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Foreword to the First Edition

Fundamental Electrode Kinetics is represented by treatments of reactions such as
0, +4H" +4e™ = 2H,0, still important in the theory of electrocatalysis. As for the
cutting edge in electrochemistry is concerned, that is now far away into areas of
complexity. In this fascinating book, Professor Scholz and his colleagues have
written academically about a group of phenomena bordering on practical reality.

The material in the book develops out from a vast change which came to
electrochemistry in the 1960s when it was realized that metals were not the only
materials which could act as electrodes: germanium and silicon were the first to be
examined, but the leading principle which allowed such developments was the
many orders of magnitude change in conductivity which is brought about by
impurities naturally present or added.

Professor Scholz’ book takes a certain group of metallic and nonmetallic mate-
rials—immobilized particles and droplets—and presents their electrochemistry.
Much of this detailed work involves three-phase boundary and many fuel cell-
oriented electrochemists will be familiar with something similar arising in the
theory of some types of porous electrodes.

The treatments in this book are certainly modern—to make sure of this, the
authors have a preliminary chapter in which they compress a description of work
before about 1990, dealing, e.g., with colloids and sandwich electrodes. Then
comes Chapter 2 in which three-phase electrodes are met. After that comes a
solid chapter on the experimental methods of the field: for example, how does
one immobilize small particles for measurement or attach droplets? Chapter 4 is
called Hyphenated Techniques and it brings out the applications to the field of
spectroelectrochemistry. Chapter 5 concerns immobilized particles and here we
realize the full complexity of the systems treated, e.g., voltammograms are shown
of systems containing several phases; and relevant data on the electrochemistry of
minerals is described. The theory of such systems is presented with impressive
clarity and detail.



vi Foreword to the First Edition

The last chapter (6) is about droplets and the electrochemistry of compounds
dissolved therein and includes a properly modern discussion of the electrochemistry
of liquid-liquid interfaces.

Treatments of the thermodynamics of these systems is fully described, but the
kinetic treatments are less than full because of the interplay of resistance effects,
concentration overpotential, and the basic electron transfer kinetics which is posi-
tion dependent. There is good opportunity for impedance spectroscopy in these
systems. Descriptions of many electrochemical events seldom met elsewhere is
given, e.g., ion transfer from water to nitrobenzene, atom-force microscopy to study
immobilized silver nanocrystals and their oxidation, which proceeds via an
oversaturated silver halide solution.

The book gives strong attention to quartz crystal microbalance, able to record
changes of nanograms. Impressive sensitivity of 1072 K is exhibited by equipment
used to determine entropy changes in hexacyanoferrates. The description given in
Chapter 4 of the thermodynamics of minerals is impressive—and will find appli-
cation, e.g., in rechargeable MnO, cells. Descriptions of the penetration of particles
by redox reactions through microcrystals typify some of the material.

I read this book with increasing pleasure. It is certainly specialized, but in my
opinion its significance is greatly increased by the fact that it clearly represents an
attempt by these German colleagues to gather descriptions of work closely
approaching that of real systems—and for that they should be greatly thanked,
and their book widely distributed.

Gainesville, FL John O’M. Bockris



Preface to the Second Edition

The First edition of this book has been published in 2005. Now, 9 years later, the
number of publications in the field of immobilized particles and droplets has
increased by more than one third, and the authors felt the need to present these
new developments. The authors of the previous edition are very glad that Professor
Antonio Doménech-Carbé (University of Valencia, Spain) was so kind to join as
coauthor. He has very extensively contributed to the further development of
electrochemical techniques based on solid particles immobilized on electrode
surfaces and has indeed opened new horizons. Most of the new text in the second
edition has been written by him, so that finally it can be said that all 4 coauthors
have equally contributed to the second edition.

The entire second edition has been thoroughly revised, updated, and corrected.
The book is now organized in such way that each chapter is self-consistent with
respect to the references. The Backmatter again contains a complete bibliography
of all papers which have been published in this topic. Of course, only those papers
have been included where an immobilization of particles was made with the
deliberate goal to study the properties of the immobilized solid particles.

Greifswald, Germany Fritz Scholz
September 2014

vii






Preface to the First Edition

Electrochemistry provides a range of powerful techniques, which can be used to
study liquid electrolyte solutions, solid electrolytes, metal and semiconductor
electrodes, as well as mixed ion and electron conductors. The most important
question in deciding on the applicability of electrochemical techniques has always
been on the ow of making an electrode or a solution of a compound to be studied.
This has set the most serious limitations to general applications. An important step
forward in the applicability of electrochemistry has been achieved by showing that
a mechanical immobilization of particles onto the surface of inert electrodes allows
electrochemical measurements on any compound or material, provided it does not
dissolve in the electrolyte solution. Organic liquids and solutions immiscible with
aqueous electrolyte solutions can be immobilized on electrode surfaces in the form
of droplets. The electrochemistry presented in this monograph is very diverse while
there is one common feature: all electrodes with immobilized electroactive particles
and droplets are characterized by electron transfer and an ion transfer occurring
simultaneously at one and the same electrode. As a result, the model of a three-
phase electrode will be the guiding principle throughout the entire book.

This monograph summarizes the content of more than 300 publications listed at
the end of the book in a bibliography. They are referenced as, e.g., “B 235.”
Additional references that do not belong to the bibliography are cited as footnotes
on the respective pages.

The book introduces the experimental basis and theoretical foundations of the
electrochemistry of immobilized particles and droplets. The authors are aware that
various results and theoretical considerations from other fields of electrochemistry
would deserve to be mentioned as well; however, the scope of this book limits such
detail.

The mechanical immobilization of particles and droplets on electrode surfaces
has proved to be useful for solving both fundamental and applied issues: quantita-
tive analysis of alloys, qualitative detection of alloy phases, study of the

ix
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electrochemical corrosion of metal particles, identification of mineral phases,
quantitative analysis of minerals and inorganic compounds, determination of ther-
modynamic data of solid compounds and of the rate constants of electrochemically
driven dissolution of solid compounds, qualitative and quantitative determination
of the composition of solid solutions, elucidation of electrochemically driven
isomerizations and other reactions of solid compounds, study of insertion electro-
chemical systems, elucidation of solid-to-solid electrochemical reactions and of
structure-reactivity relations of solid compounds, understanding of the thermody-
namics of solid-state electrochemical transformations, determination of the Gibbs
energies of ion transfer between an aqueous electrolyte and an immiscible organic
solvent, study of the geometric reaction pathways in solid particles and droplets,
etc. The growing number of applications of the new technique in several laborato-
ries around the world may lead to much broader usage in the future, once the results
are critically compiled and presented in a comprehensive treatise. One of us
(F. Sch.) has initiated this project, the other two coauthors having applied and
developed it further within the past few years. We hope to provide a firsthand
survey, to help others to make successful use of the new technique. Electrochemical
measurements on immobilized particles and droplets are an attractive addition to
spectroscopic, diffraction, and microscopic techniques, as used by inorganic,
organic, physical, analytical, and material chemists, who face the task of charac-
terizing solid compounds and materials as well as immiscible liquids and solutions.

Here I would like to acknowledge the contributions of many students,
coworkers, cooperation partners, guest scientists, and friends. I cannot list them
all; their names can be found in the bibliography at the end of the book. However, I
would like to name just a few here: Lutz Nitschke was the student who performed
the first experiments with immobilized particles; Birgit Meyer intensively studied
minerals and contributed significantly to the general methodology; Ales Dostal
from Prague started the work with metal hexacyanometalates that was continued by
Uwe Schroder, Heike Kahlert, Michael Hermes, and Antje Widmann; Milivoj
Lovri¢ and his wife gebojka Komorsky-Lovri¢ (Croatia) contributed extensively
to the theoretical and experimental studies with immobilized particles and droplets
and became very good friends of my group in Berlin at the Humboldt University
and later at the University of Greifswald. Maximiliano Barcena-Soto (Mexico)
developed the in situ calorimetry, and Ulrich Hasse successfully uses in situ
AFM. Thanks also go to Valentin MirCeski (Macedonia) and to Zbigniew Stojek
(Poland). Uwe Schroder established the microscopic diffuse reflectance spectros-
copy and was an active member in the hexacyanometalate project in my group and
in the ionic liquid project in Richard Compton’s group at Oxford University. Rubin
Gulaboski (Macedonia), who performed most of the measurements in liquid-liquid
ion transfer at Greifswald, and Uwe Schroder are thanked for agreeing to
coauthoring this monograph. I am especially indebted to Alan Bond (Australia)
who invited me to his lab and who became so much interested in this new field of
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electrochemistry that dozens of fascinating landmark papers have been published
by his group. Keith Oldham (Canada) has been an inspiring cooperator and discus-
sions with him are a pleasure to acknowledge. Frank Marken (UK) and Tomas
Grygar (Czech Rep.) are acknowledged for frequent exchanges of ideas and
manuscripts. Mikhail Vorotyntsev (France) kindly discussed Chapter 2 with
me. Finally I want to thank my family, Gudrun, Christiane, and Thilo for their
patience.
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Chapter 1
Earlier Developed Techniques

The first electrochemical experiments were performed with solid materials, esp.
metals. However, these experiments, conducted in the eighteenth and nineteenth
centuries, were directed toward the elucidation of the basic features of the elec-
trical action of chemical substances and the chemical action of electricity. Initially,
metals played the major role; only later it became obvious that many chemical
compounds possess metallic or semiconducting properties that can be utilized in
electrochemical cells. Parallel to the studies of new electrode materials, solid
electrolytes were discovered and entire solid galvanic cells could be constructed.
In this book, we will entirely neglect pure solid electrolytes because this is a field

ini : s one 1,2,3,4,5,6,7,8,9,10,11,12,13,14,
in its own and the subject of many thorough treatises.
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2 1 Earlier Developed Techniques

Focusing on solid electrodes, two directions have been followed: one being the
study of the properties of solid electrodes, esp. with respect to possible application,
be it in electrochemical refining of metals, galvanic coating, primary and secondary
batteries, technical electrolysis, or others and the second being the application of

15 Canturija VA, Vigdergauz VE (1993) Elektrokhimija sulfidov, teorija i praktika flotacii. Nauka,
Moskva

16 Holliday RI, Richmond WR (1990) J Electroanal Chem 288:83-98

17 Jirkovsky R (1934) Mikrochemie (N.F. 9) 15:331-342

18 Laitinen HA, Kolthoff IM (1941) J Phys Chem 45:1079-1093

19 aitinen HA, Jennings WP, Parks TD (1946) Ind Eng Chem Anal Ed 18:355-358
201 aitinen HA, Jennings WP, Parks TD (1946) Ind Eng Chem Anal Ed 18:358-359
2! Kolthoff IM, Kuroda PK (1951) Anal Chem 23:1306-1309

22 Kolthoff IM, Stock JT (1955) Analyst 80:860-870

23 Micka K (1956) Coll Czech Chem Commun 21:647-651

2*Micka K (1957) Coll Czech Chem Commun 22:1400—1410

% Micka K (1960) Depolarisation of the dropping mercury electrode by suspensions of insoluble
substances. In: Longmuir IS (ed) Advances in polarography, Proceedings of the second interna-
tional congress, vol 3. Pergamon, Oxford, pp 1182-1190

26 Micka K (1965) Coll Czech Chem Commun 30:235-245
27 Micka K, Kadlec O (1966) Coll Czech Chem Commun 31:3837—3844
28 Micka K (1968) Fresenius’ Z Analyt Chem 234:119-121

? Dausheva MR, Songina OA (1973) Uspekhi Khim 42:323-342 (English edition: Dausheva MR,
Songina OA (1973) Russ Chem Rev 42:136-146)

30Scholz F (2013) J Solid State Electrochem 17:1493-1504
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electrochemical measurements to acquire information on the composition or struc-
ture of solids. The latter direction of research has developed to what is now known
as Solid-State Electroanalytical Chemistry (SSEAC) (see footnote 6). Parallel to
these attempts, fundamental research on the electrochemical properties of solid
electrodes has been performed.

In the first section (1.1), we want to discuss the methods developed in the past
which have enabled electrochemical studies of solid materials. The second section
(1.2) is devoted to techniques for studying electrochemical phenomena of immis-
cible liquids. To obtain information on the electrochemistry of liquids or solutions
that are immiscible with water, several approaches have been developed so far. A
brief survey of the available techniques is given to prepare the reader for the chapter
on immobilized droplets.

1.1 Solid Materials

1.1.1 Compact Electrodes

When the electrochemical properties of metals or alloys are to be studied, the
simplest way is to fabricate electrodes, e.g., as disks, cylinders, etc., from the target
metal. These electrodes are generally polycrystalline and the energetic inhomoge-
neity of the electrode surface has to be born in mind. The use of well-characterized
surfaces of single crystals has tremendously helped in understanding the electro-
chemistry of metals (see footnote 7). Since the electrochemical literature abounds
in detailed descriptions of electrode fabrications, we omit this subject area along
with that on metal electrodeposition (see footnotes 8 and 9) in this volume.

In practice, the fabrication of compact electrodes is comparably inefficient and
time consuming. The development of pressed cells sought to overcome this prob-
lem. These are cells with a counter electrode and a reference electrode, but with a
missing bottom (see footnotes 10—14). Instead of the bottom, there is only a rubber
ring so that the cell can be pressed onto a metal specimen with a flat surface.
Electrolyte solution can be filled in, and the electrochemical measurements can be
performed with the metal at the bottom serving as the working electrode.

The preceding does not imply that in the case of metals and alloys, there is no
reason for applying the technique of immobilized particles. There are cases where
the metal to be studied cannot be destroyed, e.g., antique objects, etc., or cases
where the fabrication of electrodes would be too expensive with respect to the
obtainable information. In Sect. 5.1, we will give examples of such applications.

Compact electrodes made of minerals have been extensively studied in cases
where the minerals exert sufficient conductivity and manage to be machined as
electrodes (see footnotes 15 and 16).


http://dx.doi.org/10.1007/978-3-319-10843-8_5#Sec1

4 1 Earlier Developed Techniques

Fig. 1.1 Experimental
arrangement in
electrography: A anode, AL
cathode, N mineral, p paper
soaked with a reagent
solution (see footnote 15)

Electrography

Electrography, introduced independently by A. Glazunov and H. Fritz, is an
obsolete technique; however, it deserves reference, as it was a first direct electro-
chemical analysis of solid materials (see footnote 17). The principle is that a solid
specimen is pressed on a paper which is soaked with an electrolyte solution. By
anodic oxidation of the surface of the solid specimen, the reaction products (e.g.,
nickel(II) ions) react with a reagent in the paper (e.g., dimethylglyoxime) to give
colored reaction product (red in case of nickel(Il) and dimethylglyoxime). This
produces a print that clearly shows the distribution of the reactive element (nickel,
in our example) on the surface of the specimen. Figure 1.1 shows the experimental
arrangement and Fig. 1.2 an electrographic print depicting the distribution of nickel
in an ore.

