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Foreword

A TRIBUTE TO THE LATE PROFESSOR RALPH N. ADAMS,
INVENTOR OF THE CARBON PASTE ELECTRODE

During the early days of his research, Professor Ralph N. Adams (RNA) was interested in the electro-
oxidation of organic compounds, mainly aromatic amines. The two principal materials used as
electrodes for such electro-oxidations were platinum and carbon in various physical configurations
(e.g., Pt as wire or planar foil and carbon as rods or sheets). A major problem with such solid elec-
trodes, however, was the contamination and fouling of the electrode surface due to the product(s) of
these electro-oxidations. He kept thinking that it would be nice to have an electrode like dropping
mercury electrode (DME), which had a renewed surface with each new drop. Of course, Hg is not
used in the anodic potential range since it itself readily undergoes oxidation.

In analogy to DME, Adams envisioned a dropping carbon electrode consisting of finely pow-
dered, conductive carbon, like carbon black, with an inert organic liquid, mixed to be sufficiently
fluid to flow through a thin capillary tube. Thus, the idea of a carbon paste electrode (CPE) was
born, but implementation as a dropping electrode was still a problem. The organic liquid would
separate from the carbon particles when the composition was sufficiently fluid to flow in the cap-
illary, thus leading to an electrical disconnect.

At the time, I was a graduate student working on the oxidation of aromatic amines with an elec-
trochemical cell that had a small circular cavity at the bottom containing Hg. The Hg surface was
oxidized first in the presence of chloride ion to form a thin passivating film of mercurous chloride
prior to introduction of the organic compound of interest. Adams thought that the cavity of this
cell could be filled with the carbon paste (CP) to comprise a CPE in a stationary format. This CPE
configuration worked well but was impractical since easy replacement of the CPE was inconvenient.
So he machined an electrode that had had a small diameter cavity at the end of a Teflon rod which
could be easily filled with the CP (carbon particles mixed with bromonaphthalene to a consistency
like peanut butter). A Pt wire through the center of the rod extending into the cavity made electrical
contact with the CP. This CPE could be readily removed from the cell for refreshing the surface by
“scraping” the surface with a spatula or replacing the CP.

The advantages of the CPE (see Refs. [1-3]) were the low residual background current, the repro-
ducibility of successive voltammetric scans, applications to both oxidations and reductions (hence
the large applicable potential range), and low cost. For reductions, it was not necessary to remove
oxygen because of the large overpotential for oxygen reduction. Adams and his students subsequently
developed several configurations (see Refs. [4,5]), including a rotating ring-disc electrode, and stud-
ied the physical, chemical, and electrochemical characteristics of CP mixtures with different car-
bon particles, pasting liquids, and when using various model redox systems for both oxidations and
reductions. Acheson graphite mixed with Nujol (a mineral oil) became the standard CPE for the lab.

As suggested by Adams, the reduction of metal ions to their metallic state would produce a
reverse oxidative wave similar in shape to the stripping of metals from a Hg electrode. This idea of
partitioning into CPE gave rise to experiments where organic compounds, insoluble in water, could
be dissolved in the pasting liquid and oxidized or reduced to the water-soluble ionic state, thereby
exhibiting voltammetric waves with diffusional characteristics (see Refs. [6,7]). An early application
of the CPE was in a flow cell as a detector of electroactive species for liquid chromatography (LC),
which subsequently gave rise to many forms of LC-EC.

Adams was an “idea scientist,” unafraid to take risk to pioneer innovations. Examples include
the placement of a small electrochemical cell with a metal electrode (Pt) in the cavity of the magnet
of an ESR spectrometer to obtain spectra of electrogenerated free radicals, and the insertion of
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xii Foreword

microelectrodes in brain tissues for in sifu electrochemical monitoring of neurotransmitters—all
the aforementioned were “firsts,” albeit many peer electrochemists at the time ridiculed his ideas
when he first discussed them. He would come to the lab before sunrise (e.g., 4:00 a.m.) to do experi-
ments and then return home to have breakfast with his family before coming back to meet with
student and teach his courses. His hobby was flying, a skill he learned as a World War II bomber
pilot (see Figure F.1), and his students often had memorable (stomach turning) flights of acrobatics
with “Buzz”—a nickname for obvious reasons.

FIGURE F.1 R. N. Adams, ace chemist and pilot. A reproduction of the front cover of a contemporaneous
local magazine. (From personal archives of Prof. Kuwana, with his kindly permission.)

FIGURE F.2 Adams making carbon paste. A cartoon drawing. (From personal archives of Prof. Kuwana,
with his kindly permission and with courtesy of Dr. Donald W. Leedy.)
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FIGURE F.3  Professor Adams with his students. From left to right: Theodore “Ted” Kuwana, Ralph “Buzz”
Adams, and Donald W. Leedy, the last-mentioned being responsible for the drawing “Adams making carbon
paste.” This picture was taken in 1999 at a reunion of Professor Adams with his students. (From personal
archives of Prof. Kuwana and with his kindly permission.)

FIGURE F.4 From a scientific discussion (about carbon paste electrodes?). From left to right: Professor
Kurt Kalcher, Professor Theodore “Ted” Kuwana, and Professor Karel Vytras. The photo was shot in 1999
at the 7th International Seminar on Electroanalytical Chemistry (held in Changchun, China). (From authors’

archives.)
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His enthusiasm for science and life was infectious (see Figure F.2). Adams was just a wonderful
scientist and human being. Many stories abound about him, including his habit from his days when
he grew up on the beach in New Jersey—that is, not wearing sox...

