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Analytical Applications of Composite Solid Electrodes

Tomas Navratil! and Jiri Barek?

LJ. Heyrovsky Institute of Physical Chemistry of AS CR, v.v.i., Prague, Czech Republic
2Faculty of Science, Charles University in Prague, Department of Analytical Chemistry, UNESCO
Laboratory of Environmental Electrochemistry, Prague, Czech Republic

Recent trends and advances in electrochemistry with composite solid electrodes (CSEs) are
reviewed. Their properties, methods of preparation, pre-treatment, and analytical applications
are summarized and their advantages and disadvantages are discussed. Special attention is paid
to the determination of inorganic and organic compounds important from the point of view
of the protection of environment and human health. The review is focused on easily prepared
electrodes frequently used in the authors’ laboratory and their practical applications. However,
some other electrodes and their fields of applications are mentioned as well.

Keywords Composite solid electrodes, voltammetry, amperometry, environmental analysis, review

INTRODUCTION

Voltammetry and amperometry are among the most fre-
quently used electroanalytical methods. They are especially
suitable for large scale environmental monitoring of electro-
chemically active pollutants in various types of matrices, be-
cause they are inexpensive, extremely sensitive, suitable for
speciation, and they present an independent alternative to so far
prevalent spectrometric and separation techniques (1). The cru-
cial and fundamental problem in their practical application is the
choice of a suitable working electrode. In the field of cathodic
reductions, as well as anodic oxidations, the so-called compos-
ite solid electrodes (CSE) can be successfully utilized and can
be a useful alternative to mercury, solid metal, or carbonaceous
electrodes. CSEs are composed from at least one conducting and
one insulating phase, which are mixed keeping their final solid
state. They have been intensively developed and used for the last
twenty years and, in some cases, they can successfully compete
with traditional electrodes consisting of only one conducting
phase. They offer certain advantages, e.g., low cost, low weight,
high signal-to-noise ratio, broad potential window, resistance
toward passivation and/or easy mechanical and electrochemical
cleaning, compatibility with the concept of so-called “green an-
alytical chemistry” (2, 3), and the possibility of chemical mod-
ification of the conductor or of the insulator phase or of their
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surface. Their mechanical robustness enables their application
in flowing systems and/or in field measurements. The resistance
towards passivation and the possibility of electrochemical clean-
ing is especially important because electrode fouling is probably
the biggest obstacle to more frequent applications of electroan-
alytical methods in environmental analysis. According to the
Web of Science, about 2200 papers dealing with analytical ap-
plications of composite electrodes (excluding paste electrodes)
have been published up to now (more than 350 per year in the
last two years). Approximately 15% of them have been devoted
to the SCEs (Fig. 1). Nevertheless, these numbers can be under-
estimated due to non-uniform terminology and classification in
electrode description. The CSEs have found their applications
in practically all branches of electrochemistry. The construction
and composition of used CSEs depends on the intended purpose
of application. They can be used as amperometric sensors for
the determination of both inorganic (3—5) and organic analytes
(6, 7), in voltammetry (8—11), chronopotentiometry [potentio-
metric stripping analysis (PSA) (12, 13)], and as amperomet-
ric sensors in HPLC (14), in flow-injection analysis (15, 16),
in capillary electrophoresis (17), and in electrochemilumines-
cence (ECL) devices (17). The measurements can be realized
both in aqueous and in non-aqueous solutions (18, 19); some
CSEs are even used for analysis of air and gases (20, 21). CSEs
can be used for routine determinations (22) as well as for re-
search purposes, e.g., investigation and construction of array
of microelectrodes (23, 24). The occurrence of underpotential
deposition effect (UPD) effect on CSEs (8—10) extends their an-
alytical applicability in comparison with hanging mercury drop
electrode (HMDE). Previous reviews on these topics [e.g., (2, 3,
25-32)] were limited as far as matrix or analytes are concerned.
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FIG. 1. The number of publications on the subject “composite
solid electrodes” identified by Web of Science (33).

Therefore, this review is an attempt to critically evaluate the
present situation in the field of analytical applications of CSEs.
It is mostly focused on our own recent results in the context of
the general development in the field. Nevertheless, some other
interesting applications of this type of electrode materials are
mentioned as well.