1.1.2 Electrochemistry of Suspensions and Colloids
Noncolloidal Suspensions
It is very appealing to obtain information on the electrochemistry of solid materials

by studying suspensions of solid particles in electrolyte solutions. Laitinen
and Kolthoff have shown that suspended silver halides exhibit electroactivity
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Fig. 1.2 Electrographic
print of a nickel ore. The
black parts represent the
originally red spots of
nickel dimethylglyoxime
complex that have been
formed where nickel ions
were released into the
reagent paper by oxidation
of the nickel mineral (see
footnote 15)

4

(see footnotes 18-22). Micka has performed a series of systematic studies on the
behavior of particles suspended in electrolyte solutions (see footnotes 23-28).
He has used the dropping mercury electrode in quiet and in stirred solutions.
Most of the suspended compounds (insoluble salts and oxides) gave peak-shaped
polarograms with a maximum at or near the point of zero charge (pzc) of the
mercury electrode. In many cases, there was an additional reduction current at
very negative potentials. Figure 1.3 shows the polarogram of a charcoal suspension
exhibiting the typical peak-shaped signal. The signals were usually very noisy.
Whereas Micka has explained the current peak at the point of zero charge by
adsorption of the particles, Dausheva and Songina (see footnotes 29 and 30) have
discussed the stability of the electrolyte film at the electrode in dependence on the
electrode potential. They have assumed that only around the pzc this film is fragile
enough to allow impinging particles penetrating it and contacting the metal surface
allowing electron transfer. The same authors have experimentally shown that
mercury(l) iodide particles strongly adhere at a mercury electrode only in the
vicinity of the pzc (see footnote 31). Certainly, van der Waals forces and the surface
charge of the particles have also to be taken into account to understand the
interaction of suspended particles with a charged electrode surface.

Franklin et al. have pioneered work using electrodes covered with a polymer film
in situ formed in suspensions of mineral particles (see footnotes 32-35). The
authors have used cationic surfactant—styrene—aqueous sodium hydroxide emul-
sions and have observed specific signals of the suspended mineral particles. How-
ever, no detailed analyses of the electrode surface, of the state of the suspended
particles, and of the mechanism of electrode reactions have been published.

The electrochemistry of slurries and suspensions has also attracted attention
from a technical point of view.
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Fig. 1.3 Polarogram of a suspension of 40 mg charcoal in 10 mL 0.1 M KClI solution. Recording
of the polarograms was started at 0 V in a Heyrovsky cell so that the potential refers to that of the
bottom mercury (see footnote 23). Copyright ©1956 with permission from publisher

Colloidal Solutions

Majer has been the first to observe a signal in colloidal iron(IIT) hydroxide solutions
(see footnote 36) when magnesium ions were present. Since that first observation,
for a long time no further studies have been published. All the classic books on
polarography of the twentieth century do not refer to any work in this field. Perhaps
the paradigmatic statement of J. Heyrovsky that only “really dissolved compounds”
give polarograms (see footnote 37) is responsible for this. Probably attempts have
been made in vain to obtain voltammograms of colloidal solutions, and this
experience did not help either in developing the subject. Pauli and Valk6 have
remarked in their monograph on the electrochemistry of colloids that “the simple
case of a primary deposition by electron acceptance or delivery seems not to occur
in case of colloids” (see footnote 38). However, they have given some examples of
hydrogen and oxygen evolution in the course of electrolysis of colloid solutions.
Sometimes, precipitations are caused by pH changes in the electrolysis. Within the
last 30 years, the electrochemistry of colloidal solutions and that of colloidal
particles on electrode surfaces has made advancements (see footnote 39); however,
publications on the voltammetry of colloidal solutions reporting characteristic
signals of colloidal substances are still rare. Interesting examples like tin, titanium,
and mixed titanium—iron oxides have been published by M. Heyrovsky et al.
(see footnotes 40—42). However, even in these cases, it is a primary reduction of
protons that causes chemical reductions of the metal centers in the colloidal
particles. The majority of publications concern either the heterogeneous electron
transfer between colloidal semiconducting particles and dissolved species (see
footnote 43) or even secondary effects of colloids on other electrochemical systems.
It is important for the subject of this book that the use of colloidal solutions cannot
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be regarded as a simple way to access the electrochemistry of solid substances.
However, it is noteworthy that Compton and coworkers have shown that it is
possible to measure the attachment of nanoparticles on electrode surfaces.*®474%:49
In the case of dispersed solid particles (organic and inorganic), it has been shown
that the particles can be converted by Faraday reactions. The phenomenon of
attachment of dispersed nano- and microparticles has been discovered earlier by
Scholz et al. in case of liposomes and cell organelles.”*>"9%-735435 Ip that case, all
information is derived from the capacitive signals which result when the soft-matter
particles disintegrate on the electrode surface and form island of adsorbed mole-
cules. This can be easily studied on mercury electrodes.

1.1.3 Paste and Composite Electrodes

Paste electrodes have been introduced for the study of battery materials already in
1956-1959 (see footnotes 44 and 45).°%>” Adams introduced graphite paste elec-
trodes for analytical studies,58’59 and Kuwana and French® used paste electrodes
with additions of solid organic compounds to access the electrochemistry of these
added compounds. Songina and coworkers started the application of paste elec-
trodes to study the electrochemistry of solid inorganic and mineral compounds as

46 Cheng W, Zhou X-F, Compton RG (2013) Angew Chem Int Ed 52:12980-12982
47 Stuart EJE, Rees NV, Cullen JT, Compton RG (2013) Nanoscale 5:174-177
“ Zhou Y-G, Rees NV, Compton RG (2014) Phys Chem Chem Phys 15:761-763

4 Tschulik, K, Batchelor-McAuley C, Toh H-S, Stuart EJE, Compton RG (2014) Phys Chem
Chem Phys 16:616-623

50 Hellberg D, Scholz F, Schauer F, Weitschies W (2002) Electrochem Commun 4:305-309

51 Hellberg D, Scholz F, Schubert F, Lovri¢ M, Omanovi¢ D, Agmo Hernandez V, Thede R (2005)
J Phys Chem B 109:14715-14726

32 Agmo Hernandez V, Scholz F (2006) Langmuir 22:10723-10731
53 Agmo Hernandez V, Scholz F (2008) Israel J Chem 48:169-184

54Hermes M, Scholz F, Hirdtner C, Walther R, Schild L, Wolke C, Lendeckel U (2011) Angew
Chem Int Ed 50:6872-6875

35 Agmo Herndndez V, Lendeckel U, Scholz F (2013) Electrochemistry of adhesion and spreading
of lipid vesicles on electrodes. In: Vayenas CG, White RE (eds) Modern aspects of electrochem-
istry, vol 56; Applications of electrochemistry in medicine. Schlesinger M (ed). Springer,
New York, pp 189-247

56 Morehouse CK, Glicksman R (1958) J Electrochem Soc 105:306-311
57 Glicksman R, Morehouse CK (1959) J Electrochem Soc 106:741-745
58 Adams RN (1958) Anal Chem 30:1576

% Olson CJ, Adams RN (1960) Anal Chim Acta 22:582-589

% Kuwana T, French WG (1964) Anal Chem 36:241
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admixtures.®' 92636465 These scientists also noted that modified paste electrodes
allow analytical determinations of solid phases with standard deviation down to 2—
3 %, although 2—11 % are usual.®® Songina et al.®’ also discussed the different
possible mechanisms of electrode reactions of solid compounds dispersed in carbon
paste electrodes; she clearly identified three possibilities: (1) the solid compound
does not chemically react with the electrolyte solution and is converted electro-
chemically in a solid-state reaction; (2) the products of the direct electrochemical
conversion of a solid compound react with the electrolyte to form a sparingly
soluble product which is not electroactive; and (3) the solid compound undergoes
a chemical reaction (dissolution) with the electrolyte solution, in which case the
dissolved species may be (a) less electroactive or (b) more electroactive than the
solid. To distinguish these different cases, she has formulated clear criteria which
refer to the dependence of peak currents on the electrolyte concentration and on the
time of contact of the paste electrode with the electrolyte solution.

The use of paste electrodes has been by far the most popular technique for
studying the electrochemistry of solid materials.*®**’® The powdered sample
material is mixed with a binder and with an “inert” conducting material, e.g.,
graphite powder. The liquid binder can be an organic liquid immiscible with the
aqueous electrolyte solution used for the electrochemical measurements or it can be
exactly the same aqueous electrolyte. Both techniques have their advantages and
disadvantages. An organic liquid binder prevents ingress of the aqueous electrolyte
into the paste and allows the paste to be stable toward the electrolyte solution. The
paste can be thick enough to be kept in a holder even when the outlet is turned
downward. However, organic binders, e.g., paraffin oil, may always spread on the
surface of the particles of the graphite and the solid substance. Such films can
influence the electrochemistry of solid compounds, and one can never be sure of
how severe this effect will be. In this respect, the use of aqueous electrolytes as

! Barikov VG, Songina OA (1966) USSR patent No. 191209

52 Barikov VG, Rozhdestvenkaya ZB, Songina OA (1969) Zavod lab 35:776-778 (in Russian);
(1969) Ind Lab 35:928-930 (in English)

63 Songina OA, Trushina IM, Rozhdestvenskaya ZB, Cherkasova NM (1973) Elektrokhimiya
9:1310-1312 (in Russian)

4 Songina OA (1978) Talanta 25:116-118, and papers cited there

= Rozhdestvenskaya ZB, Sigitov VB, Songina OA (1979) Zhur analit khim 34:455-458 (in -
Russian); (1979) J Anal Chem USSR 34:350-353 (in English)

66 Songina OA, Rozhdestvenskaya ZB, Medvedeva EP (1976) Zavod lab 42:379-381 (in Russian);
(1976) Ind Lab 42:505-507 (in English)

67 Rozhdestvenskaya ZB, Medvedeva EP, Songina OA (1981) Izvest Vyssh Uchebn Zaved, Khim
Khimicheskaya Tekhnol 24:1389-1393

8 Brainina KhZ, Neyman EJa (1982) Tverdofaznye reakcii v elektroanaliticheskoy khimii.
Khimija, Moskva

% Brainina KhZ, Neyman EJa, Slepushkin VV (1988) Inversionnye elektroanaliticheskie metody.
Khimija, Moskva

70 Brainina Kh, Neyman E (1993) Electroanalytical stripping methods. Wiley, New York
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binders is preferable.”' However, they can prompt chemical reactions with the
solid, e.g., dissolutions. In some studies, such pre-dissolutions have been deliber-
ately used for producing electrochemical signals of the “in situ” dissolved species.
It has been shown that these signals depend to some extent on the starting material;
however, the processes at such electrodes are rather complex and such electrodes
should be used with caution.

When the binder is solid, the produced electrodes are usually called “composite
electrodes.” The solid binder can be paraffin, polyethylene, Teflon, acryl polymers,
etc. Also silica gel formed by hydrolysis of appropriate esters can be used.

1.1.4 Sandwich Electrodes

Studying the electrochemistry of a solid material by sandwiching it between two
solid electrodes requires the material to be negligibly electronically conductive,
since, otherwise, it would short-circuit the cell. If the sandwiched compound is an
ion conductor, such experiments can yield information on its conductivity and on
reactions of the solid ion conductor with the solid electrodes or with a gaseous
phase. Such experiments have been performed in classic solid state electrochemis-
try, esp. at elevated temperatures (see footnotes 1-3). However, there is a class of
solid materials that lends itself to room temperature experiments because the
compounds possess electroactive redox centers and additionally exert ion conduc-
tivity. No electronic current can flow through these materials, unless an ionic
current accompanies the electrons. Prussian blue and its analogues and many
solid heteropoly salts and acids belong to this class. Various studies of the electro-
chemical behavior in such sandwich cells have been published so far.”* Usually
they have been performed in two-electrode arrangements, however, sometimes also
under potentiostatic control using a reference electrode. Because of the more
complex experimental design and the restrictions with respect to materials, this
approach has found only limited application.

1.2 Immiscible Liquids and Solutions

Compounds, esp. organics that are too sparingly soluble in water, may be dissolved
in organic solvents for electrochemical measurements. This is a classic approach;
however, in several cases, it is of interest to study the electrochemical reactions in

7! Alonso Sedano A, Tascén Garcia LM, Vazquez Barbado DM, Sanchez Batanero P (2003) J
Solid State Electrochem 7:301-308

72 Kulesza P, Malik A (1999) Solid-state voltammetry. In: Wieckowski A (ed) Interfacial electro-
chemistry, theory, experiment, and applications. Marcel Dekker, New York, pp 673-688
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the presence of an aqueous electrolyte solution. For this purpose, the idea of
studying emulsions of the nonaqueous phase in an aqueous phase suggests itself.
However, a price has to be paid, as many complicating additional phenomena are
observed (see footnote 36).

At the interface of two immiscible liquid phases, ions partition and thus a
galvanic potential difference is established. Hence, by applying a potential differ-
ence across the interface, it is possible to transfer ions. The ion transfer between two
immiscible liquid phases has been established as a research field in its
own.”>"*77% These studies require the use of four-electrode potentiostats. In
addition, supporting electrolytes must be present in the aqueous and the nonaqueous
phases. Static liquid-liquid interfaces are most frequently used, although also
dropping electrolyte electrodes have been developed and applied. In Chap. 6 of
this monograph, the electrochemistry of immobilized droplets will be discussed. In
this case, ion transfer reactions occur across the liquid-liquid interface accompa-
nied by electron transfer reactions across the liquid (nonaqueous)—solid interface.