Congratulations to the authors of this book for documenting the developments and applications
of CPE and allowing this introduction about its inventor, the late Professor Ralph N. Adams (Figures
F.3 and F4). I end with what he told his students: “If you love what you are doing, the rewards will
take care of themselves...”.

Theodore “Ted” Kuwana
Lawrence, Kansas
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Preface

This book, Electroanalysis with Carbon Paste Electrodes, aims, for the very first time, to cover the
long-established position of carbon paste in electrochemistry and electroanalysis.

Indeed, except for a series of contemporary reviews and a recent entry in the Encyclopedia of
Sensors (EOS), there has been no specific textbook since the late 1950s (when carbon paste was
invented) devoted exclusively to electroanalysis with carbon paste electrodes (CPEs) that attempts
to cover the field in its entirety. The classic monograph, Electrochemistry at Solid Electrodes, by
Ralph N. Adams—the inventor of carbon paste—published in 1969, cannot be regarded as a com-
prehensive book on CPEs because it deals with only basic facts and merely covers the early era of
the field, whereas most of the milestones and principal innovations took place much later.

The idea of compiling this book came to us sometime in the mid-2000s, shortly after we had
finished working on the aforementioned contribution to the EOS. We had been provided a wide
scope for our overview and, thanks to such benevolence, we were encouraged to explore a still wider
concept, resulting eventually in this book. As time went by, our team also published a series of new
review articles that, in retrospect, were like actual presentations of the updated information we had
been systematically gathering (to complete our archives) for the book.

The actual work on this book started in the winter of 2009/2010 and took us a year and a half
to finish. It can be noted here that our original intention to use material from the aforementioned
recent reviews was soon abandoned, and the book was written anew. Thus, current “hot topics”
were integrated with the latest developments in the field, including novel types of CPEs (associated
with the massive use of nanomaterials, ionic liquids, and other newly synthesized products), actual
reflections of environment-friendly (“green”) chemistry, and all the features illustrating flexible
adaptation of CPEs, as well as the latest trends in biological and clinical analysis. (Herein, it should
be emphasized that the latter area, especially, has been dealt with particular care as it was reviewed
for the first time after many years.)

Moreover, all the actualities included were discussed and analyzed in the overall context con-
sidering numerous historical aspects as well as countless relations and links among the individual
categories, themes, and phenomena. (This is also the reason why individual sections and paragraphs
are closely linked and frequently navigate to the previous or, vice versa, following text.)

This book covers an enormously wide area of electrochemical and electroanalytical measure-
ments with carbon paste—based electrodes, sensors, and detectors and required a balanced approach
to compile. This was accomplished by dividing the major topics and distributing the respective
themes among the four authors, who worked on a joint schedule, but in their own independent
capacity. However, despite our best efforts, we have to admit certain overlaps that can be found in
some chapters and sections. However, this has been left as it is so as not to spoil the integrality and
the overall presentation of the individual chapters or sections.

On the other hand, we have paid special attention to avoid duplicities in the literature cited. Our
decision to gather all the references (3300 in all) at the end of the book rather than citing them at
the end of every chapter resulted in tremendous work. Thus, without the invaluable help of a spe-
cial computer program (developed by one of us), which, at its optimum, could perform more than
3,000,000 mutual comparisons in one run, we would have continued to check and renumber all the
references manually till today! Regarding the references as such, the “deadline” for having them
ready was set as the summer of 2010, and articles officially published beyond this period are cited
only occasionally.
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Introduction to
Electrochemistry and
Electroanalysis with Carbon
Paste—Based Electrodes

1.1 HISTORICAL SURVEY AND GLOSSARY

“During an investigation of the properties of a dropping carbon electrode, a new paste electrode
has been developed which possesses unique advantages in anodic polarography. ...” says an open-
ing sentence of the first report on carbon paste electrode (CPE) with a laconic title Carbon Paste
Electrodes [1]. The author of this text, Ralph N. Adams (Appendix A), had thus stepped into the
history as the inventor of carbon paste for electrochemical and electroanalytical measurements.
The aforementioned formulation reveals that it happened more or less coincidentally, when the
background of the discovery was mentioned in the inventor’s first review on CPEs [2] and, some
years later, revealed fully in his monograph [3]. Therein, on page 280, one can read as follows:

... Carbon paste electrodes developed from an attempt to prepare a fluid of suspended carbon particles
to be used in the sense of a dropping electrode for anodic oxidations. Such a mixture can be prepared
and dropped from a capillary of internal bore slightly greater that that of the DME. However, the
conditions for successful operation of the dropping carbon paste electrode are far from ideal, and it
soon became apparent that a thicker paste, packed in a pool configuration and used either stationary or
rotated, would be far more advantageous ...

