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Abstract

In a review article, the achievements and problems of modifying carbon-containing electrodes for
voltammetric analysis are considered.

Various methods for chemical modification of electrodes are described, including methods of
surface modification, volumetric modification, impregnation by in-situ and ex-situ methods. It is
noted that modified electrodes with a catalytic response are increasingly used in voltammetry. This
is explained by the fact that in a number of cases the catalytic currents that are caused by the
included or previous chemical reaction far exceed the limiting diffusion currents, which makes it
possible to increase the sensitivity of the method and to lower the lower limit of the determination
by several orders of magnitude.

Examples of the use of chemically modified carbon-containing electrodes in the voltammetric
analysis of inorganic ions and organic substances are given.
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1. Introduction

At present, it has become obvious that the use of chemically modified electrodes will solve a
number of acute problems of voltammetry and unlimitedly expand the analytical capabilities of
electrochemical analysis methods.

When modifying on the surface of the electrode, chemical compounds or polymer films are applied
which significantly change its ability to voltammetric response: electron transfer proceeds at a high
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speed and with a small overvoltage. In general, the term chemically modified electrode (CME) is
now referred to any electrode whose surface has been treated in this way (by physical or chemical
means), which changes the nature of the electrochemical respons [1].

The modification of electrodes, which has become widespread in the production of electrochemical
sensors, chemical sources of current (CSC), electrocatalysis, etc., is based on physical methods,
including the growth of single crystal faces, ion implantation, the creation of single crystal
structures, surface loosening, physical adsorption, etc. chemical methods. CMEs are a material
with conductive or semiconducting properties, coated with monomolecular (also subatomic),
polymolecular, polymer, ionic layers, for this reason, the electrode exhibits electrochemical,
chemical and / or optical properties of the layer. Chemical modification of the electrode is achieved
by chemisorption on its surface of molecules and ions, covalent binding of various agents to
surface atomic groups, surface coating with inorganic, organometallic or organic polymeric layers,
creating composites from electrode material and a modifier [2;3;4].

The electrodes are modified by different methods. The substance can be retained on the surface by
chemisorption, the monolayer can be formed by covalent bonding to the surface; Polymers with
electrochemically active groups can be deposited on the surface, electrostatically attracting the
mediator to the surface.

The cause of spontaneous modification of electrodes is often strong adsorption. A similar, often
undesirable, phenomenon has found practical application in electroanalytical methods. As a rule,
electrodes modified by adsorption have insufficient stability so that they can be used universally,
since the desorption process proceeds to them relatively easily. More stable types of CME are
obtained using reagents, the functional groups of which with the electrode material are capable of
forming covalent bonds. Most often, compounds with oxygen-containing groups (oxy, carboxy or
hydroxy groups) are used, however, there are other methods of modification [5].

CME is created by immobilizing on the surface of a conductive base organic compounds of various
types. This makes it possible to synthesize systems with specific catalytic and adsorption
properties, which, primarily, are due to the functional groups of the organic compound. CME are
one of the examples of practical application of the phenomenon of irreversible adsorption of
organic substances on d-metals [6].

The aim of the paper is to consider the methods of chemical modification of carbon-containing
electrodes and their analytical application in the voltammetric determination of inorganic ions and
organic substances.

2. Methods for Modifying Electrodes

In the electrochemical system, the signal-response of the sensor is formed at the interface between
the phases of the electrode solution and depends on the state of the surface of the electrode, which
is determined by the nature of the material, its homogeneity, the presence of modifying substances,
etc. [7].
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Therefore, the success of measurements depends on the correct choice of the indicator electrode:
the magnitude and reproducibility of the analytical signal. As a result, considerable attention has
been paid to the material of the electrodes, the methods for their chemical and physical
modification, methods of regeneration and expansion of the working region of the potentials.
The general scheme of electrode modification options is shown in Figure 1.

When modifying the electrodes in situ, the modifier is dissolved in the solution to be analyzed.
Wide application this method found in inversion streeping voltammetry (ISV).