3 Girault HH, Schiffrin DJ (1989) Electrochemistry of liquid-liquid interfaces. In: Bard AJ
(ed) Electroanalytical chemistry, vol 15. Marcel Dekker, New York

7 Vanysek P (1996) Modern techniques in electroanalysis. Wiley, New York

73 Volkov AG (ed) (2001) Liquid interfaces in chemical, biological, and pharmaceutical applica-
tions. Marcel Dekker, New York

76 Scholz F (2006) Annu Rep Progr Chem C 102:43-70
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Chapter 2
Electrodes with Immobilized Particles
and Droplets: Three-Phase Electrodes

It is a common feature of electrodes with immobilized particles and droplets that
three phases are in close contact with each other, i.e., each phase having an interface
with the two other phases. This situation exists also in most of the so-called surface-
modified or film electrodes, many battery and fuel cell electrodes, electrodes of the
second kind, etc. In fact, the majority of surface-modified electrodes consist of
arrays of particles that partially cover the electrode surface. It would be far beyond
the scope of this book to include all chemical and electrochemical techniques to
deposit films on electrodes. Here we shall deal only with electrodes where the
particles or droplets have been mechanically attached with the aim of studying their
electrochemistry. Before going into the details in Chaps. 5 and 6, we now like to
outline the specificity of three-phase electrodes.

Figure 2.1 depicts the situation at a three-phase electrode, phase II being a
particle or a droplet. Since the particle or droplet contains neutral molecules and
ions with equal amounts of positive and negative charges, any electron transfer
between phase I and phase II must be accompanied by an ion transfer between the
phases II and III. The ion transfer is an indispensable reaction to maintain the
electroneutrality of phase II, provided that phase II does not only pass the electrons
on from phase I to a redox species in solution. The latter may take place in systems
where the particles are used as electrocatalysts. It is a most important feature of the
three-phase electrode with immobilized electroactive compounds that the electron
and ion transfer must take place simultaneously at one electrode (cf. Fig. 2.2). The
electron transfer between phase I and II can be disregarded only in the case of
simple metal oxidations.'

"When a metal particle, e.g., Ag, attached to a gold electrode is anodically oxidized, the ion
transfer is the transfer of Ag* ions from the metal to the solution and the electron transfer occurs
between gold and silver. Such kind of electron transfer between electronically conducting phases
will, of course, always occur in electrochemistry, because any electrode needs another conductor
at its terminal. It should be remembered that the interfacial potentials that build up between the

© Springer International Publishing Switzerland 2015 11
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Thermodynamically speaking, the three-phase electrode comprising a phase II
that has redox centers and ion conductivity is a double electrode (the German
expression is zweifache Elektrode®). The formal thermodynamic analysis of a three-
phase electrode is rather simple; however, there are general problems involved that
have not been solved until today: Formally, one can split the overall equilibrium
equation

electrodes and its terminal conducting connectors are responsible for the inaccessibility of single
electrode potentials.
2 Lange E, Gohr H (1962) Thermodynamische Elektrochemie. Hiithig Verlag, Heidelberg
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X+ - + — (x—=n)+ +
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with the Nernst equation
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into two equilibria, one involving the transfer of electrons
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and one involving the transfer of ions
+ +
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with the following Nernst equations
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The standard potentials are interrelated by the simple relation:

ng/Red/C = ng/Red + Eg (2.4)

Both equilibria Ia and Ib are of electrochemical nature since a transfer of charged
species between two phases takes place. When phase II is a solid, it is not yet clear
how the activities of the species Ox, Red, and Cat" in the solid have to be defined
and how they could be determined. Further, no experiments are known that would
lead to a separation of the free energies of the equilibria Ia and Ib in the case of
solids. When phase II is a solution phase, the activities of Ox, Red, and Cat" are in
principle accessible; however, it remains the problem that an extrathermodynamic
assumption is necessary for quantifying the free energy of ion transfer between the
liquid phases Il and III. Despite these inherent and still unresolved problems,
progress has been made by rather simple models, e.g., assuming for solids that
the activities of Ox and Red can be approximated by their molar ratios (Chap. 5)
and by assuming that ions like tetraphenylarsonium cations and tetraphenylborate
anions have the same free energy of ion transfer in systems like water—nitrobenzene
(see Chap. 6).

The kinetic description of a three-phase electrode is much more complex since
several aspects have to be taken into account: (1) the kinetics of the electron
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transfer, (2) the kinetics of the ion transfer, (3) the electron and ion conductivity of
the immobilized phase, and (4) the size and shape of the immobilized phase. Thus,
it is not surprising that compared to the thermodynamics, the kinetics of three-phase
electrodes with immobilized particles and droplets have been much less studied. Of
course, most systems are even more complex than illustrated in Fig. 2.2. For
example, the reactions at the three-phase electrode may lead to the dissolution of
phase II or to the formation of a new solid (or liquid) phase IV. Such phase
transformation may proceed via the solution phase (see Sect. 4.2: the oxidation of
Ag to Agl, where the oxidation of Ag nanocrystals results first in the formation of
an oversaturated Agl solution from which by a nucleation—growth mechanism, the
Agl crystals are formed in a follow-up process), or it can be a solid-to-solid phase
transformation. An example of such a mechanism is the reduction of PbO to Pb as
discussed in Sect. 4.2 [B184]. The model depicted in Fig. 2.3 was derived from the
AFM results that show a reaction front proceeding through the PbO crystal. It was
postulated that a reaction zone forms as an interphase between the PbO and Pb
phases.

Further mechanistic variations may result from the ion conductivity of phase II:
if this phase is a good ion conductor, the electron transfer can start and proceed at
the entire interface between the phases I and II. Parallel to this electron transfer, the
ion transfer may take place across the interface between the phases II and III.
Examples are the insertion electrochemical reactions of metal hexacyanoferrates
(see examples in Sects. 5.3, 5.5, 5.6) and many other insertion electrochemical
reactions, e.g., the reduction of “MnQ,.” Even these reactions can be complicated,
for example, when the reaction product is a poor ion conductor.

Of course, phase II may also be an insulator for both ions and electrons, like
white phosphorus [B157]. In this case, the observed currents are much too high to
be explained by a reaction that is confined to the three-phase junction line. It has
been concluded from the electrochemical behavior of white phosphorus that the

solution

PbO
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for the processes at a three- > HO
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solution when PbO is H_Cl-
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phase [B184]. Copyright
©2001 with permission from
Springer Au-electrode
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reaction proceeds via the formation of an ion-conducting phase IV, as depicted in
Fig. 2.4.

Another possibility is that phase II attains ionic conductivity in the course of the
electrochemical reaction, partly because ions are created from atoms or molecules
in II, partly because ions are transferred from phase III to phase II. Such a reaction
mechanism leads to an activation of the interface between phases I and II with
respect to the electron transfer. Plenty of examples are given in Chap. 6, where the
electrochemistry of immobilized droplets is discussed. Figure 2.5 illustrates such a
situation, when an electroactive compound dissolved in a droplet of an organic
solvent is oxidized, accompanied by a simultaneous ion transfer between the
aqueous environments of the droplet and the organic phase. In Sect. 6.2, a detailed
description of this situation will be given.

These examples of three-phase electrodes are given here to prepare the reader
that this monograph deals with the special situation that arises when particles or
droplets are immobilized on electrode surfaces. However, electrodes with
immobilized particles or droplets must still be considered as simplified models
for much more complex electrode situations, as they are frequently encountered in
battery systems, technical electrolysis, etc. When carbon powder, manganese
dioxide, and an alkaline electrolyte are mixed to make the cathode of a Leclanché
battery, the latter is nothing else but an extended three-phase electrode.
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Fig. 2.5 (a) Schematic presentation of the situation when an organic phase droplet contains an
electroactive form Red that is oxidized to Ox* accompanied by a transfer of the anions An~ from
an aqueous electrolyte solution to the organic phase. (b) Shows how the reaction products Ox* and
An~ spread from the three-phase junction into the droplet creating an ionic conductivity in the
organic phase

Experiments of the kind described in this book may widen our understanding of
such complex electrodes. In Fig. 2.6, an attempt has been made to give a general
scheme for reactions starting at a three-phase junction line of a three-phase elec-
trode. The properties of phase II determine the conductivity for electrons and ions in
this phase. The properties of the two interfaces I/II and II/III determine the rate of
electron transfer (I/I) and ion transfer (II/IIT). The transfer rates across the inter-
faces and the transport rates in phase II and phase III of the electrons and ions
determine the size and direction of the fluxes of ions and electrons. The two fluxes
determine the resulting flux of the products and the direction in which the reaction
front spreads. The ion flux can be also directed into phase III, the solution, in which
case phase II will dissolve, an example being the electrochemical dissolution of
metal oxides as discussed in Sect. 5.7. Usually, one will observe that the advance-
ment of the reaction into phase II or III will lead to an electron transfer spreading
along the interface I/II and a spreading of ion transfer along the interface II/III. This
way, the reaction that started at the three-phase junction line, i.e., a reaction that
proceeds in that starting moment “around” a line, becomes a reaction across the two
interfaces. There is only one example known so far, where the reaction remains
confined to the three-phase junction line, because the transferred electrons and
protons are used for a reduction of a chemical compound (see Sect. 6.1).
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Fig. 2.6 Schematic view of a three-phase electrode. Phase I is an electron conductor (a metal or
graphite), phase II is the immobilized solid or liquid electroactive phase, and phase III is the
electrolyte solution. The electron flux shows the direction in which electrons can be transferred
across the interface I/II and transported within phase II. The ion flux shows the direction in which
ions can be transferred across interface II/III and within phase II ( full arrow) or within phase III
(dashed arrow). The product fluxes show in what direction the products may go
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Chapter 3
The Experiment

3.1 Electrodes, Electrolytes, and Electrochemical Cells

3.1.1 Electrodes

Generally, all kinds of solid electrode materials can be used and have successfully
been used to perform voltammetric measurements of immobilized particles and
droplets. However, the suitability of an electrode material to a great deal depends on
the electrode preparation, i.e., the immobilization procedure. Especially the
mechanical immobilization of solid microparticles (see Sect. 3.2) requires a careful
choice of electrode material.

Graphite has become most widely used as an electrode base material. It com-
bines high chemical inertness with a wide potential window, low price, the ease of
processing, and the necessary softness, enabling the mechanical “sticking” of
powder particles of the sample on an electrode surface. One of the greatest
advantages of graphite-based electrodes is the ease of cleaning of the electrode
from attached sample particles which is achieved by removing the upper electrode
surface layer by abrasion or cutting (see Sect. 3.2).

Paraffin-Impregnated Graphite Electrodes Among the graphite-based elec-
trodes, the paraffin-impregnated graphite electrodes (PIGEs) are most successful.
These electrodes consist of high-purity graphite rods whose pores are filled with
solid paraffin in order to prevent high background currents and the spoiling of the
electrode by an ingressing solution [B85]. To prepare PIGEs paraffin (melting point
between 56 and 70 °C or higher) is melted in a closed vessel in a water bath. The
graphite rods are added to the melt and the vessel is carefully evacuated (a water
pump vacuum is sufficient). The melt remains under vacuum until no more gas
bubbles evolve from the rods. Establishing ambient pressure then leads to a
complete penetration of the rod by the paraffin. The rods are removed from the
melt before the paraffin solidifies and are placed onto filter paper in order to remove
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excess paraffin. There is no need to isolate the electrode shaft for later use (see
Sect. 3.1.2).

Composite Electrodes Composite electrodes based on graphite powder as the
electrode base material usually require polymer-resin-based binders, e.g., polyester
[B195, B217] or wax (“sticky carbon” [B223]) in order to seal the pores and give
the electrodes mechanical stability. The choice of a suitable binder is crucial as the
chemical and physical inertness against the electrolyte solution, the thermal stabil-
ity, and the mechanical properties are dominantly ruled by the binder. The prepa-
ration procedure of composite electrodes is generally straightforward. It consists of
a thorough mixing of the graphite powder and the binder, the mass ratio depending
on the used binder, the desired mechanical stability of the electrode, and the process
of solidification. The latter may be accomplished by curing of the polymer resins
[B195] or by resolidification of molten wax or paraffin.

Basal Plane Pyrolytic Carbon Basal plane pyrolytic carbon [B28, B29] is very
well suited for the voltammetry of particles and droplets. Since basal plane pyro-
Iytic carbon is not penetrated by the electrolyte solution, these electrodes do not
require sealing with organic binder. This makes them equally well suited for
measurements in aqueous and organic environments.

Highly Oriented Pyrolytic Graphite (HOPG) This material possesses a highly
fragile layer structure that bans the mechanical immobilization of particles as that
could severely damage the material surface. However, HOPG is a favorite electrode
material for scanning electrochemical microscopy (SECM) and atomic force
microscopy (AFM) and has successfully been used for the microscopic investiga-
tion of solid microparticles (see, e.g., [B147]).

Pencil Lead Electrodes Pencil lead has been proposed for use as electrode
material [B48], and a comparison with PIGEs showed comparable results. Its
major advantage is its low price and universal availability.

Boron-Doped Diamond Electrodes Recently, boron-doped diamond electrodes
have received much attention [B123, B168, B224] as their extreme hardness allows
the direct sampling from compact and hard materials like metals and ceramics.
Desirable properties like a high chemical inertness connected with a wide potential
window as well as a low interfacial capacity in aqueous electrolytes and hence low
background currents add to the value of these electrodes. However, the cleaning of
the electrodes after a mechanical (abrasive) sample immobilization is rather
tedious.

Marken et al. [B168] have demonstrated that in boron-doped diamond elec-
trodes, a facile oxidation and reduction of immobilized microdroplets of tetraalk-
ylphenylenediamines can be achieved, which the authors attributed to a good
adhesion of the organic material to the electrode surface.

Glassy Carbon Electrodes Glassy carbon is less suited for a mechanical immo-
bilization as particles do not easily adhere to it. Exceptions are soft organic or
organometallic compounds which are able to stick to the glassy carbon surface
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[B138]. At polished glassy carbon electrodes, the deposition of microdroplets by
evaporation from organic solvents is also rather difficult as the poor wetting
properties and the therefore rather bad adherence of the droplets at the carbon
surface often lead to the formation of larger droplets rather than the desired
formation of an array of microdroplets. A possible way out is to roughen the surface
of a glassy carbon electrode which fixes the position of the microdroplets at the
surface. This procedure has also been used for the mechanical immobilization of
solid inorganic compounds at glassy carbon [B60]. In this communication, it is
demonstrated that the adherence of microparticles at GC electrodes is much weaker
than at graphite electrodes, where particles are literally embedded into the electrode
surface. However, glassy carbon electrodes have been deliberately chosen for
particle immobilization to have an electrolyte layer sandwiched between the carbon
and the particles to study the electron transfer catalysis of ions and compounds
adsorbing at the particle surface [B60].