Finally, these circumstances were also confirmed by Theodore Kuwana, Adams’s former student
[4,5], the author of a special foreword in this book, and one of the first electrochemists who had ever
worked with carbon paste. During a short meeting with the authors a decade ago [6], he said that he
was “the slave” who had been working in the laboratory with the dropping carbon electrode (DCE)
during the experimental testing of this device, as well as with the very first carbon paste mixtures
made afterward. Despite some initial optimism (see the Adams’s concluding words in his pioneer-
ing report [1]), the whole concept of the DCE failed; nevertheless, the unsuccessful work with fluid
graphite suspensions had resulted in an unexpected side product—the carbon paste. In addition,
the mixtures of this consistency soon became so popular that carbon pastes as such represented the
classic electrode material for laboratory preparations of electrodes, sensors, and detectors of innu-
merable types, sizes, and configurations.

Before having achieved such a position, however, the carbon paste—based electrodes had under-
gone a very interesting genesis, comprising a number of significant developments and achievements.
It may even be stated that there is scarcely another type of electrode material whose employment
would illustrate more faithfully the overall progress—or, on the contrary, the individual movements
and trends—in electrochemical and electroanalytical measurements over half a century—across the
time period of existence of carbon paste [7].

The era of carbon paste—based electrodes can then be summarized by means of the following
periods and key moments.



2 Electroanalysis with Carbon Paste Electrodes

1.1.1  1958: THE VERY FiIrRsT REPORT ON CARBON PASTE ELECTRODES

As already noticed, the end of the 1950s saw an unsuccessful attempt at constructing an alternative
to Heyrovsky’s dropping mercury electrode for anodic oxidations [1]. Instead, the electrochemists
obtained a brand new electrode material—carbon paste—whose potentialities in electrochemical
research and applied measurements could only be assumed at that time. This was pretty well for-
mulated by Peter T. Kissinger, another Adams’s student, in his dedicated profile [5]: “... I don’t
think anyone could have predicted a number of carbon paste publications from reading the very first
carbon paste article ...” (Herein, we can add that this number is currently around 2500 scientific
publications, increasing by 20-30 new items each month.)

The first carbon paste was a mixture of 1 g carbon powder with 7mL bromoform, whose proper-
ties were demonstrated on the oxidation of iodide in a solution of 1 x 10~ M I~ in 1M H,SO,; the
second paste was reportedly tested as a mixture of graphite and carbon tetrachloride [1]. In retro-
spect, these pioneering experiments had been quite atypical for research activities of the carbon
paste inventor and his group whose domain was mainly organic electrochemistry.

1.1.2  1959-1963: ProrosALs OF CARBON PASTEs,
THEIR CHARACTERIZATION, AND INITIAL APPLICATIONS

The early years of using CPEs can be classified as the “Era of Adams’s Group” or “Era of the
Electrochemists from Kansas University (KU).” At that time, several selected types of carbon pastes
were subjected to a fundamental characterization in anodic and cathodic voltammetry [8,9], using
both inorganic and organic compounds as model species or systems. Of interest were also self-made
carbon paste holders applicable in several different electrode configurations [10,11].

As time went by, the initially preferred halogenated liquids were replaced by less harmful and
commercially available mineral oils such as Nujol®, which was finally recommended as the pasting
liquid of choice. (It is notable that this substance is still one of the most popular binders for the
preparation of carbon pastes and its use is being regularly reported in research articles until
now [7].) Satisfactory experience from the testing measurements with CPEs soon initiated their
systematic employment in investigations of the electrode behavior of various substances, predomi-
nantly biologically important aromates from the family of substituted phenols, aromatic amines,
and aminophenols. The results of these studies were first summarized in Adams’s review [2] and
later, in more detail, in the aforementioned textbook [3]. Moreover, after a lengthy period of four
decades, these invaluable investigations are again the central point of interest within this book—in
Section 7.1.

Extensive studies of both anodic oxidations and cathodic reductions of organic compounds were
typically qualitative in nature, and therefore, the first quantitative analysis with carbon paste—based
electrodes can be attributed to Jacob’s simultaneous determination of gold and silver [12] who was
using atypical (bell-shaped) tubings filled with carbon paste. The author of the corresponding pro-
cedure, offering the limits of detections at the nanomolar level despite the use of direct voltammetry
(i.e., without accumulation step), is also an early user of CPEs who had not originated from the
research team at the KU, the other two being Davis and Everhart [13].

1.1.3 1964, 1965: FirsT MODIFICATIONS OF CARBON PASTES

In the mid-1960s, two other breaking events happened in Adams’s laboratories. First, it was shown
that carbon pastes made of the two main constituents might contain another component and the
resultant system offered new attractive applications in electrochemical research [14,15]. The inten-
tion of such an approach was to use the binary nature of carbon pastes for obtaining a simple
approach to study the electrode behavior of compounds completely insoluble in aqueous solutions
(see also the foreword to this book). Because the whole concept “bare carbon paste + substance
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admixed in” could later be adapted for studying inorganic solids, the pioneering studies by Kuwana
et al. are often regarded to be the initial step in the development of the so-called carbon paste elec-
troactive electrodes (CPEESs) that are discussed separately, in Section 7.2.

A similar reason—i.e., combination of CPEs with measurements in organic solvents—was also
behind the second key work [16] that introduced a new type of CPE containing up to 50% (w/w) of
solid surfactant dissolved in the binder, acting as the stabilizer against disintegration of the native
paste in nonaqueous solutions of a majority of organic solvents (e.g., MeOH, EtOH, ACN, DMSO,
or DMFA). In this case, one can also refer to the purposely performed change in the typical proper-
ties of carbon paste mixtures in an effort to improve their resistivity in aggressive conditions. In
other words and generally, this study was the first actual modification of carbon pastes, leading to
the desired behavior of a particular CPE for a given application.

