onto the
surface of a pre-activated electrode [70-71, 73-80, 97-110,
114, 116], while low-soluble OS are immobilized ex situ
[72, 111-113, 115, 117-126, 149-155, 185]. OS are
localized on either the GCE surface [107-126] or the first
modifying layer of mercury [70-80], bismuth [97-105] or
lead—copper [106].

For a more profound immobilization of the compounds,
GCE is pre-polarized at a constant potential of (1.2+2.0) V
[36, 39, 41] or undergoes multiple (up to 100) polarization
cycles between 0 and +1.2 V in 0.1 M NaOH [40]. Some
investigators think that, in this case, new functional groups
appear on the surface [39-41], whereas others are inclined
to consider the formation of an oxidized GC film [36]. Still,
they are agreed that the anodic polarization radically
changes the structure and the composition of the electrode
surface, making it possible to fix the modifier or the
measured ions on the surface through the ion exchange, the
covalent bonding or the electrostatic interaction.

Polymer-coated electrodes constitute a big group of GCE
[127-183]. Unique properties of the polymer surface and
applications of current-conducting polymers are described
in Ivaska [192]. To make a polymer film in the form of a
“spin coat”, several droplets of the liquid polymer are
placed in the working zone, and the electrode is spindled
until the polymer film is uniform in thickness. One more
method for making of a polymer film (polyaniline,
polypyrogallol, polycatechol, etc.) consists in its oxidative
electro-polymerization growing from a monomer solution.
It was proposed to make superfine (3,000 A) polymer films
on GCE by an original method of “electrostatic spraying”
[169, 170], which involves preparation of a “spray liquid”
under the action of a strong electric field. For example, to
apply a cellulose acetate film, a strong electric field (the
voltage of 14 kV) was applied to a dielectric mixture, which
was composed of cellulose acetate, acetone, and magne-
sium perchlorate (a porophore). The liquid was charged and
was broken into tiny droplets so that a thin, uniform, and
homogeneous film covered the electrode. The polymer
electrode films generally have a cross-linked structure and
act as molecular sieves separating coarse particles, e.g.,
protein molecules. Moreover, they can function as ion
exchangers. For example, nafion and tosflex (fluocarbon
polymers) act as a cation exchanger and an anion
exchanger, respectively. Some investigators implanted
analytical reagents into the structure of current-conducting
polymers [148—154, 162—163, 178] providing the enhanced
selectivity of the polymer film. The high selectivity to metal
ions was achieved [174-175] because polymers with
covalently grafted ethylenediaminetetraacetic acid (EDTA)

@ Springer

groups were synthesized on GCE. The response selectivity
is efficiently improved by the “guest-host” interaction.
Properties of crown ethers acting as host molecules for ions of
guest metals were used [77, 112, 108-109, 148-149, 176] for
measurements of Au (Ill), Hg (I), Cu (II), Pb (II), and Cd
(I) ions on electrodes modified by crown-ether adsorption
and a nafion film with immobilized macrocycles.

One more method for improvement of the voltammetric
selectivity is the use of electrodes with monolayers of
organic molecules self-organized on the electrode surface
[72, 193—-194]. For example, w-carboxylic acids with
hydrocarbon chains of different lengths can arrange
themselves to the Langmuir palisade on gold or mercury
surfaces. While possessing discrimination properties, func-
tionalized layers can change the transport of depolarizer
particles to the electrode surface not only due to different
charges, but also due to the hydrophobic effect.

The pioneering studies concerned with the use of
nanotube-modified GCE include the research performed
by a group of Taiwan investigators [187, 188]. Such
electrodes provided sufficiently low detection limits for
elements. However, the introduction of these electrodes to
the analytical practice requires solving the problem of
structural ordering in the nanotube layer which influences
the reproducibility of measurement results.

A serious problem in the use of GCE is the degradation
of the modified surface showing up as the displacement of
the current peak potential of the determined element, the
distortion of the peak shape, and the emergence of
additional peaks [195]. To make the GCE surface repro-
ducible, it is prepared and cleaned by a great variety of
methods such as mechanical polishing [108], treatment with
reagents [76], electrochemical treatment by polarization at
high anode potentials [36, 186], and exposure to micro-
waves or ultrasound [29, 40, 131]. Mechanical polishing of
the surface with abrasive diamond or Al,O; powders or
special polish cloths is in most common use. This surface
treatment method is not only laborious and time-consuming,
but what is the worst does not guarantee that the surface
properties will be reproducible. This problem was attacked by
development of automatic devices for cleaning of the solid
electrode surface [116], but they have been used on a narrow
scale because of their complexity and high cost. The original
approach has been used [190] to modify GC with glassy
carbon spheres covered by nanoparticles of precious metals
and multiwalled nanotubes.

Carbon-paste electrodes

In 1958, Adams described a new type of the carbon-paste
electrode (CPE) for voltammetry. This electrode was
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conceived because despite good performance capabilities of
mercury electrodes with respect to the adsorptive concen-
tration of inorganic ions [196—198], they have some
limitations at positive potential range, while many solid
electrodes, which are operable over a wide interval of
potentials, cannot selectively sorb the required component
of the system. Adams’ idea was not overlooked by other
investigators, and in 1964, Kuwana et al. performed
research making the first contribution to the advancement
of chemically modified carbon-paste electrodes, which are
described in the reviews [199-201].