Metal Electrodes Due to their hardness and similar to glassy carbon, metal
electrodes are generally less suited for the voltammetry of mechanically
immobilized particles. However, metal electrodes have been successfully used for
the investigation of soft samples like organic and organometallic solids. As dem-
onstrated (see, for instance, [B138]), with gold, glassy carbon, and platinum
electrodes, very similar results are obtained. Applications like the electrochemical
quartz crystal microbalance (EQCM) (Sect. 4.4) require the use of gold electrodes
[B54, B65]. See also AFM/STM (Sect. 4.2, [B184, B278, B279]) and in situ
calorimetry (Sect. 4.6, [B219, B220]).

3.1.2 Electrolytes and Electrochemical Cells

The equipment to perform electrochemical studies of immobilized microparticles
and microdroplets is the same as that used for conventional electrochemical mea-
surements. Generally, a three-electrode arrangement consisting of a working, an
auxiliary, and a reference electrode is utilized, the electrode control being achieved
via a potentiostat. The cell design depends on the utilized working electrode and the
purpose of the experiment and thus ranges from conventional glass cells to specially
adapted constructions like for flow-through experiments or for spectroelectro-
chemistry (Sect. 4.1).

The choice of electrolyte depends on the nature of the studied compound and
processes. In the vast majority of cases, aqueous electrolyte solutions are used.
However, organic solvents like acetonitrile can be used as well, provided their
dielectric constant allows electrolyte salts to be dissolved in order to achieve
sufficient conductivity. The major prerequisite for the choice of electrolyte solvent
is the insolubility or at least a very low solubility of the studied compound in the
solvent.
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Fig. 3.1 Configuration of
electrodes in an
electrochemical cell for the
voltammetry of
immobilized microparticles
and microdroplets
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After immobilization of the sample particles or droplets (see Sects. 3.2 and 3.3),
the electrode is ready for measurement.

Figure 3.1 depicts a most appropriate configuration of the working electrode in
the electrochemical cell. The working electrode (e.g., a PIGE) is dipped into the
electrolyte solution and then slightly raised in order to make the solution adhere to
the lower circular electrode surface. This ensures a reproducible active surface area
without the necessity of insulating the shaft of the electrode. However, since the
electrode shaft is not contaminated with sample particles or droplets, even an
immersion of the electrode into the solution for some millimeters would only affect
the background current.

3.2 Immobilization of Particles

When the sample is a powder with grain size in the pm range, the easiest way to
immobilize the particles on a paraffin-impregnated electrode is to place a few
milligrams on a glass plate or a glazed tile and gently rub the electrode rod with
its lower circular surface on the sample spot (see Fig. 3.2). Usually, this results in
the attachment of several particles on the electrode. Most of them will be partially
embedded in the soft graphite surface. Some of them will keep attached by
adhesion, and they may adhere so weakly that they can be washed off with water.
Normally, no water remains at the hydrophobic electrode, so that this washing
cannot dilute the electrolyte solution. In fact, washing off the loose particles is even
unnecessary because they would fall off from the electrode upon introduction to the
electrolyte solution. A second way of immobilizing particles is to place a few
milligrams of the powder on filter paper and rub the electrode on the sample spot.
This has the advantage that a more even distribution is achieved and the loose
particles are kept on the paper at the same time. Some preliminary experiments will
give the necessary experience on how much sample should be used, what is the
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Fig. 3.2 Transfer of
microparticles from a glass
plate onto the surface of a
paraffin-impregnated
graphite electrode (PIGE)

right pressure when rubbing the electrode on the sample spot, and what are the best
movements when rubbing. Occasionally, it may be adequate just to press the
electrode on the sample spot without circular movements of the electrode. When
metals and alloys are studied, it may suffice to gently rub the electrode on the
surface of the metals and alloys, which is perhaps, but not necessarily, cleaned
before. When the metals and alloys are very hard, some abrasive powder (e.g., high-
purity Al,O3 or diamond powder) may be placed between the electrode and the
compact sample. Because of its inertness, the abrasive powder does not interfere in
the electrochemistry. Alternatively, very hard electrodes, e.g., boron-doped dia-
mond electrodes, can be used. In the case of a very rare or very small sample, the
sampling can also be performed with a thin glassy carbon pin. In special cases, for
example, in AFM studies, immobilization can be achieved by slow evaporation of a
very dilute suspension of the powder (or even colloid) on the electrode surface.
Care must be taken to avoid the formation of large droplets in suspension that could
leave patches of adhering particles, which are unsuitable for AFM/STM. When the
sample is a rather coarse powder, it is best to crush a small amount in a mortar to
obtain fine particles.

After having performed the electrochemical measurements, it is very important
to clean the electrode surface for the next measurements. The best way to clean a
PIGE is to rub and polish its surface on filter paper. This rubbing must be repeatedly
interrupted so that sample residues cannot be smeared from one end to the other.
This is easily achieved by producing traces as depicted in Fig. 3.3. The electrode
must be polished by keeping it perpendicular to the paper surface as to avoid
rounding of the edges. The electrode surface should be kept flat, as this helps
very much in follow-up cleaning and immobilization operations. Sometimes it
may be advisable to fold a piece of clean filter paper around the shaft of the
electrode and to wipe off possible remains of the sample that may have been
transferred to that side during the polishing. After that, it is suggested to polish
the lower circular surface again. The success of cleaning must be checked by
recording blank voltammograms. Without this, one can never be sure that the
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Fig. 3.3 Cleaning the
surface of a PIGE by
interrupted polishing on
paper

measured response of a sample is caused by the fresh sample only and not resulting
from previous measurements. In rare cases, when the particles are very hard and
when they are not dissolved in the electrochemical measurements (this can happen
with some rather coarse steel particles or any particles which form solid surface
layers as a result of electrochemical reactions), the leftover particles may be even
pressed further into the electrode during polishing, and it is not possible to get rid of
them by this cleaning procedure. In such cases, one has to remove a thin layer of the
electrode on a very fine abrasive paper, followed by polishing the electrode surface
on paper. The surface of the electrode can also be cleaned with the help of a razor
blade. The best movement to polish an electrode surface is to write the number “8”
on the paper, however, keeping the electrode as upright as possible. Other points to
remember in immobilizing samples are discussed in connection with the electrodes
in Sect. 3.1.

Several reports describe different procedures for attaching single particles to
electrodes using microscope-aided protocols: painting the crystals with silver paste
[B447] and encapsulation into epoxy resin [B448, B449].

3.3 Attachment of Droplets

Generally speaking, the major advantage of the voltammetry of droplets over other
conventional techniques of probing liquid-liquid interfaces lies in the formation of
three-phase electrodes comprising the triple-phase junction electrolyte—electrode—
droplet, i.e., the circumference of the droplets. By allowing charge compensation
along and across this boundaryi, it is possible to study electrochemical reactions of
ionically nonconducting liquids and nonpolarizable liquids without the addition of
supporting electrolyte to the organic liquid.

Consequently, the electrode preparation procedure must always ensure the
presence of three-phase boundaries, and a complete coverage of the electrode
surface should be prevented. A full coverage with ionically nonconducting liquids
can ultimately block the electrode, although, in some cases, a quick partition of ions
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between the electrolyte solution and the film may happen. This obviously happened
in experiments of Shi and Anson.'"

One can distinguish between two approaches—the attachment of single droplets
and the attachment of an array of microdroplets. In the following sections, the
different strategies for the droplet immobilization will be listed and discussed.

Independent of the applied approach, like in the case of other techniques that
probe liquid—liquid interfaces, the voltammetry of droplets requires the studied
liquids to be sufficiently immiscible with the chosen electrolyte solution. This
requirement is crucial since due to the ratio of the volumes of the immobilized
droplets and of the electrolyte solution, the small droplets would very quickly
dissolve in the surrounding electrolyte solution.

However, the solubility of many organic solvents in water cannot be neglected
(e.g., the solubility of nitrobenzene in water is 0.2 mass% at 20 °C). Thus, when
working with solvent droplets, the electrolyte solution should always be saturated
with the respective droplet solvent in order to prevent their dissolution and to ensure
a long lifetime of the deposited droplet.

3.3.1 Attachment of Single Droplets

The attachment of a single droplet on the surface of an electrode can be achieved in
many ways. The probably most sophisticated method is the laser trapping technique
(see, e.g., Nakatani et al.3). In the following sections, however, only the approaches
that are available without disproportional technical expenses will be considered.

Generally, the droplet attachment is straightforward. In order to transfer a
defined, small volume of the liquid sample onto a large electrode surface, either
pL syringes or pipettes can been used. As an example, droplets of polar and
nonpolar aprotic solvents containing dissolved electroactive species have been
deposited in order to study transfer processes across the solvent—water interface
facilitated by electrochemical reactions of electroactive species dissolved in the
droplet [B132]. For that, the authors have deposited 1-2 pL of nitrobenzene,
containing 1-100 mmol L' of the electroactive species, on the surface of a
paraffin-impregnated graphite electrode, e.g., [B132, B188] or a glassy carbon
electrode [B242] (5-mm diameter). This procedure forms a droplet with a diameter
of approximately 0.5-2 mm [B188, B242].

More complicated is the attachment of single droplets at microelectrodes. This
usually requires the use of an optical microscope and a micromanipulation system.

! Shi Ch, Anson FC (1998) J Phys Chem B 102:9850-9854
2 Shi Ch, Anson FC (1999) J Phys Chem B 103:6283-6289

? Nakatani K, Chikama K, Kitamura N (1999) Laser trapping—spectroscopy—electrochemistry of
individual microdroplets in solution. In: Advances in photochemistry, vol 25. Wiley-Interscience,
New York, pp 173-223
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Terui et al., for instance, have used a glass fiber with a tip radius of 5 pm in order to
deposit single droplets of nitrobenzene of a diameter between 25 pm and 100 pm in
gold microelectrodes [B153]. The attachment of single droplets at microelectrodes
usually leads to conditions in which the droplet size is larger than the diameter of
the electrode. Due to the absence of a three-phase junction water—electrode—droplet,
this setup requires to add supporting electrolytes to the droplets.

As the surface tension of water is much higher than that of most organic liquids,
it is comparably easier to study the voltammetry of immobilized droplets and films
of organic liquids immersed in aqueous solution than vice versa. Immersing an
electrode with attached droplets of an aqueous solution into an organic electrolyte
solution can easily lead to the detachment of the droplets from the electrode. This is
the reason why this experimental setup is only rarely used. An example is the study
of Ulmeanu et al. [B180] who deposited single drops of a volume of 10 pL of the
appropriate aqueous solution containing supporting electrolyte and electroactive
species on a freshly polished platinum electrode (surface area 0.06 cm?) mounted in
a Teflon holder and immersed the electrode in 1,2-dichloroethane.

3.3.2 Attachment of Arrays of Microdroplets

In contrast to the above technique, the deposition of an array of microdroplets leads
to the formation of extremely small droplets, down to femtoliter volumes
[B285]. The resulting drawback of a small electrochemical signal of the droplets
compared to the large capacitive background current of the electrode surface is
sidestepped by depositing a great number of droplets, distributed over the electrode
surface.

Apart from chemical means (which are not going to be considered here), the
most widely used technique for the deposition of arrays of microdroplets is the
evaporation from a volatile solvent. In the first step, a defined amount of the sample
liquid is dissolved in a volatile solvent (e.g., acetonitrile, dichloromethane). It has to
be taken into account that growing concentrations of the compound in the solvent
will eventually lead to an increased surface coverage and, eventually, to the
formation of a continuous film rather than an array of microdroplets.

In the next step, a defined volume of this solution is transferred to the surface of
an appropriate electrode. Graphite electrodes like paraffin-impregnated electrodes
and basal plane pyrolytic carbon electrodes seem most suitable, as the hydrophobic
surface allows a good wetting and thus adherence of the organic solution (see also
Sect. 3.1). Then, the solvent is evaporated in air or, if necessary, under inert gas
atmosphere.

Naturally, this technique can be applied only for nonvolatile compounds. Exam-
ples are redox liquids like tetraalkyl-substituted phenylenediamines (TRPDs)
which have been deposited at basal plane pyrolytic carbon electrodes (see Sect.
6.1). As an example, Marken and coworkers transferred 1-50 pL of freshly
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prepared solution of the compound dissolved in acetonitrile (0.1-1 mmol L™") onto
the electrode surface and evaporated the acetonitrile in air (e.g., [B74]).

An important question to be addressed is, in what form and size are the
microdroplets distributed at electrode surfaces? In a recent work, Wadhawan
et al. [B230] answered this question in an elegant manner. The authors examined
the deposition pattern of para-N,N,N',N'-tetrahexylphenylenediamine (THPD) at
basal plane pyrolytic carbon electrodes by taking advantage of the well-known
abilities of the related para-phenylenediamine as a photographic developer. After
the deposition of microdroplets of THPD, the modified electrode was dipped for a
few seconds into a 0.1 M aqueous solution of silver perchlorate allowing the
following reaction to take place:

THPD(i) + Ag(,, + ClOy,, = [THPD™*CIO; ] .\ + Agg (1)

(oil)
The chemical reaction takes place at the oil-water interface, covering the THPD
droplets with a silver shell. These silver-plated droplets could now be imaged with
the help of scanning electron microscopy (SEM) as shown in Fig. 3.4. For both
depicted cases, the droplets exhibit a very narrow size distribution, with an average
size of 4.2 pm (for 4-nmol THPD deposited) and 20.6 pm (for 40-nmol THPD
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Fig. 3.4 (a and b) SEM image of (a) 4-nmol and (b) 40-nmol THPD deposited on a basal plane
pyrolytic carbon electrode and immersed in AgClO, for 10 s (at open circuit potential). (¢ and d)
Measured droplet distribution for the two coverages indicated in (a) and (b) [B230]. Copyright
2001 with permission from Amer. Chem. Soc



28 3 The Experiment

deposited). The experiments also supported earlier assumptions that the formation
of the microdroplets takes place mainly within the troughs of the graphite surface.