1.1.4 1965-1975: ExPANSION OF CARBON PASTE ELECTRODES
IN ELECTROCHEMICAL LABORATORIES

Whereas the activities of Adams’s school had continued (see, e.g., [17-25]), representing—with a
few exceptions [26,27]—the research activities in Northern America, electrochemists and elec-
troanalysts in the Old Continent came rapidly to the fore [28—40]. In the late 1960s, especially,
researchers from the Central Europe were active in developing and characterizing various types
of CPEs [28-32], including newly proposed mixtures with silicon polymer—based binders such as
highly viscous oils and greases [28] or even rubber [32]. (The latter was apparently the first example
of the “solid-like” CPE whose originally soft consistency had been turned to a compact composite
by solidifying the binder, here, by cold vulcanization.) Within these studies, some innovative con-
structions of carbon paste holders were designed [28,31], featuring also an unusual device for renew-
ing the carbon paste surface with the aid of a stretched piano string [33] or new filling procedures
[34]. Finally, there were some pioneering reports on the use of a CPE in equilibrium potentiometry
[35,36], in analysis of biologically important compounds [37], or in voltammetry of solids [38].

The 1970s brought several valuable contributions into the advanced characterization of CPEs
[39—41], including a sophisticated procedure for protecting the graphite particles against sorption of
air oxygen [39], which had attracted the carbon paste inventor himself [3]. The same time period
saw also the decline of Adams’s dominance in the field [42—44], more specifically, his reorientation
toward pharmaceutical and biological sciences—pharmacotoxicology and in vivo monitoring [45-50].
(The last contribution is a review, cementing Adams’s position within the clinical research—namely,
in contemporary brain electrochemistry—and it has also commented in detail on the first successful
assays with carbon paste—based microelectrodes implanted in living laboratory animals.)

1.1.5 1976-1980: PiIONEERING CHEMICAL MODIFICATIONS OF CARBON PASTE

The late 1970s showing some stagnation in publication activities (see Figure 1.1) had spawned two
studies whose significance was soon recognized as a breakthrough in the field. At first, Cheek and
Nelson ([51]; the second author being further absolvent of Adams’s school [4]) reported on an inten-
tionally made modification with amino groups chemically immobilized onto the graphite particles
by means of rather complicated laboratory procedure. However, the effort made had been compen-
sated by the result, and the sensor was found to exhibit a high affinity to Ag(I) ions, enabling their
determination far below the sub-nanomolar level. The second milestone happened in Japan, where
Yao and Musha [52] introduced the first prototype of a carbon paste biosensor, although, accord-
ing to the authors themselves, the respective configuration was a chemically modified CPE applied
to the determination of a biologically important compound. Apart from the proper classification,
both reports predetermined the turbulent movement in the subsequent decades signaling two domi-
nant areas: (i) chemically modified CPEs and (ii) biologically modified CPEs (carbon paste—based
biosensors).



4 Electroanalysis with Carbon Paste Electrodes

240

200 A

160

120 +

80

—> Number of publication

40

1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

—>= Year of publication

FIGURE 1.1 Carbon paste electrodes in publication activity over the whole period of 1958-2010. Diagram.
(From authors’ archives.)

1.1.6 1981-1988: ERA oF CHEMICALLY MODIFIED CARBON PASTE ELECTRODES

All the previous results from measurements with carbon pastes containing additional constituents
could not remain unnoticed. The specific combination of the two major components in solid and
liquid states with evident potential for multicomponent concept and in contrast with simple labora-
tory preparation gave altogether such an attractive proposition that it was a question of time, when
these features would be reflected in wider applications. The real boom was apparently ignited by a
report by Ravichandran and Baldwin [53] who had used the advantages of “mechanical modifica-
tion” (i.e., direct mixing of both main carbon paste components with a modifier) and who were prob-
ably the first to introduce the term chemically modified carbon paste electrode (CMCPE) [53,54].
Their method of modification by means of incorporation of modifying agent into the carbon paste
is now regarded as revolutionary [7], although the concept of direct modification had not been new
and resembled the preparation of Kuwana’s ferrocene-containing CPEs [14,15] or Adams’s “non-
aqueous CPE” [16], all appearing in the early 1960s. On the other hand, there were some nuances
in the proper making, when the modifier could be delivered into the bulk through (i) its dissolution
in the binder [14,15] or loaded as a solid [16,53,54] by (ii) mixing it with both main components as
well as into the ready-made carbon paste.