CPE is made of a homogenized paste of fine-dyspersated
coal and a water-immiscible binding liquid. Paraffin,
petrolatum, or polychlorotrifluoroethylene oils, silicon
fluid, dioctylphthalate, o-bromnaphthalene, tricresyl phos-
phate, and other materials can be used as the binding liquid.
Two types of CPE pastes are available: dry (0.3-0.5 ml of
the binding liquid per 1 g of the carbon powder) and wet
(0.5-0.9 ml of the binding liquid per 1 g of the carbon
powder) pastes. CPE can bear a high residual current
caused by oxygen admixed to the paste with carbon powder
particles. The residual current can be eliminated if the
preheated carbon powder is mixed with wax, paraffin, or
petrolatum oil in the nitrogen atmosphere or a lipophilic
paste fluid (tricresyl phosphate) is added. The detection
limit (LOD) of many inorganic and organic substances on
CPE generally is 1:10° M. LOD is frequently decreased by
activation of the electrode at high negative or positive
potentials. The anode activation of the electrode is most
efficient because interfering organic substances can be
removed from the surface in this case. Sometimes the
electrode is “shaken up” through the cyclic polarization
between large negative and positive potentials.

When compared to other carbon-containing electrodes,
CPE has a well-developed surface with a high adsorptivity
of various substances. This property of CPE is used
successfully in voltammetry for the modification and the
adsorptive accumulation of substances to be measured. A
modifier can be immobilized on CPE by several means
including sorption, covalent binding, dissolution of a
lipophilic modifier in the paste fluid, and direct mixing
with the carbon paste. Direct mixing of a modifier with the
paste is used most frequently. This modification procedure
is very simple: a modifier is added to the paste in the dry
form or diluted in a small amount of an organic solvent
making the paste more homogeneous. Other methods of the
modifier immobilization are used least often. The depolar-
izer is concentrated on the modified CPE surface through
adsorption, chemical, or electrostatic interaction of the
element to be measured and the modifier. CPE is modified
by various organic substances such as aromatic oxycarbox-
ylic acids, aromatic amine and diimine compounds,
azocompounds, dyes, thiocompounds, triazines, and quino-

@ Springer

lines. In addition to the main hydrocarbon chain, molecules
of these organic compounds include nitrogen, sulfur, and
oxygen atoms, aromatic and aliphatic cycles containing
unbound 7t-electrons, which can interact, on one hand, with
the electrode surface and, on the other hand, with the
analyte ensuring a high surface adsorption and strong
binding to the substance to be determined.

Every so often, the analyte is concentrated on modified
CPE with the circuit open using extraction, sorption, ion
exchange, and formation of ion pairs. The measurement
stage can be accomplished in another electrolyte. As the
electrolyte is replaced, it is possible to optimize the
measurement parameters (pH, the ionic force, and the po-
tential) and eliminate the interference of other components of
the test solution. Dependences of the current peak of the
element to be determined on the concentration and the
accumulation time on CPE are flattened-out curves because
all functional groups of the modifier are saturated.

Table 2 gives examples of specific applications of
modified CPE for the voltammetric determination of metal
ions [202-312]. Sometimes CPE is modified by films of
metals and their oxides [202-213, 215-216]. The electrode
is modified most frequently by crown compounds [216—
221], calixarenes [222], cyclodextrins [223-225], non-
functionalized and functionalized silica [226-243], clay
minerals (vermiculite and montmorillonite) [244-253], ion
exchangers in the form of artificial resins [254-258 258—
262], natural humic acids and soils [259-263], organic
[264-310], and bioactivecompounds [311-312].

Electrodes based on silica with self-organizing mono-
layers, for example, mesoporous silica modified by acet-
amide of the phosphonic acid provide accumulation and
measurement of Cu, Pb, Cd, and U [240-241]. CPE
modified by biocatalysts, which are constituents of - and
[-cyclodextrins [223-225] or natural lichens [311-312] are
used for measurement of ions of heavy metals.

Solid depolarizers can be studied after their direct
infusion to CPE, which has been called the carbon-paste
electroactive electrode (CPEE). The CPEE methodology
was recognized to be also suitable for insoluble electro-
active compounds. The first studies of metals, metal oxides,
chalcogenides, salts, and other compounds by CPEE
methodology were reviewed by Brainina et al. [313].
Electrochemical transformations taking place on CPEE
provide information about the electrochemical activity of
solid compounds, their stoichiometry, the oxidized state of
elements, the morphology (the size and the shape of par-
ticles, crystal defects), the catalytic activity, etc. The CPEE
methodology significantly increased the scope of electro-
chemistry to poorly conducting and insoluble solids.
CPEE is used to analyze lead sulfides, magnetite, oxides
of silver, tin, copper, and iron, bromides of rare-earth
elements, nickel-containing compounds and other solids,



J Solid State Electrochem (2008) 12:1185-1204

1201

e.g., ceramics and classes [314-318]. A comprehensive
review [319] is dedicated to the electrochemical analysis
of solids.

Conclusion

Considering the above numerous examples of the electro-
chemical study and determination of various elements and
compounds, it can be concluded that the modification of the
surface of solid electrodes by a variety of methods and
substances considerably extends the capabilities of voltam-
metry and ensures a highly sensitive and selective determi-
nation of a wide range of elements traces.
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