At very smooth electrode surfaces, the decreasing size of the solvent droplet
during evaporation can lead to the unwanted concentration of the redox liquid in the
remaining solvent and thus to the formation of few bigger droplets in the center of
the electrode. In order to yield a more even distribution of the droplets across the
electrode surface, it is possible to roughen the electrode surface mechanically prior
to the droplet deposition. By doing this, spots with high surface energy are formed
at which the droplet formation takes place, inhibiting a coalescence of the droplets
during the process of solvent evaporation.

In order to achieve a sufficiently even distribution of the droplets at transparent
indium tin oxide (ITO) electrodes, Marken [B74] siliconized the ITO electrodes
prior to the deposition of microdroplets of THPD redox liquid, which makes the
electrode surface hydrophobic and thus allows a better adherence of the organic
droplets at the electrode surface.

3.4 The Electrochemical Measurement

In principle, there is no limitation with respect to the electrochemical measuring
technique when immobilized particles and droplets are studied. The entire arsenal
of electrochemical techniques and also hyphenated (in situ) techniques is applica-
ble.* It can be recommended to perform preliminary studies with cyclic
voltammetry or linear scan voltammetry. Care must be taken in choosing the
starting potential so that the compound to be studied is not undergoing any reaction
at that potential. Generally, the scan rates most appropriate for studies of
immobilized particles and droplets are similar to those used in solution studies,
i.e., between 10 and 500 mV s~ . If the voltammograms exhibit very broad signals,
e.g., when they possess a half-peak width of 100 mV or more, it may be that too
large amounts of the compound were immobilized on the electrode surface. In such
a case, some trials are necessary with deliberately chosen smaller amounts. Usually
the signals will become narrower with decreasing amounts. If that is not the case,
the broad signals may be an inherent property of the compound. When the electrode
reaction is confined to the surface or the three-phase junction region, i.e., when no
diffusion is involved, scan rates as high as 5 V s™' can be used without any
remarkable peak broadening [B83]. With electrode diameters in the range of 0.5—
5 mm and a particle size of about 10 pm, one observes peak currents between 1 and
500 pA in cyclic voltammetric experiments, at voltammetric scan rates between
1 and 100 mV s™".

#Scholz F (ed) (2010) Electroanalytical methods. Guide to experiments and applications, 2nd edn.
Springer, Berlin
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In the case of completely chemically reversible systems, e.g., in the case of
Prussian blue and its analogues, it can be useful quantifying the amount of depos-
ited material with the help of chronocoulometry. Of course, chronocoulometry will
yield only the amount of electrochemically active particles. Particles that are
adhering to the surface so loosely that an electron transfer is not possible cannot
contribute to the measured charge. Another problem could arise when the electro-
chemical reaction prompts the formation of an insulating layer on the surface of the
particles or in contact with the electrode. Although no such examples have been
reported so far, one must be aware of this possibility.

AC and pulse techniques can be suggested due to their high resolution power and
simple peak evaluation. In case that metals or alloys are electrochemically
dissolved by oxidation or some oxides are dissolved by reduction, one must bear
in mind that the scanning time with these techniques may be too small for a
complete stripping. In that case some of the material will remain on the electrode
surface and must be carefully removed before the next measurement.

Electrochemical impedance spectroscopy (EIS) is a technique widely used in the
study of corrosion phenomena, redox polymers, etc. This technique has been
applied to the study of electrochemical doping in platinum phthalocyanine micro-
crystals in contact with nonaqueous electrolytes [B167] and the growth of micro-
crystalline films of metal oxides on metal surfaces [B442, B443] as well as for
dating [B332] and monitorizing [B356] corrosion microparticulate deposits on
archaeological metal.

Data processing can involve background subtraction, smoothing, convolution/
deconvolution and derivation/integration, all accessible to conventional electro-
chemical equipments. Advance methodologies for data processing can also be
applied in the electrochemistry of immobilized particles and droplets. The elimi-
nation voltammetry, developed by Trnkova et al. [B434, B435, B436], consists of
the elimination of one or two selected particular voltammetric currents to be
eliminated. The eliminated currents are expressed as a product of potential function
Y(F) and scan rate function W(v). For digitally obtained data at a given potential,
this product can be written as /= (constant)y" so that diffusion currents (x =),
charging currents (x = 1), and kinetic currents (x = 0) can be selectively eliminated
using a mathematical transformation achieved by the elimination function obtained
by a linear combination of total currents measured at different potential scan rates.
The application of this methodology to the electrodissolution of iron nanoparticles
in chloride-containing acetate buffers provides increased sensitivity and evidences
the involvement of adsorbed species in the process [B437]. A combination of
alternating current relaxation techniques, namely, electrical charge, mass, and
color impedance spectroscopy have been developed and applied to the study of
the electrochemistry of Prussian blue films [B438, B439]. The definition of simul-
taneous electrochemical impedance, mass transfer, and absorbance functions pro-
vides insight into electrochemical mechanisms with application to redox polymers
[B440] and Prussian blue films [B441].
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Chapter 4
Hyphenated Techniques

The depth of information obtainable from a single electroanalytical technique like
the voltammetry of immobilized particles and droplets is naturally limited. Conse-
quently, the combinations of electroanalytical techniques with non-electrochemical
techniques become important and attractive. In particular, in situ combinations are
powerful tools for investigating electrode processes. They are based on a simulta-
neous recording of electrochemical and non-electrochemical signals.

A number of restrictions apply to in situ combinations, mainly connected with
the presence of the aqueous electrolyte solution. Thus, the use of vacuum spectro-
metric techniques employing electrons, ions, or atoms for excitation or detection is
restricted to be applied ex situ only. Most important are the spectroelectrochemical
techniques, i.e., the combination of electroanalytical and spectroscopic techniques.
The combination of electron spin resonance spectroscopy'* with Raman,** infra-
red,’ and UV-VIS spectroscopy’ proved to be very powerful instruments for
investigating electrode processes.

The adaptation of hyphenated techniques to the voltammetry of immobilized
particles and droplets is not always straightforward. Some methods, like the elec-
trochemical quartz crystal microbalance, EQCM, can be utilized literally instanta-
neously. Other, especially spectroelectrochemical techniques generally require the

! Goldberg IB, McKinney TM (1984) Principles and techniques of electrochemical electron spin
resonance experiments. In: Kissinger PT, Heinemann WR (eds) Laboratory techniques in electro-
analytical chemistry. Dekker, New York Basel, pp 675-699

2Bagchi RN, Bond AM, Scholz F (1989) Electroanalysis 1:1-11

3 Birke RL, Lu T, Lombardi JR, (1990) Surface enhanced Raman spectroscopy. In: Varma R,
Selman JR (eds) Techniques for characterization of electrodes and electrochemical processes.
Wiley, New York, pp 211-277

“Bard AJ , Faulkner LR (2001) Electrochemical methods, 2nd edn. Wiley, New York, pp 704-709
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building of adapted electrochemical cells in order to meet the special conditions
that arise from the specific geometry of the electrodes.

4.1 Optical Techniques and Spectroelectrochemistry

4.1.1 In Situ Spectroscopy

Optical spectroscopy in the UV-VIS range lends itself very well for the in situ
observation of electrochemical reactions. For studying electrochemical reactions of
species that are confined to an electrode surface, like of immobilized films, parti-
cles, and droplets, a number of spectroelectrochemical techniques have been
developed. They are based on two major setups:

— Measuring the transmission of a redox species and the spectral changes during an
electrochemical reaction

— Measuring the reflectance of a deposited compound and the changes in the
reflectance spectra during the electrochemical experiment

Basically, the simplest spectroelectrochemical experiment is to measure the
change of the transmission of a light beam that is directed through an immobilized
sample. Obviously, this requires the electrode to be optically transparent. The
probably most used transparent electrode material for spectroelectrochemical appli-
cations is the semiconducting indium tin oxide (ITO), which is usually vacuum
deposited on a quartz or glass substrate. ITO electrodes have been used, for
example, for the spectroelectrochemical investigation of the electrochromic prop-
erties of inorganic and organic polymer films deposited electrochemically on the
ITO electrodes.®”'” However, since the vast majority of electrode materials are
optically opaque and many of the materials are highly reflecting, the utilization of
reflectance measurements, e.g., at polished metal sheet electrodes, is widespread in
electrochemistry."'

Generally, both transmission and reflectance techniques have been used based
on a preliminary, mostly electrochemical, deposition of the target compound onto
the electrode. However, they can also be exploited for studying mechanically
immobilized particles and droplets. Due to the nature of the voltammetry of
immobilized microparticles and microdroplets, however, they require some modi-
fication in order to make use of their full potential. One of the features of the

8 Kulesza PJ , Zamponi S, Malik MA, Miecznikowski K, Berrettoni M, Marassi R (1997) J Solid
State Electrochem 1:88-93

° Malinauskas A, Holze R (1998) Electrochim Acta 43:2563-2575

' Monk PMS, Mortimer RJ, Rosseinsky DR (1995) Electrochromism: fundamentals and applica-
tions. VCH, Weinheim

" Plieth W, Wilson GS, Gutuiérrez de la Fe C (1998) Pure Appl Chem 70:1395-1414
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voltammetry of immobilized microparticles and droplets is the generally low and
partially uneven surface coverage of the compound at the electrode. Generally, it is
not advisable to use thicker particle layers, since, apart from the generally poor
adherence, the growing resistance between the particles often does not allow the
entire layer to react through. In the case of microdroplets, a growing surface
coverage generally leads to an increasing droplet size connected with the relative
decrease of the length of the triple-phase junction and eventually to the formation of
an insulating liquid layer. As it will be demonstrated in Sect. 4.1.2, the problem of
applying optical observation and spectroscopic analysis to the voltammetry of
immobilized microparticles and microdroplets has been successfully solved using
optical microscopy.

An important example for the exploitation of transmission spectroelectro-
chemical measurements of immobilized microparticles is the study of indigo by
Bond et al. [B72]. Bond and coworkers have utilized UV-VIS spectroelectro-
chemistry in order to unravel the complex redox chemistry of indigo. They com-
pared the spectroelectrochemical behavior of microparticles of indigo mechanically
attached onto the surface of an ITO electrode and that of the compound dissolved in
DMSO. For their investigation, the authors have used a spectroelectrochemical cell
that allowed the study of both the dissolved and the microcrystalline compound
(Fig. 4.1). For measurements of indigo microparticles, the compound has been
transferred onto the ITO electrode surface by rubbing a thin layer with a cotton bud
onto the electrode surface. This immobilization procedure must be performed very
carefully as a scratching of the thin indium tin oxide layer would compromise the
function of the electrode. For the study of the dissolved compound, the authors have
used a thin layer cell with a gold micro-grid electrode as the working electrode.

Figure 4.2 shows the comparison of the changes of the absorption spectra of
indigo during an electrochemical reduction of (b) the immobilized solid and (c) the
dissolved compound. From the comparison of these spectra, which indicate remark-
able differences in the reductive conversion of indigo, the authors have proposed a
reaction scheme for the conversion of the immobilized compound that, without the
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Fig. 4.2 (a) UV-VIS
absorption of indigo
mechanically attached to an
ITO electrode and
immersed in 1.28 mol L™
NaCl electrolyte solution.
(b) Changes in the UV-VIS
absorption of indigo on ITO
(spectrum a was used as the
background and only the
background corrected
absorbance was recorded)
when a potential of —-1.0 V
versus SCE is applied
(curves correspond to 5 s,
30 s, 2 min, 10 min, and

30 min electrolysis). (¢) In
situ UV-VIS
spectroelectrochemical
monitoring of the reduction
of 2.4 x 10~ mol L™
indigo in DMF (0.1 mol L™
NBut,PFg, 10 nmol L™
benzoic acid) (applied
potential —1.0 V vs. SCE)
[B72]. Copyright ©1997
with permission from Royal
Society of Chemistry
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spectroelectrochemical study, would not have been possible to derive (for further

details, see Sect. 5.4).

4.1.2 In Situ Light Microscopy and Microscopic

Spectroelectrochemistry

The low surface coverage in combination with the uneven distribution of the
microparticles and droplets at a given electrode surface favors light microscopy
for the observation of electrochemical reactions of these redox systems. As we will
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show in the following sections, the accessible information can range from the
purely qualitative, visual observation of electrochemical processes to the quantita-
tive evaluation with the help of coupled spectrometric equipment.

In situ light microscopy is a cheap and straightforward technique that enables the
reaction to be followed with a spatial resolution down to micrometer scale. Com-
pared to atomic force microscopy (AFM), this resolution appears to be rather low,
but considering the low investment and operational costs of the equipment, the
possible real-time observation of the electrode surface and additional information
like color changes, and the interrogation of the spatial progression of a reaction, the
in situ light microscopy has a great potential. In general, again two techniques can
be utilized—incident light microscopy and transmission light microscopy. Due to
the different optical setup and therewith different requirements toward electrode
material and sample nature, both techniques have their application domains.

In Situ Incident Light Microscopy

For the in situ observation of electrochemical reactions at nontransparent electrodes,
conventional light microscopes equipped with an incident light unit can be used.
Microscopes of this kind are typically used for ore microscopy, material, and life
science. The setup requires an adapted electrochemical cell that accommodates the
working electrode, a reference, and a counter electrode, equipped with a glass or
quartz window. At very low cost, such cells can conveniently be produced from acryl.
The geometry of the setup, i.e., the (R, geometry of the optical path, usually requires
the specular reflectance of the electrode surface to be minimized. This can be realized
with the help of two polarizing filters, which are generally available at incident light
microscopes, and which have to be arranged in a crossed (90°) position.

Two basic setups are possible, which are described in the following sections. As
an example, an electrochemical cell has been presented for the in situ microscopic
observation of electrochemical reactions of microcrystalline samples mechanically
attached to the surface of paraffin-impregnated graphite electrodes [B58]. The
authors have assembled an electrochemical cell with an ore microscope (Leitz
Laborlux 12 POL S, Leica Mikroskopie und Systeme GmbH, Germany) in an
upright position. This setup, however, requires the electrode to be fitted through
the cell bottom, making the exchange of electrodes rather tedious and time-
consuming. Turning the microscope upside down (or using an inverse microscope
in the first place) offers the chance to construct a cell in which the electrode can be
fitted from the top of the cell. An example for such a setup is presented in
[B67]. The authors have brought the microscope into the inverse position with
the help of a scaffold. Now, a cell arrangement (see Fig. 4.3) could be used that
allowed a rod electrode (paraffin-impregnated graphite electrode, PIGE) to be fitted
through the lid of the cell. This setup massively simplifies the electrode handling.