As modifiers, metals (cadmium, copper, mercury, bismuth, etc.) are used to facilitate the
precipitation of electropositive and amalgam-forming elements, water-soluble organic
compounds, for example, biologically active substances, ligands. polymers. Sometimes
combinations of different modifiers are also used: polymer and metal, polymer and ligand, metal
and ligand, etc.[8].

Another way to modify electrodes in situ is to introduce into the solution organic molecules that
are capable of self-organization on the electrode surface. They create ordered monolayers that
change the transport of depolarizer particles to the electrode not only due to differences in sizes
and charges, but also due to the hydrophobic effect. Thus, co-carboxylic acids form on the mercury
surface of Langmuir-Blodge films, which consist of close-packed molecules that lie orthogonally
to the surface of the electrode. This self-organization is used in the modification of gold electrodes.
In this case, long chain hydrophobic molecules with terminal thiol groups forming an Au-S bond
with the electrode are the modifiers. The regularity of the structure is provided by hydrophobic
interactions of hydrocarbon radicals.

The fixing of the modifier on the electrode surface, as a rule, is carried out by adsorption. The
advantage of in situ modification methods is that they do not require the addition of modifier

molecules to the electrode. Sufficient is, before modification, the cleaning of the surface from the
products of the electrochemical reaction.
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However, the lifetime of such electrodes is comparatively small, since before every measurement
it becomes necessary to carry out a modification again.

As an alternative to in situ modification methods, methods for the preliminary immobilization of
modifiers (ex situ) on electrodes of various materials, such as: glassy carbon (GC), metals,
pyrographite, carbonite, have been developed and widely used. composite materials, impregnated
graphite, carbon mesh, carbon paste, yarn, fibers, etc. A combination of their properties allows
creating electrodes with specified sensitivity and selectivity parameters.

Preliminary modification separates the processes of preparation of the modifying layer (electrode)
and directly measurements of the analytical signal. On the one hand, this makes it possible to
standardize the modified electrode before measurement, for example, in preparation for a field
experiment in the laboratory. In addition, the immobilization of the ex situ modifier shortens the
measurement procedure and avoids gross errors due to the human factor. On the other hand, the
preliminary modification makes higher demands on the stability of the modified coating. Most in
situ methods are generally similar to the preliminary modification of the electrode, therefore it
makes sense to consider in more detail the general approaches to electrode modification
[9;10;11;12].

3. Volumetric Modification of Electrodes

The introduction of a modifier directly into the working electrode material is the most
understandable and simple modification method, which ensures the constancy of the electrode
material composition, and at the same time the contact of the modifier with the electrically
conductive base and the solution being analyzed. Although volumetric modification has no
fundamental limitations on the material of the electrode, the application has mainly found
electrodes based on graphite materials.

The greatest distribution among volumetric carbon-containing electrodes was produced by carbon-
paste electrodes (CPE). In the simplest case, the CPE repeats the shape of a traditional monolithic
electrode - a graphite or metal rod. It is a cylinder made of carbon paste, enclosed in a hollow shell
of insulating material - a tube of plastic or glass, which plays the role of a reservoir of paste and
determines the geometric dimensions of the electrode - the area of the end of the cylinder. Such
electrodes are characterized by a relatively large ratio of the volume of the carbon paste to the area
of the working surface of the electrode. Actually, only a small part of the electrode substance that
is in contact with the analyzed solution participates in charge transfer. This design of the electrodes
has both advantages and disadvantages. The first relates to the relative simplicity of manufacturing.
Mixing sufficiently large amounts of components makes it possible to achieve homogeneity of the
paste, even with manual mixing, and in order to regenerate the active surface of the electrode, it is
sufficient to remove the surface thin layer. The large volume of the electrode makes it possible to
repeat this procedure dozens of times, obtaining a stable and reproducible response. The surface
can be mechanically renewed by cutting a thin layer of paste protruding from the insulating tube
with a sharp knife. Such a method is often used for small-diameter electrodes or for plastic pastes,
whose mechanical grinding is not allowed.
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The second variant of the CPE design is a device resembling a syringe, in which the current
collector is also a piston. When it is moved from the insulating tube, a small amount of paste is
squeezed out, which is then removed. It is possible to adjust the piston stroke mechanically,
provided that the rod is connected to the electrode by a thread [13;14;15].