PROPERTIES OF COMPOSITE SOLID ELECTRODES

CSEs can be classified in several ways. The “classical”
scheme proposed about 20 years ago (25, 32) has been most

frequently used. We updated this scheme taking into account
new types of composite electrodes (Fig. 2). The CSEs described
in the following paragraphs belong to the group of composite
electrodes with randomly dispersed minimally two components,
which exhibit after their mixing solid consistency. These elec-
trodes are, excepting consistency, in a way analogous to carbon
paste electrodes (CPE) (34, 35), which are discussed in another
paper in this special issue (35). We focused in this manuscript
on the application of CSEs, in which the insulator phase is rep-
resented by a polymeric material [e.g., acrylic polymer (9, 31),
epoxy resin (11, 31), polyvinyl chloride (PVC) (15), Teflon®
(31, 36), vinyl acetate (31), polyester (31), polyethylene (31),
etc.] (Fig. 2). The conductor phase can be a metal [silver, gold,
etc. (9, 37)], a non-metallic conducting material [e.g., graphite
powder (11, 38)] or their mixture (9, 10, 37). Some other
components can be added to bulk electrode material to achieve
requested properties for the determination of some analytes,
e.g., cobalt phthalocyanine (39), Cu,O (15, 40), Ni/Cu (14),
hexacyanoferrate (6, 41, 42), manganese (41, 42), methylene
blue (40), Ru[(tpy)(bpy)C1]PFs (43, 44), or their mixtures (41,
42). CSEs are mostly applied in a polished form. Nevertheless,
their surface can be also modified, e.g., by mercury film (23, 24,
45), mercury meniscus (23), by Nafion (40, 46), silica gel (31,
47, 48), by a catalyzer [e.g., tyrosinase (49), glucose oxidase

Composite electrodes

I |

| Random ensembles

| Surface | | Bulk |
I |
| Dispersed | | Consolidated |
I I
I | I |
Paste | | Solid | Impregnated Segregated
[ |
Monomer mixed Polymer mixed | Conductor | | Insulator |

| Two-component | | Bulk modified |
I
Polished surface | Modified surface by |
I
| Film | | Meniscus | | Carbon nanotubes | | Membrane | | Other modifiers |

FIG. 2. A classification scheme for composite electrodes employed in analytical chemistry.
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(50, 51), Nafion/protein (52), Au-Pd (31), RuO, (31)], by multi-
walled carbon nanotubes (MWNT) (53-55), or gold nanowires
(56). Such coating layers play the “passive” role [sorting of the
molecules electrolyzed on the surface] or “active” catalytic role
[enzymes (57)] (Fig. 2). Despite the high content of insulator
phase (90-40%), the conductivity of CSEs is comparable with
the conductivity of the pure conductive phase. This effect is
explained by so-called percolation theory (25, 32, 58, 59).
Some CSEs with random distribution of conducting particles
exhibit properties of an array of microelectrodes (8—10, 23, 24,
32, 45), i.e., the measurements (in ideal cases) are not affected
by oxygen, the signal is wave-shaped (sigmoidal) (3, 24, 25),
partly independent of solution stirring (3, 23, 24). Structures and
surfaces of CSEs have been studied by many various techniques,
such as cyclic voltammetry and related techniques, coulometry
(2, 3,31, 60), optical microscopy, scanning electron microscopy
(SEM) [in investigation of polished (3, 25, 38, 61, 62) or menis-
cus or film modified electrodes (3, 23)], electrochemical
impedance spectroscopy (63), capacitance measurements (32),
X-ray diffraction (XRD) (62, 64), atomic force microscopy
(AFM) (62, 63, 65), energy dispersive X-ray analysis (EDX)
(62, 66), X-ray photoelectron spectroscopy (XPS) (32, 64), and
electrogenerated chemiluminiscence (ECL) imaging (32). A
relatively new mathematical method—elimination voltammetry
with linear scan (EVLS) (67-71)—can be used for revealing
and the description of processes realized on the surface of CSEs
(11, 38, 48). The usable potential window of CSEs is relatively
broad and it can be tuned by their composition or by the way
of their preparation. Working potentials of three composite
electrodes (2, 3, 23) (silver solid amalgam composite electrode
[p-AgSA-CE], silver composite solid electrode [CAgE], and
graphite solid composite electrode [CCE]) most frequently
used in our laboratory are compared in Table 1. For compar-
ison, potential windows for p-AgSAE and HMDE are given
as well.