Although the entire 1980s have been influential mainly in association with the development
and applications of CMCPEs (for comprehensive surveys, see, e.g., [55,56]), electrodes made of
traditional carbon paste mixtures were still of interest. Such unmodified CPEs were successfully
employed in analyses of pharmaceuticals [57], biologically important compounds [58], or organic
pollutants [59]. In parallel, there also were studies continuing in the characterization of unmodi-
fied carbon pastes [60], including their testing in newly introduced modern instrumentation [61,62],
some of them trying to improve their surface characteristics by means of a pretreatment by intensive
electrolysis [63] or through addition of a surfactant [64]. In addition, there were attempts to replace
the pasting liquid by more resistant high-molecular PVC binder [65], chlorofluorinated polymeric
fluid, Kel-F® [66], or via the total alteration of the CPE surface by its spraying with solid graphite
layer [67], all these configurations documenting further applicability of “solid-like” CPE configura-
tions. At the end of the commentary on this period, one should not forget to quote Adams’s farewell



Introduction to Electrochemistry and Electroanalysis with Carbon Paste—Based Electrodes 5

to the world of carbon pastes in his classical contribution to the reaction kinetics of CPEs [68§],
having achieved a remarkable citation index and competing, in this respect, with the introductory
report itself (see [7] and data analysis therein).

1.1.7 1988-1995: WoORLDWIDE SPREAD OF CARBON PASTES
WITH ENzYMES As A NoVEL TyPe OF BIOSENSOR

Hand in hand with the development of CMCPEs [69], carbon pastes were also examined as a
substrate for incorporating biological modifiers—enzymes, co-enzymes, or suitable tissues con-
taining such natural catalysts. Hitherto the most comprehensive review on CP-based biosensors
[70] quotes that the earliest examples of such modifications go back to the 1980s or even before,
which is the case of the already mentioned electrode [52] with chemically immobilized species
of NAD* (oxidized form of NADH). Similar attempts followed soon, where enzyme(s) had been
anchored onto the protective membranes of carbon paste—based substrates with admixed media-
tors (see, e.g., [71,72]). However, the direct incorporation of enzyme into a carbon paste—i.e.,
mechanical modification without any other linking or coating elements—was described for the
first time by Matuszewski and Trojanowicz [73]. Their simple sensing device for amperometric
detection of glucose contained the paste with glucose oxidase embedded inside and loaded into
a small well at the bottom of a common electrode shaft. Reportedly, excellent stability of such a
sensor (min. 3 weeks) together with surprisingly rapid response due to the functioning of carbon
paste as arrays of miniature membranes [69,70] seems to be a sufficiently stimulating factor that
had initiated a real boom in the development and subsequent applications of biologically modi-
fied carbon paste electrodes, commonly known as CP-biosensors.

Thus, this type of biosensors came rapidly to the fore, forming in a short time another major area
within the electrochemistry with CPEs. Again, one of the reasons for this widespread use was the
uniqueness of carbon paste materials in their flexibility to be modified. Similarly as with CMCPEs,
carbon paste—based biosensors offer a wider choice in modification strategies than those available
for common solid electrode materials. Among others, the substrates from heterogeneous carbon
pastes allow one to incorporate an enzyme and a mediator in one matrix, which improves the kinet-
ics of the corresponding enzymatic reaction and fastens the biosensor response. Also, carbon pastes
can be simply modified with two different enzymes forming bifunctional (dual) biosensors and may
contain suitable stabilizing additives as well as some biological tissues or microbial cells (particu-
lar examples and further details are given in Chapter 5). These carbon paste—based dual sensors
were one of the models for the future constructions of multifunctional sensors known as electronic
tongues (see the following).

It can be concluded that biologically modified carbon pastes had been in a lead position through-
out the 1990s, holding the same position up to the mid-2000s, when laboratory-made carbon paste
material stepped into an uneven confrontation with commercially marketed carbon inks as sub-
strates for serial machining or manufacturing of screen-printed (carbon) electrodes, SP(C)Es [74].
This hypothetical battle had its beginnings in the mid-1990s [75], thus characterizing the upcoming
period of our chronicle.

1.1.8 1996-2000: STARTING COMPETITION OF TRADITIONAL CARBON PASTES
WITH SCREEN-PRINTED SENSORS AND OTHER CARBON COMPOSITES

Probably the first analysis devoted to this competition was included in the review [75] introduced
earlier, positioning CPEs in the role of laboratory predecessors of SP(C)Es. Because the respective
literature source is not so easily accessible, the entire rather visionary discussion can be briefly
presented herein—through interpretation of carbon pastes and carbon inks as the electrode mate-
rial close in nature. Both are heterogeneous substrates and both can be classified as dispersions of
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carbon or graphite particles in suitable binders. Regarding CPEs, the latter is represented by pasting
liquid that stays in the liquid state even after preparation of the carbon paste mixture; whereas, in
SPEs, the original fluid agent is solidified during the machining of the final product. Thus, although
the resultant properties of a CPE and the selected SPE can be quite different, the method of eventual
modification is nearly the same, including the direct mixing of the two main components with the
modifying agent. If such modification is to be used for the first time and hence tested in advance, it
is evident that the whole process for SPEs (including model measurements) can be simulated with
CPEs, which is advantageous because the corresponding procedure with a CPE is usually much
simpler. Yet another factor in favor of this strategy is the fact that SPEs are typically made in special
machines as integrated series (sets) of many electrodes [74] and their repeated fabrication just for
testing would became unacceptable from the economical point of view.