Grinding the surface of the electrode is necessary not only to update the surface layer. With this
procedure, a certain roughness of the surface is achieved, this ensures the reproducibility of the
ratio of the geometrical and true surface area of the electrode, as well as the response signal.
Sometimes grinding is accompanied by a partial melting of the filler, which fills the pores, thus
reducing the porosity of the electrode, and, consequently, undesirable processes of electrolyte
entering it. At the same time, the charging current decreases and the shape of the peaks on
voltammograms improves. Grinding also contributes to the partial oxidation of active surface
groups of graphite materials and fillers. Oxidation of metal particles can occur to form oxides. The
influence of the above factors on the characteristics of voltammograms depends on the nature of
the Faraday processes and the characteristics of the system modifier-the substance being
determined.

The production of a bulk macroelectrode is associated with a relatively high modifier flow rate.
One option to avoid this, especially at the stage of selection of the optimal composition of carbon
paste - used as a glassy carbon electrode rod into the insulating jacket, which is made in the end
of a small conical indentation or hemispherical shape. The groove is filled with carbon paste, its
volume is several tens of microliters [16].

After measuring, the paste is removed from the groove, after which it is filled with a new portion
of the paste. Given that work with such electrodes is more complicated than with conventional
makroelektrodom, its use is justified when using expensive or unstable modifiers, for example, in
biosensors based on nucleic acids, antibodies, enzymes, and others.

The volumetric microelectrode is a glass or plastic capillary, the tip of which is filled with a
modified electrically conductive material that is retained inside the electrode by capillary forces.
The current collector is a thin metal wire that is inserted into the paste from the opposite end of
the capillary. Similar electrodes are used to determine the content of electrochemically active
components in biological tissues or intracellular fluid of living organisms [8].

4. Impregnated Electrodes

Often electrodes from carbon or spectral graphite impregnated with a certain filler are used, which
is most often used as polyethylene, paraffin, petrolatum, suitable resins or mixtures of these
substances.

If we take into account the peculiarities of carrying out electrocatalytic reactions and the method
of synthesis of CME, it can be concluded that carbon materials possessing high chemical stability,
electrical conductivity, and a wide range of various functional groups on the surface are certainly
convenient carriers for the creation of CME. Currently, only a fraction of the possible methods of
synthesizing CME are realized. and further we will consider those that have been used to create
carbon-modified electrodes.
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Figure 2 shows the basic schemes of planting metal complexes on the surface of carbon materials.
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Figure 2: Scheme of planting metal complexes on the surface of carbon materials

The first variant corresponds to adsorption bonding, the second one corresponds to chemical
"sewing" to the surface group, the third characterizes the chemical binding through the "leg", the
fourth one corresponds to adsorption immobilization on the sublayer, for example, the polymer,
the fifth corresponds to the formation of a microcrystal or promoter cluster [17].

According to the data of [18], the complex compound, iron and cobalt porphyrins are adsorbed on
pyrography from solutions in dimethylformamide and dichloromethane [19].

The ability of graphite electrodes to strongly adsorb aromatic molecules was used to bind the
complex [Ru (NHs)sL] 2*, where L is a large aromatic ligand, for example, 4-aminomethylpyridine
or M- (4-picoline) benzamide [20]. A complex of [(Ru (bpy) 2) 2L] ?* - 2 (PFe-) (L-dianion 1,5-
dihydroxyanthrachnone) was adsorbed on the SS electrode by evaporation of the non-aqueous
solution [21].

The adsorption of relatively simple dipyridyl and phenanthroline metal complexes on pyrographite
is less pronounced [22].