The use of a 20-fold magnifying objective lens in combination with 10-fold
oculars resulted in a 200-fold magnification which allowed visualizing objects of a
size of approximately 10 pm (see Fig. 4.4). Higher spatial resolutions are princi-
pally possible; however, the shrinking electrolyte layer thickness between the



38

Fig. 4.3 Cross section of
the electrochemical cell for
in situ microscopic
spectroelectrochemistry
[B67]. Copyright ©1997
with permission from
Springer

Fig. 44 (Top)
Photographic image of
silver octacyanomolybdate
(IV) immobilized on a PIGE
and immersed into

0.1 mol L™' AgNO;.
(Bottom) The same particles
after electrochemical
oxidation at 0.75 V versus
Ag/AgCl to silver
octacyanomolybdate

(V) [B58]. Copyright ©1996
with permission from
Springer
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working electrode and the glass window goes along with a restriction of the
diffusion from or to the electrode surface and thus with a strong deterioration of
the voltammetric signals. The use of long-range object lenses might help in
overcoming this problem. For the study of immobilized microparticles, the elec-
trode preparation is straightforward and follows the usual procedure of mechanical
immobilization (Sect. 3.2).

A similar technique has been used by Bond et al. [B56, B101] who employed a
video capturing system in combination with a Nikon Epiphot inverted metallurgical
microscope fitted with a long-working-distance objective lens and a CCD TV
camera for a subsequent analysis of the optical data. From the captured images,
the authors could deduce that the electrochemical reactivity of microparticles of
7,7,8,8-tetracyanoquinodimethane (TCNQ) immobilized on polished gold elec-
trodes strongly depends on the size of the particles. The authors found that the
voltammetric responses of TCNQ at a scan rate of 100 mV s™' were principally
associated with the conversion of nano-size particles (<1 pm), whereas the con-
version rate of larger crystals did not suffice to contribute to the voltammetric
signal.

The purely qualitative analysis of the visual observation, however, leaves a lot of
information concealed, and it is only a logic step to combine the microscopic
observation with the in situ recording of the spectral information of the studied
compound. This step can be done by taking advantage of the property of
immobilized microparticles to scatter incident light. The resulting technique, the
microscopic in situ diffuse reflectance spectroelectrochemistry [B67], not only
allows quantifying the electrochromic properties of the immobilized particles, it
also gives access to mechanistic information on the studied electrochemical reac-
tion. In reference [B67], the authors demonstrate that for microparticles of silver
octacyanomolybdate (IV/V), immobilized at a PIGE, in situ recorded microscopic
diffuse reflectance spectra can be analyzed with the help of the Kubelka—Munk
function (Eq. (4.1) and Fig. 4.5). This function, which can be referred to as the
analogue of the law of Bouguer—Lambert—Beer for powder samples, describes the
ratio of absorbance and scattering of a given sample layer.'?

F(Roo)=§=(1;+:‘:°) (4.1)

(K = absorption coefficient, S = scattering coefficient, R, = reflectance of a sample
of infinite thickness)

Although the Kubelka—Munk function, like the law of Bouguer—Lambert—Beer,
is strictly speaking exclusively valid for highly diluted samples, the authors have
demonstrated a good agreement of voltammetric and spectrometric data. For the
electrochemical oxidation of immobilized silver octacyanomolybdate, they have
shown validity of Eq. (4.2), a modification of the Kubelka—Munk function

2Kortiim G (1969) Reflexionsspektroskopie. Springer, Berlin


http://dx.doi.org/10.1007/978-3-319-10843-8_3#Sec4

40 4 Hyphenated Techniques

function of silver

octacyanomolybdate

(IV) immobilized on the =

surface of a paraffin- Z

impregnated graphite &

electrode and immersed in a % 0.75
2

Fig. 4.5 Kubelka—Munk ___d______-f“”T_ T

0.1 M AgNOj solution. The
Kubelka—Munk function

was recorded in situ during
the cyclic oxidation and

re-reduction of the 0
compound i
[B136]. Copyright ©2000 TCN rhon Ja
with permission from T gl N Miag
American Chemical Society T et <l

0.5

600
? Wave length

nm

connecting the absorbance/reflectance date of the immobilized particles and their
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(F' ox/rea are the values of the Kubelka—Munk function at 530 nm for ¢, =1 and
Cred = 1, respectively. F(R) is the actual value of the Kubelka—Munk function for a
certain Red/Ox ratio.)

The microscopic in situ diffuse reflectance spectroelectrochemistry can also be
utilized to interrogate mechanisms of electrochemical reactions of immobilized
particles or droplets. As an example, information on the geometric course of the
electrochemical redox processes at the deposited silver octacyanomolybdate
(Ag ocm) has been derived for the oxidation and reduction of immobilized micro-
particles of silver octacyanomolybdate (IV)/(V) [B67]. Based on a comparison of
the change of the diffuse reflectance (dR/dE) of differently thick patches of silver
octacyanomolybdate and the simultaneously recorded cyclic voltammograms
(Fig. 4.6a, b), the authors have derived a model of the geometrical course of the
electrochemical reaction. They have found that whereas for thin sample layers the
voltammetric and the spectrometric curves are virtually identical, there is a strong
retardation of the dR/dE curve on the potential scale for the case of a thick sample
layer (Fig. 4.6a). In principle, one could suppose that the oxidation of solid silver
octacyanomolybdate(IV), Ag ocm(IV), may start either at the graphite-sample
interface or at the sample-electrolyte interface. The same applies for the reduction
of Ag ocm(V). However, only in the case where the reaction advances from the
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Fig. 4.6 Cyclic voltammogram (solid line) of silver octacyanomolybdate (IV/V) in 0.1 mol L™!
AgNOj;, scanrate 1 mV s~ L first derivative of the reflectance over the dR/dE potential (dotted line)
versus potential. (a) The reflectance was measured for a sample layer of about 10-um thickness;
(b) the reflectance was measured for a sample layer of about 1-um thickness [B67]. Copyright
©1997 with permission from Springer

graphite-sample interface into the compound crystal one can explain the described
optical behavior: Upon oxidation, a layer of higher optical density grows from the
graphite octacyanomolybdate (ocm) interface, and the incident light beam can fully
penetrate the upper layer of optically less dense Ag ocm(IV) (cf. Fig. 4.7). Thus, the
incident light will be the less reflected the thicker the Ag ocm(V) layer becomes. If
the opposite case was true, i.e., if the optically less trans-parent layer grew from the
solution ocm interface downward, the reflectance would decrease to its minimum
before the electrochemical reaction reaches the graphite interface. Obviously, this
does not happen. But, upon reduction of the optically dense Ag ocm(V), especially
in the case of a thick sample layer, the effect of electrochemical reduction is
mirrored by the reflection only with strong retardation. This is the result of a growth
of the optically less dense layer from the graphite interface in the direction of the
solution interface.
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Fig. 4.7 Schematic drawing of a model for layer growing and light penetration for the processes
of oxidation and reduction of silver octacyanomolybdate immobilized on an electrode surface.
This scheme is based on the fact that the absorption coefficient of silver octacyanomolybdate
(IV) is much smaller than that of silver octacyanomolybdate(V) [B67]. Copyright © ©1997 with
permission from Springer

In a later contribution, the same technique has been exploited to unravel the
voltammetric responses of crystalline and amorphous sample material of the oxi-
dation and reduction of silver octacyanomolybdate and tungstate [B136].

In Situ Transmission Light Microscopy

The coupling of transmission light microscopy and electrochemistry can be
performed for (1) a purely qualitative evaluation and (2) for a quantitative analysis
of electrochemical reactions of immobilized particles or droplets. Probably due to
the delicate surface of ITO electrodes, however, so far it has only been utilized for
the study of droplets. Of course, ITO electrodes have been used for decades for the
study of electrochemically deposited films of electrochromic compounds; however,
such films are not considered here.

Marken and coworkers [B74] have used the microscopy in order to study redox
processes of microdroplets of immobilized microdroplets of N,NN’N’-
-tetrahexylphenylenediamine (THPD). Marken took advantage of the possibility
to visualize the spatial progress of the oxidation of the immobilized THPD droplets.
The setup is, in principle, straightforward: an open cell with a counter and a
reference electrode was used, and an ITO electrode was located in the optical
path of the transmission microscope. A camera, mounted to the microscope,
allowed taking images of the electrode surface during the voltammetric experiment.
The THPD was deposited on the electrode via evaporation from acetonitrile (Sect.
3.3). The problem with commercial ITO electrodes is a relatively high hydrophi-
licity of the ITO, which can make the wetting and thus the adherence of droplets of
organic liquids difficult. Marken circumvented the problem by siliconizing the ITO
surface prior to droplet deposition (Sect. 3.3). The result of the experiment is
presented in Fig. 4.8. The photographic images, taken at different stages of the
electrochemical oxidation of THPD, gave support to the assumption of an initiation
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Fig. 4.8 (a) Cyclic voltammograms for the oxidation of 1.24 pg N,N,N',N'-tetrahexylphenyle-
nediamine (THPD) deposited on a siliconized ITO electrode immersed in aqueous 1 M NaClO,4
solution (22 °C, 1 mV s_l). (b—d) Photographs of microscopic images of THPD deposited on a
siliconized ITO electrode immersed in aqueous 1 M NaClO,. The applied potential has been
stepped from —0.1 to +0.4 V versus SCE for (b) 10 s, (¢) 30 s, (d) 5 min (scale 780 x 920 pm)
[B74]. Copyright 1997 with permission from Elsevier

of the reaction at the three-phase boundary electrolyte—electrode droplet, from
which the reaction proceeded into the bulk of the droplets. A closer look also
revealed a separation of the oxidized and the reduced form of the compound during
the reaction.

A quantitative analysis of a microscopic observation can be achieved with a
spectroelectrochemical cell as presented in Fig. 4.9, coupled to a microscope and a
diode array spectrometer [B280]. The cell body, made of acrylic, consists of an ITO
plate (working electrode), sandwiched with a glass plate with attached platinum
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Fig. 4.9 Scheme of the spectroelectrochemical cell. CE is the counter electrode, RE is the
reference electrode; (1) hole for inserting the nitrobenzene droplet, (2) hole for inserting the
electrolyte solution, (3) threads and screws, and (4) tube filled with agar/KCl [B280]. Copyright
©2004 with permission from Elsevier

wire (counter electrode). The spacing between the plates is realized with rubber
rings of a defined thickness.

Two holes enable the injection of the electrolyte solution and of a sample
droplet. Komorsky-Lovri¢ and coworkers have used this setup for studying the
ion transfer from water into nitrobenzene at the three-phase junction when
decamethylferrocene, dissolved in the nitrobenzene droplet, becomes electrochem-
ically oxidized. By spectrometrically recording the absorbance at different spots of
the droplet (see Fig. 4.10), concentration-time plots can be derived which can help
to unravel reaction at triple-phase electrodes (Fig. 4.11).

4.1.3 In Situ Electron Spin Resonance Spectroscopy

Many electrochemical reactions involve the formation of radical species, either as
products or as intermediates. In situ electron spin resonance (ESR) measurements
can help in identifying these species, in giving information on their chemical and
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Fig. 4.10 Schematic drawing of the spectroelectrochemical cell with locations of the spectromet-
ric measuring points. Spot (A) is located approximately 0.5 mm and spot (B) approximately 3 mm
away from the junction line [B280]. Copyright 2004 with permission from Elsevier
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Fig. 4.11 The variation of the dmfc* concentration measured close to the three-phase junction
line (curve 1) and in the middle of the droplet (curve 2). The concentration of dmfc in NB was
0.05 mol L™". The concentration of aqueous KNO; electrolyte solution was 0.1 mol L™'. The ITO
electrode was polarized at 0.4 V. The inset shows the spectra of the completely reduced solution
(dmfc) and the completely oxidized solution (dmfc*, ClO;) [B280]. Copyright 2004 with
permission from Elsevier
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Surface attached trans-Cr
(CO),(dpe), to oxidation;
(b) oxidation of trans-Cr
(CO),(dpe), to trans-[Cr
(CO)(dpe)al™; (¢)
regeneration of solid trans-
Cr(CO)y(dpe), by
electrochemical reduction
of trans-[Cr(CO),(dpe),]*; ER—
(d) reoxidation of trans-Cr
(CO),(dpe), to trans-[Cr
(CO),(dpe),]* after
experiment

¢ [B70). Copyright ©1997
with permission from
Elsevier
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physical environment, and thus in elucidating the mechanism of electrode pro-
cesses. As an example, in situ ESR can be utilized for distinguishing if an electro-
chemical oxidation or reduction process of an immobilized compound proceeds as a
pure solid—solid conversion or if it proceeds via the solution phase. The first study
of this kind was the reduction of solid 7,7,8,8-tetracyanoquinodimethane (TCNQ)
and the oxidation of solid organometallic trans-Cr(CO),(dpe), (see Fig. 4.12) by
Bond and Fiedler [B70].

In situ ESR can also be applied to the study of immobilized microdroplets. Thus,
Marken and coworkers have studied the voltammetry of THPD (tetrahexylpheny-
lenediamine, see Sect. 6.1) immobilized on an electrode surface or dissolved in
acetonitrile [B74]. The in situ recorded spectra of the electrochemically oxidized
compound, THPD™", are shown in Fig. 4.13a, b. The difference between the solution
signal and that of the pure redox liquid is clearly visible.

As demonstrated in Fig. 4.13c, transients of the intensity of the ESR signal
versus time can be recorded.


http://dx.doi.org/10.1007/978-3-319-10843-8_6#Sec1
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Fig. 4.13 (a) ESR signal for THPD" recorded during in situ electrolysis of 0.6 mmol L~' THPD
in acetonitrile (0.1 mol L™' NBu4PFg) at E=0.4 V versus SCE. (b) ESR signal for THPD*
recorded during in situ electrolysis of 5 pg THPD deposited on a 1.2 cm? area gold electrode
immersed in aqueous 0.1 M NaClOy,. (¢) ESR signal intensity versus time transient for the ESR
signal described in (b) when a double potential step between £E=0.4 V and O V versus SCE is
applied [B74]. Copyright ©1997 with permission from Elsevier

For both studies, which represent examples for the application of in situ ESR for
the study of the voltammetry of immobilized microparticles and microdroplets,
conventional flat cells'® have been used.