FABRICATION OF COMPOSITE SOLID ELECTRODES
The composition of the CSEs can be adjusted according to
the purposes of the use and they can be very easily prepared
in any lab. Nevertheless, it is necessary to be very particu-
lar about the reproducibility of the surface area and shape in
small-scale production. The electrode materials can be pressed
into a cylindrical electrode body (Teflon, polyethylene, per-
spex, etc.) or it can be fixed on some substrate in practically
any form (Fig. 3). Because the insulator material (e.g., epoxy
resin) usually exhibits very good affinity to the electrode body
or substrate material, the electrode constructions are relatively
stable. It enables simple renewal of their surface or preparation
of disposable sensors. In some cases it is necessary to choose a
proper electrode body and material which is not damaged by the
solvent used [e.g., methanol damages epoxy resin (72)]. There
are many procedures for fabrication of CSEs and practically
each author prepares them according to its own procedure. We

can mention some of the relatively easiest and most reliable
ways of their preparation (9, 11, 37, 72, 73), which were suc-
cessfully realized in our lab: Firstly, the appropriate amount of
conductor phase [e.g., silver (9, 10) or gold (37)] is homoge-
nized with modifier [e.g., graphite (8—10)] in a pan. The particle
size of metallic parts is usually 1-100 um, mostly 5-10 pm,
and of graphite usually below 50 um (5, 38, 74, 75). Gold,
prepared by reduction of Au(Ill) chloride solution with sulfur
dioxide, has particle size of 50 um (37). Silver solid amal-
gam (AgSA) (76-79) is to be freshly prepared by mixing of
the silver particles (size 5-10 um) with liquid mercury and
a crystalline form of amalgam must be formed [final compo-
sition of such AgSA: Ag 40% and Hg 60%, crystalline form
AgyHgs (69, 80)]. The insulator phase is usually prepared sep-
arately, because in many cases polymers are prepared from two
or more components [e.g., metacrylate resin Superacryl Plus®
(Spofa, Prague, Czech Republic) (3, 9, 10), the resin consists of
two basic parts: polymethylmetacrylate and methylmetacrylate
monomer], and the hardening process can be faster than con-
ducting phase preparation (from minutes up to a few days). It
is necessary to mix these parts according to the rules given by
the producer or according to the intended purposes (9, 11, 37,
72,73).

The appropriate amount of homogenous insulator phase is
added to the homogeneous phase of conductor and bulk mod-
ifier. The optimum ratio of these two parts varies, graphite—
epoxy resin electrode contains 10-30% of graphite (11, 74),
metallic (e.g., silver or gold) composite electrode contains 10—
40% of metal and about 15% of graphite (9, 10). The bulk
modifier content usually ranges from tenths to tens per cents,
e.g., the amount of added graphite to silver-methacrylate elec-
trode is about 15% (9, 10, 72). The content of the conducting
phase can be expressed directly in the name (abbreviation) of the
electrode, e.g., “CCENo0” was prepared from No % of graphite
powder and from (100-No) % of epoxy resin (72, 74, 75). After
a short time of polymerization (a few minutes) (2) the thus-
created paste is pressed into the electrode body or is placed on
the electrode substrate, where the complete polymerization pro-
cess is carried out. The course of this process can, in some cases,
be very simple (under room temperature and pressure); in other
cases it is necessary or advisable to put the formed electrode
material into the oven, where the temperature is regulated in
dependence on time (9, 10, 24). Such a controlled process can
be very complicated in dependence on polymerization material,
conducting phase, intended surface, etc. The electric contact can
be realized by filling the inner part of the electrode body with
graphite powder (8) into which a wire is inserted, by insertion
of the contact wire directly into the composite material before
polymerization (23), or by a drop of mercury placed on the in-
ternal surface of the composite material (24). The surface of the
composite electrodes must be adjusted into a suitable form, e.g.,
by polishing by emery papers of various granulity and finally
with alumina paste of various granulity (1-0.1-0.03 pm) (23).
Similar polishing must be performed in case of any mechanical
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FIG. 3. Schemes of two different arrangements of composite electrodes. A—Disk electrode: (1) composite electrode material,
(2) electrical contact, (3) electrode body. B—Screen printed disposable sensor: (1) working electrode made of solid composite
material, (2) reference electrode, (3) auxiliary electrode, (4) sensor substrate.

surface damage or if it is not possible to remove some adsorbed
compound electrochemically (74).