The next direction of application of the adsorption method is in the preparation of polymer
coatings, for example, polyacrylonitrile, which can subsequently coordinate metal ions.
Modification of the surface can also be carried out with the help of binding organic substances that
do not interact with the electrolyte and do not clog the pores of the carrier, thus maintaining the
selectivity of the electrode [23;24].

In the synthesis of modified electrodes, an important role is played by the carrier. Porous
adsorption carbon materials such as carbon black, activated carbon, spectrally pure graphite, ash,
pyrographite, etc. are widely used as a carrier. Such carriers have the characteristic properties
necessary to create new modified electrodes.

5. Modified Electrodes with Catalytic Response in Voltammetry
The kinetic phenomena at the electrode-solution interface have always attracted the attention of

electroanalysts, since in many cases the currents that are caused by the included or previous
chemical reaction far exceed the limiting diffusion currents. At the same time, it becomes possible
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to increase the sensitivity of the method and to lower the lower limit of the definition by several
orders of magnitude.

Among the widely used electrode reactions, it makes sense to isolate the currents with the
participation of oxidizers in polarography and the catalytic currents of hydrogen evolution [25] on
a mercury dropping electrode with an "automatically" renewable surface.

In the case of solid-phase electrodes, there is almost always a problem of updating their surface,
with which the reproducibility of measurements is directly related.

In order to reduce the influence of heterogeneous factors, different approaches have been proposed,
among which the so-called mediator transfer of an electron, that is, an indirect one, has received
visible interest, the surface roughness of the electrode in which other heterogeneous factors have
been minimized [26;27]. The catalytic nature of the reaction made it possible to increase the
sensitivity of the determination. Nevertheless, the redox mediator system functioned in solution in
the presence of an analyte (substrate) and to evaluate the reproducibility in a series of
measurements it was removed every time.

Consequently, the search for immobilization options on the electrode surface of redox mediators,
which would provide a stable catalytic response to the analyte, was fully justified. At the moment,
many CMEs with catalytic response to stable both in stationary solutions and under different liquid
flow conditions are described [28;29;30].

It is known that many substances enter the electron transfer reaction with overvoltage, that is, at
much more negative or positive potentials than their thermodynamic quantities. One way to reduce
this difference is to use red-ox mediators that transfer electrons from the analyte to the electrode
or vice versa.

The scheme of the electrode process on such electrodes, for example, in the case of
electrooxidation, is as follows: the Mg mediator enters an electrochemical reversible reaction with
the formation of Moy particles that react chemically with the analyte (A) to form products (P):

Mred,—e > MOX.
Mox. +A o A* + Mred.
A"—>P

The transfer of electrons occurs between the electrode and the mediator, and not between the
electrode and the analyte. It should be emphasized that the electrochemical conversion to which
the analyte undergoes occurs under the formal redox potential of the Mox. / Mred. pair. The
regeneration of Mred allows this process to be classified as catalytic. Thus, the decrease in the
formal redox potential of the P / A system and the increase in the mediator current in the presence
of the analyte are observed experimentally compared with the current in the absence of the analyte.
Depending on the mechanism, heterogeneous electron transfer reactions, to the same extent as
homogeneous ones, can be intraspheric and outer-sphere [31]. If the reversible Mox. / Mred.
system performs only the electron transfer function without forming an intermediate complex
between the analyte and the catalyst (the redox pair Mox. / Mred.), then they are dealing with

Http://www.granthaalayah.com ©Ilnternational Journal of Research - GRANTHAALAYAH [374]


http://www.granthaalayah.com/

[Narmaeva et. al., Vol.6 (Iss.7): July 2018] ISSN- 2350-0530(0), ISSN- 2394-3629(P)
(Received: June 10, 2018 - Accepted: July 28, 2018) DOI: 10.5281/zenodo.1345218

outer-sphere or redox catalysis. If during the reaction a Mox. a product is formed, this mechanism
of electrocatalysis is called chemical or intraspheric catalysis. In this case, in comparison with
outer-sphere reactions, energy is lost due to the binding and activation of the analyte. The main
role in the catalytic cycle is acquired by transformations of the substrate in the coordination sphere
of the catalyst, and therefore this kind of catalysis is also called coordination electrocatalysis [32].
The flow of mediator reactions is possible only if a number of criteria (thermodynamic,
electrochemical Kinetic, structural) are observed.