4.1.4 Ex Situ Spectroscopy

Due to the wavelength of the applied radiation, many spectroscopic techniques
require the experiments to be performed under vacuum conditions. This makes
them unsuitable for in situ electrochemical applications. Nevertheless, very often
these techniques are of inestimable value for the study of electrochemical reactions.

13 Piette LH, Ludwig P, Adams RN (1962) Anal Chem 34:916-921
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Among other things, they, for example, allow the determination of the elemental
composition of a sample after an electrochemical reaction.

Scanning Electron Microscopy and X-Ray Electron Probe Microanalysis

The scanning electron microscopy (SEM) and X-ray probe microanalysis are
perfectly suited as a supporting tool for the voltammetry of immobilized micropar-
ticles. The value of this combination, i.e., the imaging of the electrode surface
by SEM and the subsequent single particle elemental analysis, cannot be
overestimated.

SEM measurements can be utilized to obtain information on the morphology of
the electrode surface and the attached microparticles and their changes as a conse-
quence of a voltammetric experiment. It can also be used to determine size and size
distribution of the attached particles. The X-ray microprobe technique, which
allows the qualitative and the quantitative surface analysis down to a spatial
resolution of less than 1 pm—the usual diameter of the electron beam—is based
on the identification and quantification of elements by means of their electron
stimulated characteristic X-ray emission. The detection is usually performed with
an energy dispersive X-ray detector (EDX). A major limitation of X-ray electron
probe microanalysis is its inability to detect lightweight elements.

An example for the utilization of SEM and X-ray electron probe microanalysis
is shown in Figs. 4.14 and 4.15. The first figure represents a surface map depicting
the distribution of Prussian blue microparticles, mechanically immobilized at
a paraffin-impregnated graphite electrode. The single particle analysis of
immobilized and voltammetrically treated Prussian blue particles is shown in
Fig. 4.15. The analysis clearly shows evidence for the insertion of potassium ions
upon reduction of Prussian blue and for the expulsion of potassium upon oxidation.

4.2 Atomic Force Microscopy and Scanning Tunneling
Microscopy

Atomic force and scanning tunneling microscopy are very useful techniques for
direct observation of electrochemical conversions of solid particles immobilized on
electrodes. Bond and Marken [B29] have been the first to apply scanning tunneling
microscopy to make visible the deposit of decamethylferrocene on a basal plane
pyrolytic graphite electrode before and after the electrochemical reaction. In a later
study, they used AFM to detect submicrometer deposits of indigo on the same kind
of electrodes [B72]. In case of solid deposits of Cgo on the surface of a glassy carbon
electrode, electrochemical studies with in situ recording of AFM images allowed
showing that the morphology changes indicate nucleation—growth and redistribu-
tion processes as well as dissolutions of the solid material [B119]. The high
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Fig. 4.14 SEM micrograph
of a paraffin-impregnated
electrode (fop) and SEM
micrograph of Prussian blue
mechanically attached to a
paraffin-impregnated
electrode (bottom)

[B35]. Copyright ©1995
with permission from
American Chemical Society

potential of in situ AFM for the elucidation of electrode reactions of solid particles
was also demonstrated in a study of TCNQ: the authors could prove that the
electrochemical reduction of TCNQ is associated with the formation of well-
formed microcrystals [B124].

The first case where the reaction front of a solid-to-solid electrochemical trans-
formation could be detected was reported by Hasse and Scholz [B184]. This was
possible when a submicrometer-size crystal of a-PbO was subject to a short
reduction pulse that did not allow the entire crystal to be converted to Pb. Figure 4.16
shows a cut through such a partially reduced crystal where the reaction front
appears as a rather steep step.
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Fig. 4.15 Typical
examples for single particle
electron microprobe
analysis of various Prussian
blue samples mechanically
attached to a paraffin
impregnated graphite
electrode. (a) Prussian blue
electrochemically reduced
in 0.1 M KNO;3 at —100 mV
vs. Ag/AgCl for 5 min, (b)
without treatment, (c)
electrochemically oxidized
in 0.1 M KNOs at

+1,100 mV for 5 min
[B35]. Copyright ©1995
with permission from
American Chemical Society

The electrochemical reductive dissolution of goethite (x-FeOOH) has been also
studied by in situ AFM [B276]. In this study, it could be shown that multidomain
and twinned crystals dissolve at less negative potentials than single domain crystals.
Further it was possible to follow the dissolution kinetics of single submicrometer-
size crystals. Although the kinetics of different crystals varied considerably, the
averaged dissolution kinetics agreed very well with what was found earlier in
purely electrochemical studies of rather large assemblies of crystals. Figure 4.17
depicts goethite crystals immobilized on the surface of a gold electrode before and
after reduction at —0.15 V versus Ag/AgCl, a potential where only multidomain
and twinned crystals dissolve.

AFM studies can also provide direct evidence of the role of the three-phase
boundary in an electrochemical reaction. When silver halide crystals, immobilized
on a gold electrode, are reduced to silver, this reduction starts at the three-phase
boundary gold-silver halide solution. When the silver halide crystal is only partially
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Fig. 4.16 Cut through the nm
AFM image of a a-PbO 250
crystal recorded after a 1 s

reduction at 0.695 V versus
Ag/AgCl. The crystal was

deposited on a gold Pb
electrode and the electrolyte 0
ona 1 mol L™' KCl solution

[B184]. Copyright ©2001

with permission from

Elsevier

PbO
reaction front ———>

-250 T T T
0 0.50 1.00 1.50

um

reduced during a short reduction pulse, and the remaining silver halide is dissolved
with an ammonia solution, a ring of metallic silver is visible in the AFM image right
at the place of the three-phase boundary (Fig. 4.18) [B278]. In this study, it has been
shown that the reduction of silver halide crystals of submicrometer size proceeds
considerably different than the reduction of much larger crystals: in the case of the
small size crystals, the reduction converts a surface layer of the silver halide
crystals to silver metal. The average thickness of this silver layer is remarkably
constant: around 8 nm in case of AgCl, 8.8 nm in case of AgBr, 9.5 nm in case of
Agl, and 9.14 nm in case of AgBr(oslpos. This corresponds in all cases to the
formation of 16-21 atomic layers of silver. In no case, there has been a filamentous
growth of silver for submicrometer-size silver halide crystals; however, this was
observed in case of crystals of several micrometer sizes. Of course, the filamentous
growth has been known since long to be the typical growth feature in silver halide
photographic development. The authors of [B278] concluded that the “surface
silvering” of the submicrometer-size crystals is the result of the specific mass
transfer conditions: the surface reduction is obviously undisturbed by dislocations
on the crystal surface. In the case of large crystals, the surface transformation will
reach screw dislocations on the crystal surface where the mass transport of silver
ions is very fast and the growth pattern changes from a surface layer formation to a
whisker growth (see Fig. 4.19).

Very interesting results have also been obtained in studies of the electrochemical
oxidation of nanocrystals of silver in an electrolyte solution that contained iodide
ions [B279]. When the AFM image was focused on one single silver crystal, in
many cases it disappeared from observation. In a few cases where the crystals did
not disappear, their volume growth exceeded the theoretically expected value for a
reaction in which Ag is oxidized to Agl by a factor of about 4! Figure 4.20 shows
such a silver crystal and the resulting silver iodide crystal. The volume increased by
a factor of 14. To understand the phenomenon, the AFM images were recorded in a
range to cover many silver crystals. Figure 4.21a shows a gold electrode with an
array of silver crystals. When they were oxidized to Agl, most of them disappeared
and only a small number of Agl crystals grew (cf. Fig. 4.21b). The explanation of
this phenomenon is that the oxidation of the silver nanocrystals first produces an
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Fig. 4.17 AFM images of
goethite crystals
immobilized on a gold
electrode before (fop) and
after (bottom) a reduction at
—0.15 V versus Ag/AgCl.
The arrows indicate
multidomain and twinned
crystals [B276]. Copyright
©2003 with permission from
Elsevier
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oversaturated Agl solution from which only a few but large Agl crystals grow. The
number of Ag crystals in Fig. 4.21a was 2036 and the number of Agl crystals in
Fig. 4.21b was only 27! However, when the volumes of all silver crystals and the
volumes of all Agl crystals were calculated, it turned out that the overall volume
increase was 3.8, which is very near to the theoretical value of 3.9. Figure 4.22
shows a similar experiment in which silver nanocrystals have been oxidized to
silver bromide. Also in this case the number of AgBr crystals was very much
smaller than the initial number of silver crystals, the ratio of the volumes being
close to the theoretical value only when integration over all crystals of the image
was performed. These in situ AFM studies proved that the oxidation of immobilized
silver nanocrystals indeed proceeds via a detectable oversaturated Agl and AgBr
solution, respectively.

This was the first clear observation of an electrochemical solid-to-solid trans-
formation to proceed via the solution phase.
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Fig. 4.18 Atomic force micrograph of a silver bromide crystal with 5 mol% iodide immobilized
on a gold electrode after a reduction at =700 mV versus Ag/AgCl (3 mol L~" KCI) for 20 s and
dissolving the remaining silver halide with 5 mol L~! ammonia [B278]. Copyright 2004 with
permission from Springer
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Fig. 4.19 Schematic drawing of the reduction of a silver halide crystal to silver: (a) Surface
silvering of submicrometer-size crystals (initial stage). (b) Whisker growth following the initial
formation of silver near the three-phase junction after prolonged electrolysis of a large crystal. The
arrows indicate the transport of silver ions to the silver—silver halide interface [B278]. Copyright
©2004 with permission from Springer
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40.0 nm

40.0 nm

Fig. 4.20 (a) Silver nanocrystal immobilized on a gold electrode before oxidation. (b) The
resulting silver iodide crystal formed during an oxidation at £E=0.15 V versus Ag/AgCl for
100 min. Electrolyte solution: 10~* mol L™ KI and 0.1 mol L' KNO; [B279]. Copyright
©2004 with permission from Elsevier

The above-discussed examples clearly show that AFM/STM can provide
extremely important information on the course of solid-state electrochemical reac-
tions of microparticles. The main problem of the experiments is certainly the
procedure to immobilize the particles on suitable electrode surfaces. Many exper-
iments are usually necessary to find the suitable immobilization technique for a
special system. When the crystals are of a size in the range between 50 and
1,000 nm, very good results can be obtained with gold and platinum electrodes
that are commercially manufactured by sputtering these metals on a chromium
layer on quartz [B276, B278]. The optimum immobilization procedure was the
evaporation from very dilute suspensions of the crystals in water or organic liquids
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Fig. 4.21 (a) Array of immobilized silver nanocrystals before oxidation and (b) array of the
resulting Agl crystals after oxidation of the silver at E=0.15 V versus Ag/AgCl for 5 min.
Electrolyte solution: 10~ mol L™ KI and 0.1 mol L™ KNOs [B279]. Copyright 2004 with
permission from Elsevier

onto the electrodes. Mostly, the suspensions that did not settle after 5-10 min
contain crystals of a suitable size.

AFM imaging of crystal aggregates of organic compounds provides evidence of
changes in the size of the solid particles upon application of reductive and oxidative
potentials. Figure 4.23 shows topographic maps of in situ AFM images from the
upper face and sides of crystals of indigo attached to a graphite plane in contact with
aqueous acetate buffer before (a, c) and after (b, d) application of a linear potential
ramp from 0.0 to +0.75 V with a potential scan rate of 10 mV s~'. Under these
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[ o | 80.0 nm
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Fig. 4.22 (a) Array of immobilized silver nanocrystals before oxidation and (b) array of the
resulting AgBr crystals after oxidation of the silver at E=0.20 V versus Ag/AgCl for 5 min.
Electrolyte solution: 10~* mol L™ KBr and 0.1 mol L™ KNO; [unpublished results, Hasse U,
Scholz F]

conditions, the dye is oxidized to dehydroindigo in a two-proton, two-electron
process [B72, B319, B320], i.e., a process similar to those of anthraquinonic,
naphtoquinonic, and flavonoid dyes [B321, B322] which have also been studied
by AFM. The image shows an agglomerate of indigo crystals sized ca. 1 x 0.5 pm
which, after application of the oxidation potential, exhibits an apparent erosion of
several regions at the lateral sides, while other regions become apparently extended.
The maximum extent of the distortions of crystals can be estimated as long as
ca. 50-80 nm, but the progress of the electrochemical reaction was apparently
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Fig. 4.23 AFM images (a, b) and topographic maps (c, d) of indigo crystals adhering to a graphite
plate in contact with 0.50 mol L! aqueous acetate buffer before (a, ¢) and after (b, d) application
of a linear potential scan from 0.00 to +0.75 V with a sweep rate of 10 mV s~' [B320]. Copyright
©2008 with permission from Elsevier

lowered with increasing time, thus suggesting that no reductive/oxidative dissolu-
tion processes occur [B320]. The electrochemical process can be viewed as a
topotactic formation of a layer of dehydroindigo at the lateral faces of the indigo
crystals, the different density of the phases, resulting from the different
intermolecular hydrogen bonding system, explaining the apparent size changes.
Comparable features were obtained by applying reductive steps on micropar-
ticulate deposits of organic compounds. Figure 4.24 shows the AFM images of a
deposit of crystals of clonazepam, a widely used benzodiazepinic anxiolytic, on
graphite plate in contact with aqueous acetate buffer before and after application of
a reductive potential step between 0.00 and —0.65 V at 10 mV s'. Under these
conditions, the drug displays a solid-state, proton-assisted cathodic process pre-
sumably involving the one-electron reduction of the —-NO, group [B323,
B324]. The image shows clonazepam crystals of ca. 1-pm size which shrink in
several regions of the lateral sides. Such features, which were not observed in blank
experiments performed at clonazepam deposits in contact with acetate buffer but
without application of potential changes, can be attributed to a crystal contraction
presumably associated with a topotactic solid-state transformation. Upon
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Fig. 4.24 AFM images of
clonazepam crystals
adhering to a graphite plate
in contact with

0.50 mol L™! aqueous
acetate buffer (a) before and
(b) after application of a
linear potential scan
between 0.00 and —0.65 V
atasweeprate of 10 mV s~
[B323]. Copyright ©2013
with permission from
Elsevier
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application of a potential step from 0.0 to —1.0 V, however, the size of the crystals
grows, associated with a lateral expansion, as can be seen in Fig. 4.25. At these
potentials, the C=0 and C=N units of clonazepam are reduced to —OH and —-NH
groups, respectively [B323]. This could explain the lateral expansion of the crystals
as a result of the modification of the lattice parameters due to the formation of
additional intermolecular hydrogen bonds.