There are many other ways to fabricate CSEs. For example,
so-called sol-gel electrodes are prepared in liquid form and then
they are solidified. The active parts are added to the electrode
matrix before or during gelatation (81). Surfaces of CSEs [e.g.,
SA-CE (23) or silica gel modified CCE (SiGCCE) (45)] can
be modified in various ways [e.g., by electrolytic deposition of
the mercury film (in situ [45] or before the start of the mea-
surement on the solid surface [23]) or by formation of mercury
meniscus (by short dipping of the electrode into liquid mer-
cury) [e.g., m-AgSA-CE (23)]. The surface can be modified by
an electrochemically active film as well [e.g., chemical deriva-
tization of lead atoms at the surface of the sol-gel electrode
matrix by immersing of the electrode into a solution of sodium
pentacyanonitrosylferrate (82) or preparation of MF-AgSA-CE
(23)]. A one-step method of the deposition of hybrid meso-
porus thin films on various electrode surfaces was described
in (83).

PRE-TREATMENT OF COMPOSITE SOLID ELECTRODES
As in the case of other solid electrodes, activation and regen-
eration processes are frequently applied to eliminate problems
with passivation and to renew electrode surface. The details of
this procedure depend on the particular electrode, matrix, an-
alyte, and application. For measurements in flowing systems,
the danger of passivation is lower because possibly passivat-
ing compounds are frequently removed by the flowing medium
(14). In the case of batch analysis it is necessary to perform
either mechanical (usually after a few weeks of the utilization)
or electrochemical pre-treatment of the surface (3).
Electrochemical activation is to be carried out after fabrica-
tion, polishing, certain time of inactivity, or after surface modifi-
cation (8-10). It can last several minutes, but it can be automated
by proper controlling software of the computer-controlled in-
strument used (84). This activation is achieved by periodical
polarization (tens to hundreds of cycles with the scan rate of

hundreds or thousands mV/s (3) or by potential jumps between
two cleaning potentials (E, E(Zj]) (38) [e.g., by 50-100 mV
more positive than the potential of hydrogen evolution and by
50-100 mV more negative than the potential of electrode ma-
terial dissolution or supporting electrolyte decomposition (3)].
Another possibility is to apply a selected potential for a given
time-interval, usually in the supporting electrolyte used for the
further voltammetric measurement (23, 37). The parameters of
activation (regeneration) processes for different electrodes are
listed in Table 2.

Electrochemical regeneration usually takes from 5 seconds
to 2 minutes before each new scan or set of records to guarantee
good repeatability (9—11, 72). Only in special cases mechanical
removal of formed reaction products by wet filtration paper is
necessary [e.g., determination of aminonaphthalene at graphite
solid composite electrode (CCE) (38)]. The electrochemical re-
generation is usually based on switching between positive and
negative potentials or on application of a constant potential for
defined time. In comparison with activation, the time intervals
are shorter, number of cycles lower, and the potential limits
are narrower in dependence on type and quantity of undesired
compounds on the electrode surface (Table 2). Nevertheless, de-
spite of very careful surface preparation, it is advisable to repeat
each measurement minimally three times, the first two records
usually being omitted.

DETERMINATION OF INORGANIC SUBSTANCES

CSEs are applicable for both metals (Pb, T1, Cd, Ag, Bi, etc.)
and some anions (CI~, Br™, etc.) determination (see Table 3).
For determination of metals, it is possible to utilize the so-called
UPD effect (85, 86), i.e., the existence of a very sensitive mono-
layer peak of the analyte in area of very low concentrations (8—
10). The careful preparation of the electrode surface plays a very
important role. CCE was used for differential pulse adsorptive
stripping voltammetry (DPASV) determination of lead (mono-
layer peak at about —430 mV and bulk peak at about —540 mV)
(5). In the case of a simultaneous deposition of two metals on the
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FIG. 4. A—DP voltammograms of iodates on m-AgSA-CE; A—concentration dependence from 0.5 to 8.58 umol/L. B—
comparison of DP voltammograms of iodates (8.58 ywmol/L) on various electrodes: 1—m-AgSA-CE, 2—HMDE, 3—m-AgSAE,
4—m-CuSAE, 5—p-AgSAE; DPV; supporting electrolyte-0.1 M NaOH; v = 20 mV/s.