For example, it was shown in [33] that an important role is played by the orientation on the surface
of copper complexes, which depends on the filling and the type of substituents. The activity
reaches a maximum with a small filling and decreases with its increase. This dependence is
explained by the fact that if, by analogy with homogeneous catalysis, it is assumed that the
electrode surface and the substrate are in the cis-conformation with respect to the central non-
adsorbed complex. Under these conditions, synchronous transmission of two electrons in the "g"
stage can take place according to the scheme depicted in Fig. 3.
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Figure 3: Scheme of transfer of electrons from the electrode to an oxygen molecule in the
presence of adsorbed copper.

With an increase in the degree of filling, the possibility of realizing the structure of "G" decreases
and activity decreases. As a result, in the case of phenanthroline copper complexes, the role of a
substrate appears in the role of which carbon material appears.

6. Modified Electrodes in the Voltammetric Determination of Inorganic lons

At present, in voltammetry, there is a tendency for mercury electrodes to be displaced by others
made of non-toxic materials. In most cases, these are the electrode-containing electrodes, which
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have a number of attractive properties for the determination of ions of various metals. Publications
on this subject, respectively, with the type of electrodes used can be divided into six groups [8].

The first group includes works on the practical application of electrodes based on GCE, the second
- CPE, the third - composite on the basis of carbon, the fourth - impregnated graphite, the fifth -
thick-film graphite-containing and printed (screen-printed) electrodes and the sixth -
ultramicroelectrodes of carbon materials and their ensembles.

Most of the research is devoted to GCE, but in recent years, thin-film planar and thick-film
graphite-containing electrodes synthesized by screen and ink-jet methods have attracted interest.

GC electrodes are practically non gas-tight, isotropic, conduct well, have a small porosity and high
hardness, are stable in aggressive media. Nevertheless, they have a low adsorption capacity
compared to other carbon materials, which explains the relatively low sensitivity of determinations
on unmodified electrodes.

As modifiers of GC electrodes, there may be metals (Cu, Ir, Bi, Au, Cd), nanotubes, biologically
active substances, organic compounds, polymers. Typically, the process of immobilization of
water-soluble components on the surface of the electrode is carried out in situ, and soluble - ex
situ.

In order to increase the selectivity, a combination of ex situ and in situ regimes is sometimes used.
For example, an electrode of an electrically conductive polymer is initially deposited on the
electrode, and a selective organic reagent interacting with the detectable ion and adsorbed on the
electrode surface is introduced into the solution. Along with this, a two-layer modification of the
electrode surface occurs. In some cases, up to three modifying layers can be expanded, each of
them fulfilling a specific function. Thus, layer-by-layer modification of the electrode by clay,
cation-exchange polymer and mercury makes it possible to synthesize on the surface of the glassy
carbon a modifying layer with cation-exchange properties capable of forming amalgam with
detectable metals.

CPE show increased adsorption capacity to many substances in comparison with electrodes from
GC. This is successfully used in the determination of inorganic ions in voltammetry. The
introduction into the paste of the electrode or the immaobilization on its surface of compounds
containing functional groups specific for the metal ions increases the sensitivity and selectivity of
the determinations. The most widely used is the introduction of a modifier into the paste. Often,
as modifiers, substances with complexing properties, ion-exchange materials, inorganic and
polymeric sorbents: organic reagents, silica, clays, natural and artificial ion exchangers, crown-
compounds, heterocyclic compounds act as modifiers. Electrodes based on silica with self-
assembled monolayers, which allow determination of Cd, are proposed Cu, Pb as well as CPE
modified with a- and B-cyclodextrins.