Besides SP(C)Es, there are a number of other carbon composite materials for which the respec-
tive sensing units are called “carbon paste-like” or “pseudo-carbon paste” electrodes, often, by the
authors themselves. Some of them have already been introduced in the previous sections [33,62,63]);
further types and prototypes have been proposed newly [76—79]. One of such composites was a mix-
ture of carbon powder with melted phenanthrene [76], when the hot liquid homogeneous mixture
was cooled down, thus giving rise to a granular mass that could be stored for later use. Then, before
use, a portion of such granules was melted up and—as a fluid—packed into an ordinary carbon
paste holder. Alternatively, this solid-like carbon paste material could be modified like common car-
bon paste mixtures, either by incorporating a modifier into the mixture—again, in melted form—or
in situ if the modifying agent(s) tended to decompose at higher temperatures.

Other types of “solid-like” CPEs were polyethylene-based carbon paste solid-like mixture [77],
with the modifier added, and the relatively popular paraffin wax—based carbon composites (see,
e.g., [78,79]), continuing in the concept of a pioneering prototype by Crow and his “carbon wax
electrode” (CWE [80]). In these cases, the electrode material itself is obtainable in the same way as
for the previously described phenanthrene-s-CPE, and its later modification can also be performed
analogically.

Similar to the previous decade, the 1990s with CPEs were also surveyed in some contemporary
reviews [81,82], highlighting the significance of new technologies in the area and the flexibility of
carbon paste as being “ready for things to come.”

1.1.9 2000-2001: CArBON PAsTES AND NEW TECHNOLOGIES

The arrival of a new millennium coincided with rapidly increasing applicability of materials that
had been developed with the aid of new technologies. In electroanalysis with carbon pastes, they are
represented mainly by two major groups of modifiers [83]: (a) complexants and (b) redox electrocat-
alysts, including mediators for biosensing, when—from the chemical point of view—the individual
compounds typically belong to the so-called inorganic or organic hybrids; e.g., various (I) cations
of the [MeN(A),(B),]™ type (where “Me” is a metal of the iron or platinum groups, “A” inorganic
ligand, and “B” organic molecule or vice versa) or (II) heteropoly-anions based on Si'V, PV, and AsY
as central atoms, Mo"!, WYL and VV as metals in oxo-anionic ligands, both in combination with
voluminous organic and organometallic cations as well as neutral organic molecules.

These complex structures offer numerous attractive properties owing to their multifunctional
nature, coupling in one the mechanical stability of the inorganic lattice, chemical reactivity of the
organic moiety, and its lipophilicity, which ensures good adhesion of the voluminous molecule to
the hydrophobic carbon paste surface or bulk, respectively [84].

Incorporations of these substances and materials into various CPE configurations cannot, of
course, be confined to a couple of years as evoked by the title of this section, because their applica-
tions have been or are of interest for many years—before, as well as after, the commencement of
the year 2000. This is also emphasized in two recent reviews [83,84] analyzing for the first time
the phenomenon called “carbon paste vs. new technologies” and mapping in detail the respective
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research activities that accompany the electrochemistry and electroanalysis with carbon paste—based
electrodes until now.

In order to describe the earlier stated and to illustrate the situation on the verge of the centuries,
some examples can be given. An inorganic or organic hybrid was of interest in studies [85,86],
whereas the use of a traditional analytical reagent in a new role of mediator is reported in [87],
demonstrating also a special immobilization of the sol-gel type. Such procedures, as cross-linking
of an enzyme [88], were usually connected with applications of silica and titanica porous matrices,
representing yet another example of “modern” modifiers whose boom had peaked mainly in the
1990s [89].

Among typical trends of the early 2000s, one can quote the advanced investigations of nucleic
acids [90], with the roots in the previous decade (see, e.g., [91] or [92], the former being also notable
for the lowest detection limit ever reported for a CPE: 4 x 107 mol L-! [7]); the increasing use of
various nanomaterials (e.g., colloidal gold [93], renamed soon to nanogold [94], apparently, under
the influence of contemporary nomenclature—see also a critical note in [84]), continuing efforts
in seeking novel types of CPEs (such as “glassy carbon paste electrode” [GCPE] [95], having an
almost identical predecessor in the productive 1990s [96]) or further expansion of SP(C)Es ([97],
in this case, sorted among CPEs by the authors themselves). Finally, there are also some rarities;
for instance, (probably) the first prototype of a reference electrode based on carbon paste [98],
cyanobacteria-containing carbon paste applied to accomplish the photoelectrochemical oxidation
of water [99] or a novel solar cell [100], documenting once again the potentialities of carbon pastes
in new technologies.

1.1.10 2002-2003: CarBON PasTES FoLLow THE CONCEPT OF GREEN CHEMISTRY

This point reflects the growing intensity of the ecologic aspects of modern instrumental analysis
and the associated research, giving rise to a new field of “green chemistry” [101].

In this respect, carbon pastes as such are quite a fine material, when traditional mixtures are
practically nontoxic. Nevertheless and despite this, the investigations with CPEs, CMCPEs, and
CP-biosensors were further directed toward the green-chemistry concept. One of the most typical
activities of the last decade was the search for an alternative to controversial mercury electrodes,
which would be applicable in electrochemical stripping analysis (ESA) to the determination of
heavy metal ions, with comparable performance. Moreover, the great success with the bismuth film
electrode (BiFE), introduced under these circumstances in 2000 [102], opened a door for a new
electroanalytical area with nonmercury metallic electrodes, where carbon pastes had been among
the firsts [103,104], still the most frequently used electrode substrates thanks to the diversity with
which they can be modified with bismuth and bismuth compounds.