surface of the composite electrode, the anodic dissolution of the
metal, which is anodically dissolved at more negative potential,
is substantially affected by the presence of the other deposited
metal (5, 8-10). CCE 30 can be utilized for determination of
TI(I) using monolayer as well as bulk peak. At the DPASV
determination of Pb in the presence of TI, the anodic dissolu-
tion process of deposited Pb is not affected by the dissolution
process of Tl, which occurs at more negative potential. The de-
terminations are only little affected by the presence of surface
active substances (SAS) (5).This electrode was further used for
determination of lead in tap water—reached LODs on CCEs are
higher in comparison with mercury ones; nevertheless, they are
sufficient according to the valid standards for drinking water (3,
5, 87). This type of electrode can be applied in batch as well as
flow-through measurements (87). Carbon composite solid elec-
trode modified with 10% silica gel (SiGCCE) was used for the
preparation of mercury film electrodes (MFE) applicable for
ASYV determination of Cu, Pb, Zn, and Cd. This electrode partly
behaves as a set of microelectrodes (24) and was used for the
determination of metals in used motor oil (45). Solid composite
silver electrodes (CAgE), in which a certain part of graphite is
replaced by metallic silver, were used for ASV of Pb(II). Higher
graphite content (i.e., higher conductivity) improved the quality
of the recorded curves.The UPD effect was observed on both
electrodes, with and without graphite. The electrochemical reac-
tion occurs preferably on the metallic particles in the electrode
mixture [in a good agreement with literature (85) p. 145]. Nev-
ertheless, in contrast with (85), it was confirmed that the UPD
effect exists on a graphite surface as well. The sensitivity to Cu
is much lower than to Pb probably due to its complicated deposi-
tion on the CAgE surface (8). Differential pulse anodic stripping
subtractive voltammetry (DPASSV) (mathematical subtraction
of the curves recorded with and without application of analyte

accumulation) (3) was successfully tested for easier evaluation
of results at low concentrations of Pb(II). Unfortunately, both
the monolayer and the bulk of Pb peaks at CAgE are affected
by the presence of other metals (8). However, CAgE is suitable
for determination of mentioned metals in natural water samples
even without sample pre-treatment and gives results comparable
with HMDE (8). Solid amalgam composite electrodes (SA-CE)
give the best reproducible results due to a high content of con-
ducting, mercury-containing particles in the electrode material.
The UPD effect is not observable on SA-CE (23), similarly as
on other amalgam and generally mercury-containing electrodes.
The accumulation step was applied in T1(I) determination at m-
AgSA-CE (23). As can be determined using CAuE (37, 88),
which can be applied for the determination of Cu, too. Because
only As(III) is electrochemically active, it is necessary to pre-
vent the oxidation of As(IIl) immediately after sampling (37).
CCE30 can be used for oxidation of Mn(II) to an insoluble
hydrated dioxide, which is accumulated on the electrode and
offers a well defined peak during its electrochemical reduction
(38, 89). Square wave voltammetric (SWV) determination at a
graphite-styrene-acrylonitrile copolymer electrode (89) is much
more sensitive. SIGCCE proved to be a useful sensor for the de-
termination of Ag(I) ions in waters (24). The FIA-determination
of silver and of other noble metals can be successfully realized
using graphite-PVC electrode (90). We can also mention deter-
mination of hexacynaoferate using SiGCCE (24) or of Se(IV)
using ceramic composite (sol-gel and screen-printed) electrodes
in mineral and natural waters (91). Bismuth film-modified elec-
trode with incorporated highly conductive ionic liquids 1-butyl-
3-methyl-imidazolium hexafluorophosphate in a solid matrix
[poly(sodium 4-styrenesulfonate), silica, and Nafion] at glassy
carbon was used for Cd(IT) and Pb(II) (92). Solid graphite-epoxy
composite electrode was used for PSA determination of Pb(Il),
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FIG. 5. DP voltammograms of adenine on m-AgSA-CE; con-
centration dependence from 0.02 to 0.03 pwmol/L; supporting
electrolyte 0.005 M NaOH and 5 uM Cu(Il); v = 20 mV/s,
Econa = —1800 mV, tcong = 30 s.