The main disadvantage of CPE is the relatively low accuracy of the determinations, which is
caused by poor reproducibility of the electrode surface when it is updated. Many chemists-
researchers see the solution of this problem in the use of factory carbon-containing electrodes made
with the use of modern technologies and new composite materials, from mechanical processing,
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impregnation of graphite rods in vacuum and finishing with gluing in a plastic case and polishing
the surface.

There are also works on the use of electrodes with immobilized nanoparticles for trace analysis of
inorganic compounds by the method of inversion voltammetry [34]. In particular, an electrode
modified with gold nanoparticles is used to determine arsenic by the IVA method. However, at the
moment only the first steps have been taken on the way of using nanoscale metal particles and
bimetals in voltammetry.

Nanotechnology opens up new opportunities for developing methods for the synthesis and
application of modified electrodes with included mediators. The use of nanostructured materials
(nanoparticles of metals, alloys, nanocomposites based on them, nanotubes) made it possible to
create electrodes of a new generation. With the help of these electrodes, it is possible to determine
such important low-molecular compounds as nitrogen monoxide in biomedical objects, in
connection with the fact that this neurotransmitter participates in many physiological processes of
the body.

Estimating the prospects for using modified electrodes in the analysis of inorganic compounds, it
can be noted that the development of voltammetry as well as other methods of electrochemical
analysis is increasingly blending into the development of new electrodes, sensors and sensors that
allow for the determination of "cheaper, faster, easier and better."” A large number of research
works on the search for ways to use and select modifiers, their immobilization on the electrode
surface, the use of electronic transfer mediators is undeniably evidence of interest in this problem.
Although the phenomenological stage in the conduct of research has not yet ended. Until now, a
number of issues have not been resolved that prevent the wide use of modified electrodes. In
particular, this applies to the production of electrodes with a stable electrochemical response that
does not depend on methods of preparing the electrode surface before the corresponding
measurements. Attempts to replace mercury with other metals, for the most part, lead to loss of
sensitivity and selectivity of definitions.

The relatively short duration of the "life" of most electrodes, their "aging" with time, which
manifests itself in a change in the composition and structure of the modifying layer and the
deterioration of its analytical characteristics is another problem. The duration of the electrodes is
greatly limited by the need for surface regeneration after each measurement. It is the electrode
surface that is the source of most of the problems. Even for a well-studied GC electrode, there is
still a discussion about the nature of the mercury film on its surface-whether it is uniform with a
thickness of 0.5 to 10 um or whether Hg is released as fine droplets with a statistical distribution
on the surface of the electrode [35;36].

During the creation and application of modified electrodes, it becomes necessary to answer a
number of questions: how to make the surface of the modifying layer stable and reproducible, how
the properties of the modifying layer affect the parameters of the response signal, how the
electrochemical or mechanical surface treatment affects the activity of the modifier and the
electrode process: how exclude contamination of the electrode by interfering substances, which
impair its analytical characteristics [3;8].
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Synthesis of modified electrodes for use in various fields of chemical technology is given great
attention. The greatest part of the research in this area is devoted to the development of a different
type of sensors for voltammetric determination of inorganic and organic substances
[16;37;38;39;40;41;42;43;44;45;46;56;57], the creation of fuel cells, electrocatalysis in organic
synthesis, etc. [47;48;49;50;51;52] .

For modification, porous materials characterized by a developed surface are used as a substrate,
often they are carbon-based materials, zeolites and other composite materials are also used
[53;54;55].

7. Conclusion

Having considered various methods of modification of carbon-containing electrodes, we arrive at
the following conclusions:

Chemical modification allows to expand the analytical possibilities and scope of application of
voltammetric methods of analysis for the determination of various substances of inorganic and
organic origin and to limit the use of mercury-containing electrodes. In the near future, the main
task of electrochemical analysis methods is to improve the analytical parameters of the electrodes
with a modification of their surface and the possibility of a catalytic response.
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