Other contributions that were ecologically useful [105-110] appeared in parallel with the early
reports on bismuth-film plated CPEs (BiF-CPEs). Thus, there was an interesting method for specia-
tion of Hg,>* and Hg?* [105]; determination of Hg(II), Pb(I1), and Cd(II) [106,107]; or differentiation
and subsequent quantification of both As'™ and As¥ [108], all representing highly toxic species in the
environment. Finally, similar methods have been proposed for notorious organic pollutants such as
phenol [109] and two commercial herbicides [110], which were also phenolic derivatives.

1.1.11 2003-2010: BRAND NEw CARBON PASTES AND THEIR IMMEDIATE SUCCESS

The last period of our chronicle concerns again a number of the previously pursued activities, such
as the continuing employment of various CMCPEs and solid-like CPEs in inorganic and organic
analyses, pharmaceutical and clinical analyses, or for the investigation and determination of numer-
ous biologically important compounds. At still growing intensity, there have been further applica-
tions of new materials, novel types of modifiers, as well as various innovative procedures. All these
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trends are also documented in the retrospective literature [7,83,84], including the latest two reviews
[111,112], with a collection of review articles since the appearance of the very first contribution [2]
of a kind compiled nearly a half a century ago by R.N. Adams, the inventor of carbon paste.

However, the most significant movement of the late 2000s is undoubtedly associated with the
commencement of newly synthesized forms of carbon (i) besides or (ii) instead of ordinary graphite
and with (iii) conventional or (iv) alternate binders, as well as (v) both in one mixture. These five
possible combinations have logically resulted in a qualitatively variable family of new carbon paste
mixtures.

Within this area, (i) glassy carbon powder with spherical particles and a specially pretreated sur-
face [95,96,113] came again to the fore, shown newly as the electrode material with extraordinary
resistivity in media with a higher content of organic solvents (such as solutions containing up to
80%—-90% (v/v) MeOH [114]). Better performances due to electrocatalytic effect on reaction kinetics
compared with traditional carbon or graphite materials have then been reported for carbon pastes
prepared from (ii) acetylene black [115], (iii) template carbon, (iv) porous carbon foam, (v) porous
carbon microspheres [116], and (vi) fullerene “C-60" [117]. Interestingly, the carbon moiety in a paste
mixture can also be (vii) diamond powder [118] despite its almost zero conductivity. In the last few
years, intensively popularized new forms of carbon have been completed with (viii) ordered mes-
oporous carbon [119]), (ix) carbon nanoparticles [120], (x) electrospun carbon nanofibers (ES-CFs
[121]), or with (xi) carbon nanotubes [122] and their two basic variants: single wall carbon nanotubes,
SWCNT(s) and multiwall carbon nanotubes, MWCNT(s).

The CNT(s) deserve a special attention as their introduction into electrochemistry with car-
bon pastes [123,124] has started a little revolution in the field, with the unprecedented boom of
qualitatively new carbon paste mixtures and the respective electrodes, known soon as “carbon
nanotube paste electrodes” (CNTPEs). A similar situation occurred after the first successful
testing of the (room-temperature) ionic liquids, (RT)ILs, in carbon paste configurations [125].
It was shown soon that ILs may effectively replace traditional pasting liquids [126], giving
rise to another new type of carbon paste—based electrodes, the so-called “carbon ionic liquid
electrodes” (CILEs). In accordance with the aforementioned variability of configurations with
alternate carbon paste constituents, the mutual combinations of CNT or ES-CFs with ILs came
as well, giving rise to further new mixtures [127,128], where one does not find any of the two
traditional components.

Otherwise, the last years of the 2000s have also seen some new trends in electrochemical inves-
tigation, for instance, the rapidly increasing popularity of carbon pastes as substrates for electropo-
lymerization or their compatibility to form integrated systems with modifiers loaded inside such
polymeric layers (see [129-138]). Another example of such activities is a rapidly growing area of
continuing syntheses and testing of various inorganic or organic hybrids, especially, of new cata-
lysts. Within the respective procedures, one can also find quite sophisticated methods of direct
modification of carbon during electrospinning [139] or a long string of analogically oriented stud-
ies, originating from various Chinese regions and having appeared regularly each year (see, e.g.,
[140-147]).

For the latter, it is typical that the newly synthesized solids undergo an intimate character-
ization by means of the whole arsenal of instrumental techniques, namely, CHN-elemental
analysis (EA); thermogravimetric analysis (TGA); microscopic techniques (SEM, STEM, and
AFM); UV/vis-spectrophotometry; fluorimetry (F); roentgen spectroscopy of solids (XPS,
XRF, and XRD); Fourier-transform infrared (FT-IR), Auger-, and mass spectroscopy (MS);
and up to four variants of nuclear magnetic resonance (H'-NMR, C!3-NMR, Si?*-NMR, and
P3-NMR). The electrochemistry with carbon pastes is then represented by cyclic voltammetry
(CV), potentiostatic coulometry (COU), equilibrium potentiometry (POT), chronoamperometry
(CA), electrochemical impedance spectroscopy (EIS), and mainly solid-state voltammetry (SPV)
with the CPEE, where the material studied is admixed into the carbon paste bulk and, in this
form, studied to evaluate its electrocatalytic capabilities in the redox behavior of selected model
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substance(s). Regarding all the nonelectrochemical and electrochemical techniques listed earlier,
the individual applications have also been surveyed (see [83,84] and references therein).