Cu(II), and CdI) (12). The UPD effect was used for very sen-
sitive determination of Pb(Il) at titanium-graphite electrodes
(61). Iron(III) can be determined at a reactive electrode (“reac-
trode”) made of silver(I), hexacyano-ferrate(IIl), graphite, and
paraffin oil (93). NO, was determined in the air using Au/PVC
composite electrode (20). Graphite-polystyrene composite elec-
trode, containing an AgO-CuO catalyst, was used to measure
electrochemical oxygen demand (94). Two different types of
composite electrodes [CAgE20 (9) and clay-polypyrrole com-
posite electrode covered by nitrate reductase (95)] were used for
the determination of nitrates and nitrites. Parameters of electro-
chemical activation and regeneration are summarized in Table
2. The reproducibility can be improved by electrochemical re-
generation applied before each new sample. CAgE was used
for cathodic DC and DPSV determination of C1—, Br—, and I~
(3, 96), CAgE20 and CAgl5 being the most suitable for these
purposes (Table 3). The presence of oxygen and low levels of
SASs does not interfere (2, 3, 73, 96). Different accumulation
potentials can be applied to improve the low selectivity (96).
The achieved LODs are below standards for tap, mineral, and
natural water and results are comparable with HMDE and Ag
electrode (96). AgSA-CE can be used for the determination of
iodates (23) in 0.1 M NaOH (see Fig. 4). It can be seen from Fig.
4B that the peaks of iodates at m-AgSA-CE are fully compa-
rable with non-composite amalgam electrodes. Carbon ceramic
electrode prepared by a sol-gel technique and modified with
[Cu(bpy),]Br, copper complex was used for determination of
bromates (97).

DETERMINATION OF ORGANIC SUBSTANCES

Many interesting applications of CSE are summarized in Ta-
ble 4. It is possible to prepare tailor-made CSEs for specific
tasks by adapting their bulk and/or surface composition. How-
ever, their practical utilization is somewhat limited by lower
selectivity and sometimes by problems with their passivation.
Moreover, many organic compounds gave peaks at the same
potential, which requires a preliminary separation step. Interfer-
ents, reaction products, and other undesired compounds (e.g.,
SAS) can passivate the electrode, thus complicating the deter-
mination. Problems with passivation can be partially overcome
by electrochemical or mechanical cleaning of the electrode or
by measurements in flowing medium (2).

Easy reducibility of nitro group enables the determina-
tion of nitrated polycyclic aromatic hydrocarbons (NPAH) and
nitrated heterocyclic compounds using composite electrodes.
Four different electrodes [CAgE, CCE, m-AgSE-CE, metal-
lic silver electrode (AgE)] were used for the determination of
1-nitro-naphtalene (1-NN) (98), 2-nitronaphtalene (2-NN), 6-
nitroquinoline (6-NQ), 5-nitro-benzimidazole (5-NBI) (75), and
4-nitrophenol (23). The electrochemical pre-treatment of those
electrodes was used to eliminate problems with passivation. The
first recording should not be evaluated, which is common for
solid electrodes. It is not necessary to eliminate the dissolved
oxygen in the cases of AgE, CCE, and CAgE. CAg20 seems
to be the most suitable (72, 75). Elimination voltammetry with
linear scan (38, 68—70) was used for a detailed study of the
electrode reaction. The results with CCE30 and AgCE20 are
comparable with those gained using non-composite AgE (72,
75). CAgE20 and CCE30 can be used for the determination of
easily reducible azo compounds as demonstrated on the exam-
ple of Alizarine chrome black PT (74). DPV determination of
ascorbic acid at m-AgSA-CE in 0.1 M NaOH gives LDR 10-767
pmol/L and LOD 0.13 umol/L (41). CCE electrodes are usable
for anodic oxidation of aromatic amino compounds or phenols.
DPV determination of 2-aminonaphthalene at CCE30 (38) can
serve as an example. For surface renovation, wiping with wet
filter paper must be applied. Some other interesting applications
involve the simultaneous determination of adenine and guanine
at CCE30 (38), adenine on m-AgSA-CE (23) (see Fig. 5 for the
sake of illustration), of nitrofluorene on m-AgSA-CE (99), of
phenylglyoxylic acid (styrene metabolite) in human urine using
CCE (11), of 4-chlorophenol and oxalic acid using an expanded
graphite-epoxy composite electrode (100), of pyrocatechol at a
mechanically renewed electrode made of a graphite-epoxy CSE
(101), of hydroquinone using graphite-silicone rubber compos-
ite electrode (102), and of phenols using lead(IV) oxide-graphite
composite electrodes (103).