To summarize the 2000s with all the events, it should be added that the end of the decade
saw a further decline of interest in CP-biosensors—at least, compared with the preceding peri-
ods [70,111]—and practically absolute fade-out of solid phase voltammetry with CPEEs, when the
respective report(s) had appeared only seldom (e.g., [148,149]). Regarding the overall activities in
the field, however, there was an abrupt increase in the last 3 years, for which there are two evident
explanations: (i) stormy development of both CNTPEs and CILEs (representing around 150 publica-
tions) and (ii) the establishment of new online journals that have quickly become a pivotal platform
for several productive authors’ teams.

1.2 FIELD IN PUBLICATION ACTIVITIES AND LITERATURE

Research activities in the development and applications of CPEs, CMCPEs, CP-biosensors, or
CPEEs within a period of more than half a century have affected practically all the areas of theo-
retical and applied electrochemistry. In some aspects, the results obtained have also contributed
substantially to a successful competition of modern electrochemical measurements with rapidly
expanding separation and spectral techniques. Since the discovery of carbon paste until now, it can
be estimated that the terms “carbon paste” or “carbon paste electrode,” respectively, have appeared
in 2500-3000 original papers published in renowned international journals or local periodicals.

Publication intensity had run in several waves reflecting the individual periods of increasing
interest, the times of the real boom, as well as some poorer years. To illustrate this, one obtains a
diagram shown in Figure 1.1.

It can be deemed from that the exponential growth in the last three decades corresponds to
(i) dynamic progress in the area of chemically modified carbon pastes during the 1980s and in
the first half of the 1990s [55,56,59,69], (ii) similar boom in the introduction of various carbon
paste—based biosensors through the 1990s and in the early 2000s [70,81,82], and (iii) maybe the
most dynamically growing attention toward the new carbon paste mixtures, hand in hand with
reflections of newly synthesized materials in all the CPE configurations [83]. The latter is particu-
larly typical for the past few years [84,111,112], when the renowned Internet databases (e.g., “Web
of Science” [150]) annually offered more than 150 abstracts of freshly published papers—see
again Figure 1.1 as well as the closing remark in the previous section.

Regarding the spectrum of international journals publishing a majority of contributions on CPEs,
CMCPEs, and CP-biosensors, summarizations of publication activities with the chart of most pro-
ductive authors and teams, the highlights among the original papers (“the classics of the field”’) with
actual citation indexes and many other trivia, such material has been reviewed a couple of years ago
[7] and the reader(s) is advised to consult directly this original title full of never-before published
data, surveys, and statistics.

To date, CPEs in all known modifications, configurations, and variants were the central subject
of interest in more than 20 review articles [2,7,55,56,59,69,70,75,81,82,84,111,112,151-160]. Among
them and together with one book chapter [161], solely a minor part represents general compilations
that have covered the topic as a whole, which is obvious for the first review from the early 1960s
[2] but remarkable for the others [7,55,56,69,70], when the field had already become a worldwide
phenomenon, covering hundreds of papers. Thus, it is quite logical that a majority of reviews have
been arranged more specifically and framed either by the time period(s) [75,82,84,111,155] or by
the particular (sub)area chosen, the latter being, for example, the case of a survey of physico-
chemical processes at CPEs and CMCPEs [157], food [112] and water [161] analyses, solid phase
voltammetry with CPEEs [151], in vivo electrochemistry [152], potentiometry [159], pharmaceuti-
cal analysis [158], and electrochemistry with enzymatic CP-biosensors [156]. Most of the reviews
[59,81,152-156,158-160], including the already mentioned ones [75,151], target local audiences,
often referring to the regional publications and presenting the papers of the authors themselves.
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Thus, until now, a chapter in the Encyclopedia of Sensors (EOS) book series [83] is the only text
that can be regarded as comprehensive and contemporary study covering electrochemistry and
electroanalysis with CPEs in its entirety regardless that a certain part has been devoted to related
screen-printed electrodes, SP(C)Es. (Such a generous scope could also be chosen thanks to the
extraordinary space in the book with an allowance to insert a set of extensive tables and a list with
more than 2200 references.)

Finally, information about CPEs is also included in various textbooks and monographs
[3,57,58,162—170], most of which is today being considered as the classical electrochemical litera-
ture. The selection of these books has not been fortuitous, and they are highlighted here because
during the 1970s and 1980s most of them had to substitute the missing review, having provided con-
temporaneous information on CPEs, when Adams’s early article [2] had become old and nonactual.

Furthermore, this collection also mirrors the geography of traditionally strong electrochemical
regions: (i) North America [57,58,163,166,168], (ii) Middle Europe [162,164], and (iii) the former
U.S.S.R. [169], although practically each of these books has become popular worldwide. Some of
them obtained a good reputation after being translated into English (see [164] vs. [165] and [169]
vs. [170], the former representing a paradox situation, when the translated version had come to the
market 1 year earlier than the original), the other could then be sold in the reeditions ([163,166,168];
the second one reappearing in considerably revised form, where, interestingly, the chapter about
CPEs has been updated and rewritten by other authors—compare [166] with [167]).
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