SUMMARY

It is possible to conclude that the composite solid electrodes
and sensors are applicable in environmental, toxicological, bio-
chemical, food, and pharmaceutical analysis and in many other



11: 59 17 January 2011

Downl oaded At:

ANALYTICAL APPLICATIONS OF COMPOSITE SOLID ELECTRODES 143

fields. They can successfully replace mercury electrodes and,
in some cases, compete with more frequently used solid and
paste electrodes. They offer certain advantages over metallic,
glassy carbon electrodes, or other non-composite electrodes;
their preparation is simple and non-expensive and their me-
chanical and electrochemical pretreatment is simple. A well
prepared electrode has long-term stability; it can be used for
daily measurements without mechanical treatment of the sur-
face for at least one month, unless there are problems with pas-
sivation. This difficult problem common to all solid electrodes
can be frequently eliminated by a suitable electrochemical pre-
treatment and/or soft mechanical cleaning. The activation of the
electrode surface is achieved by mechanical polishing and by
repeated polarization. The following electrochemical activation
of the electrode surface is simply realized by repeated cyclic
polarization every day before the measurement.

The reproducibility (repeatability) of the results is improved
by keeping the electrode potential at a definite value for a def-
inite time interval before each measurement in dependence on
analyte and sample matrix. On the other hand, CSEs exhibit
some disadvantages typical for all solid electrodes (e.g., worse
reproducibility of working surface, relatively shorter lifetimes,
and higher LODs compared with mercury electrodes). CSEs
can be applied not only for batch analysis using voltammetry
or chronopotentiometry, but in flowing systems as well (e.g.,
HPLC-ED, CZE-ED, FIA-ED). They can be used in the form
of disposable electrodes, they can be easily miniaturized and
used in the form of mini- or microsensors and grouped together
with other electrodes to form a multisensor. Their advantage is
the possibility to modify the bulk or the surface of the electrode
according to the aim of analysis or investigation. The toxicity of
CSEs is negligible and thus they are a very promising alternative
for many electroanalytical applications.
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ABBREVIATIONS

AB Acetate buffer

AFM Atomic force microscopy

AgSA Silver solid amalgam

ASV Anodic striping voltammetry

BB Borate buffer

BR Britton - Robinson buffer

CCE Carbon (graphite) composite electrode
CMeE Carbon (graphite) metallic electrode
CSE Composite solid electrode

CZE-ED Capillary zone electrophoresis with electrochem-
ical detection

DC Direct current

DP Differential pulse

E.cc Accumulation potential

Eq Cleaning potential

ECL Electrogenerated chemiluminiscence

EDX Energy dispersive X-ray analysis

Ereg Regeneration potential

FIA-ED Flow injection analysis with electrochemical
detection

HMDE Hanging mercury drop electrode

HPLC-ED High performance liquid chromatography with
electrochemical detection

LOD Limit of detection
LOQ Limit of quantification
MeSA-CE Solid composite amalgam electrode containing

metal “Me” (e.g. Ag)

NBI Nitrobenzimidazole
NN Nitronaphtalene
NQ Nitroquinoline
PB Phosphate buffer
PSA Potentiometric stripping analysis
RSD Relative standard deviation
S.E. Supporting electrolyte
SAS Surface active substance
SEM Scanning electron microscopy
SiGCCE Silica gel modified carbon (graphite) composite
electrode
tace Accumulation time
tcr Cleaning time
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction.
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