4.3 Scanning Electrochemical Microscopy

Scanning electrochemical microscopy (SECM)'* has also been applied for moni-
toring solid-state electrochemical processes. Thus, Bond et al. have recently mon-
itored the solid—solid interconversion of TCNQ into CuTCNQ using the substrate
generation tip collection mode [B325]. In the presence of aqueous Cu**-containing
solutions, TCNQ yields solid CuTCNQ whose subsequent oxidation does not
involve simple expulsion of copper ions into solution but a soluble complex
attributed to Cu2+TCNQ_(aq). A mechanistic understanding of the electrochemical
conversion of CuTCNQ phase I into phase II by repetitive potential cycling
and electrochemical formation of KTCNQ was established with the help of
SECM. This technique has also been used to characterize praseodymium centers
in praseodymia-doped zirconias [B326] and praseodymia-doped zircons
[B327]. Here, differential electrocatalytic effects were monitored on the basis of
the redox competition [B328] SECM mode. The current was recorded flowing
through the tip electrode close to the substrate electrode where the solid redox
probe was immobilized. Several authors have recently used this technique for
mapping and visualizing the electrocatalytic activity of nanoparticle-laccase thin
film [B329] and microstructured metal hexacyanoferrates [B330]. Figure 4.26 com-
pares the images of Prussian blue spots deposited on a glassy carbon slide, in
contact with H,O, solutions in PBS at pH 6.0 upon application of different
potentials to the substrate electrode. After background subtraction, clear differences
were obtained in the catalytic effect depending on the applied potential, as indicated
by variations of the tip current, also reflected in local variations of the same [B330].

If the Prussian blue spot is covered by a layer of enzyme glucose oxidase
embedded in a polymer matrix and immersed in a glucose solution, the tip current
profiles vary with the position over the spot as shown in Fig. 4.27. Under these
conditions, the tip is sensitive to the H,O, generated from the enzyme-assisted
oxidation of glucose. Local variations of the tip current are associated to the
corresponding variations of the enzyme distribution and become sensitive to the
potential applied to the substrate electrode.

4 Bard AJ, Mirkin MV (eds) (2001) Electrochemical microscopy. Taylor & Francis, Boca Raton,
FL
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Fig. 4.25 AFM images of a
microparticulate deposit of
clonazepam adhered to a
graphite plate in contact
with 0.50 mol L™" aqueous
acetate buffer (a) before and
(b) after application of a
linear potential scan
between 0.00 and —1.00 V at
a sweep rate of 10 mV s™'
[B323]. Copyright ©2013
with permission from
Elsevier

4 Hyphenated Techniques

4.4 Electrochemical Quartz Crystal Microbalance

One of the most versatile and hence widespread hyphenated techniques for the
interrogation of electrode processes is the electrochemical quartz crystal microbal-
ance technique, EQCM. This technique allows to continuously monitor mass
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changes at an electrode surface with a sensitivity of few nanograms by means of
tracking the frequency of the resonator, a gold-coated quartz crystal, which at the
same time serves as the working electrode in the electrochemical experiment.
EQCM measurements have been widely used for studies of all kinds of monolayer
and multilayer depositions and dissolutions, mass transport in polymer films on
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Fig. 4.27 Visualization of local activity of a polymer/glucose oxidase spot covering a Prussian
blue spot deposited on glassy carbon electrode in contact with 100 mM glucose solution in PBS,
pH 6.0. Potentials applied to the substrate electrode were (a, b) +0.275 V; (c, d) +0.175 V.
Conditions such as in Fig. 4.26 [B330]. Copyright ©2009 with permission from Elsevier

electrodes, corrosion processes, etc.'” Basically, EQCM measurements can easily
be applied to the study of microparticles. The method is readily available and does
not need special adaptation to the voltammetry immobilized microparticles. The
simplest procedure to stick a powder sample onto a quartz crystal electrode is by
using a cotton swab and gently rubbing a small amount of the solid onto the
electrode. Alternatively, organic compound microcrystals can be attached via
evaporation of the dissolved material from a volatile solvent (see Sect. 3.2).

One of the major domains of EQCM in the voltammetry of immobilized particles
is the interrogation of electrochemically driven solid-to-solid transformations, which
are generally accompanied by the charge-compensating ion transfers between the
electrolyte phase and the solid. Here, EQCM helps in identifying the nature of the
transferred ions. In the first study utilizing EQCM, Shaw and coworkers investigated
the electrochemistry of nonconducting microcrystalline particles of trans-Cr
(CO)x(dpe), and [trans-Cr(CO),(dpe),]* (dpe = Ph,PCH,CH,PPh,) attached to

15 See, for instance, Buttry DA (1991) Applications of the quartz crystal microbalance to electro-
chemistry. In: Bard AJ (ed) Electroanalytical chemistry, vol 17. Dekker, New York
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gold electrodes [B53]. From a combination of voltammetric measurements, EQCM
experiments (see Fig. 4.28), and EDX data (see Sect. 4.1.3), the authors proved a
reaction mechanism involving the incorporation of non-solvated anions into the solid
upon oxidation and their expulsion upon reduction. EQCM also revealed a rapid ion
exchange process when trans-[Cr(CO),(dpe),]*X salts were immersed into electro-
lyte solutions containing other anions than that contained in the attached solid.

Since the first application of the EQCM in the voltammetry of microparticles, a
wealth of studies have been published, including the electrochemical interrogation
of tetrathiafulvalene, TTF [B54], TCNQ [B101], of C-60 fullerenes [B154],
iodopentacarbonyl chromium(0) [B65], of solid complex cyanides (e.g., [B33,
B35, B96, B136]), and of photoactive ruthenium [B102] and manganese [B128]
complexes. In the latter study, the authors demonstrate that EQCM measurements
can be conveniently combined with photoelectrochemical experiments. For that, an
adapted electrochemical cell has been presented as shown in Fig. 4.29.

The application of EQCM for studying immobilized microdroplets is less
straightforward. First of all, the viscoelasticity of immobilized droplets does not
allow applying the Sauerbrey equation and thus to easily quantify the mass changes
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Fig. 4.29 Schematic diagram of an EQCM cell used in photochemical experiments
[B128]. Copyright ©1999 with permission from American Chemical Society

at the electrode surface. Especially reactions at immobilized redox liquids—gen-
erally accompanied by ion expulsion or uptake—Ilead to considerable changes of
the phase properties like the viscoelasticity of the liquid. Here it is very difficult to
distinguish between frequency effects caused by mass changes and those caused by
viscoelasticity changes.

4.5 In Situ X-Ray Diffraction

In situ X-ray diffraction is a well-established technique for studying the phase
transformations in solid-state electrochemical reactions. However, due to the fol-
lowing reasons, the application to microparticles immobilized on electrode surfaces
is not simple: (1) the overall amount of immobilized substance is usually very
small, (2) the electrolyte solution adjacent to the electrode surface diminishes the
X-ray intensity, and (3) for technical reasons, the X-ray diffraction can be measured
only in reflection mode. Until now, there is only one publication in which an in situ
X-ray diffraction study has been described with microparticles immobilized on an
electrode surface [B36]. Figure 4.30 shows the cell construction.

The electrochemical cell was made of polyacrylic with a window made of X-ray
amorphous polystyrene foil. The working electrode was a PIGE that was situated in
such a way that the circular surface of the electrodes was parallel to the foil and in
the axis of the diffractometer. The distance between the foil and the electrode
surface must be kept small, because otherwise no X-ray reflections are observed
owing to absorption by the electrolyte solution. With the help of this cell, the
electrochemical reduction of red PbO (litharge) and that of Pb(OH)CI (laurionite)
has been studied by scanning only a very small angle range simultaneously to the
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Fig. 4.30 Electrochemical cell for in situ X-ray diffraction. AE auxiliary electrode, RE reference
electrode, WE working electrode [B36]. Copyright ©1995 with permission from Elsevier

electrochemical conversion. Figure 4.31 shows the voltammogram of PbO reduc-
tion and the simultaneously recorded reflections of PbO and Pb. The latter prove
that, on the time scale of the experiment, there is a simultaneous decrease of PbO
reflections and increase of Pb reflections. That means that the reaction does not pass
through a range where the metallic lead exists in an X-ray amorphous state. This,
however, was evident when Pb(OH)Cl was reduced to lead. Figure 4.32 shows the
linear scan voltammogram of Pb(OH)CI reduction and the corresponding in situ
X-ray diffraction signals. The figure proves that the reduction of Pb(OH)CI pro-
ceeds via an amorphous phase that slowly recrystallizes. The simultaneous growth
of lead crystals in the course of reduction of tetragonal PbO has later also been
studied by in situ AFM (see Sect. 4.2), where indeed it was possible to see that this
transformation proceeds without disintegration of the crystal.

The in situ X-ray diffraction of immobilized microparticles has certainly a large
potential, provided that high intensity X-ray sources are applied.
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Fig. 4.31 Electrochemical
reduction of red tetragonal
PbO (litharge) in situ
coupled with X-ray
diffraction. PbO was
mechanically attached to
the surface of a PIGE,
electrolyte 1 mol L™' KCl:
(a) linear sweep
voltammogram (scan rate
0.1 mV s7Y); (b) diffraction
signal pairs between —0.5
and —0.8 V are due to PbO
(d=2.51 A), signal pairs
between—1.1 and —1.5 V are
due to Pb (d =2.48 A); (¢)
enlarged part of (b) showing
the simultaneous decrease
in the PbO reflection and the
increase in the Pb reflection
[B36]. Copyright ©1995
with permission from
Elsevier
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4.6 In Situ Calorimetry

Calorimetric measurements were the basic experiments to establish the fundamen-
tals of chemical thermodynamics. In the nineteenth and twentieth centuries, elec-
trochemical thermodynamics was developed and the relations between calorimetric
and electrochemical data were discovered. Very often, electrochemical measure-
ments give much more facile and reliable access to thermodynamic data. In theory,
these are two equally suited methods for obtaining the same information. Hence,
one might ask why one should attempt an in situ measurement of thermal effects of
electrochemical reactions. Historically such measurements were of importance to
give experimental proof for the interrelation between electrical and caloric data. But
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Fig. 4.32 Electrochemical
reduction of orthorhombic
Pb(OH)CI (laurionite) in
situ coupled with X-ray
diffraction. PbO was
mechanically attached to
the surface of a PIGE,
electrolyte 1 mol L™' KCl:
(a) linear sweep
voltammogram (scan rate
0.1 mV s7Y); (b) diffraction
signal pairs between —0.3
and —0.65 V are due to Pb
(OH)CI (d=2.52 A), signal
pairs between —0.9 and —
1.3 V are due to Pb
(d=2.48 A); ¢ enlarged part
of (b) showing a potential
(time) range with an
amorphous phase

[B36]. Copyright ©1995
with permission from
Elsevier
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even nowadays, there are still reasons for performing in situ calorimetry—electro-
chemistry: in the case of reversible electrochemical reactions, the calorimetric data
give unambiguous proof or disproof for the correctness of the electrochemical data.
The other good reason for such a combination is the study of irreversible systems,
because it makes the irreversible heat effects accessible.

To study the heat effects of electrochemical reactions of immobilized micropar-
ticles, special electrodes have had to be developed so that the minute temperature
effects, usually in the mK range, can be recorded with sufficient reliability. Fig-
ure 4.33 depicts thermistor electrodes that allowed measurements with amounts of
5% 107 up to 5 x 107 mol of solid metal hexacyanoferrates.
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Fig. 4.33 (a) The thermistor electrode: (A) electric wires, (B) glass tube housing, (C) thermistor
element; (b) the thermistor electrode with graphite cylinder D; (c) the thermistor electrode with
gold wire electrode D [B219]. Copyright 2002 with permission from Elsevier

The solid microparticles have been immobilized either on a very small graphite
cylinder (made from a paraffin-impregnated graphite rod) or on a gold wire coil.
The graphite cylinder and the gold coil were fitted to the thermistor that was housed
in a glass tube. To calibrate the thermistor electrode, a Kanthal wire (22.3 Q m™!
and isolated with a 0.004-mm-thick polyamide film) was wound around the graph-
ite cylinder.

The heat release or absorption occurs at the surface of the electrode, because that
is where the electrochemically active compound is immobilized. To quantify this
heat, it is necessary to understand the relation between the thermal balance and the
temperature, as the latter is the measured quantity. For calculating the amount of
heat that corresponds to a certain change in temperature, the thermal behavior of the
thermistor electrode has to be modeled. Figure 4.34 shows the heat production and

Fig. 4.34 The heat

Q produced at the electrode
surface is transferred partly
to the thermistor element
(Q,) and partly to the
solution (Qy,)

[B219]. Copyright ©2002
with permission from
Elsevier
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dissipation at the electrode. One part of the heat will flow to the thermistor by heat
conduction, while some other part will be lost to the electrolyte solution, partly by
convection. The temperature profile at the electrode can be estimated using the
following assumptions: in principle, heat transport from the electrode surface to the
solution could occur via free convection. However, an analysis of the hydrody-
namic conditions showed that at least 100 times more heat is exchanged by
conductance than by convection to the solution. To model the heat transfer at the
thermistor electrode, it is necessary to calculate the ratio of heat transfer by
conduction in the solid parts to the amount of heat transported by conduction into
the solution. Because of the very high heat conductivity of the graphite and the low
heat conductivity of water, the electrode will be the so-called lumped system, i.e.,
the temperature in the electrode will be uniform. Within the thermistor element, a
logarithmic temperature drop will occur, as is known to occur for radial heat
conduction in cylinders. Figure 4.35a depicts the most probable temperature profile
at the thermistor electrode, and Fig. 4.35b, ¢ depict two different models that have
been used in the calculations.

Figure 4.35b depicts the assumed temperature profile in model I. In this model,
the heat balance is

Qacc,electrode =P - Qloss (43)

where Q,cc.electrode 1S the heat accumulated in the electrode, P is the produced heat,
and Q. 18 the heat lost via the electric contact and convection. These two values
can be calculated as follows:

Qacc,electrode = mCP (dT*/dt) (44)
and
Qloss = KT* (45)

where T* is the temperature change with respect to the solution temperature
(T* =Tt —Ts, Tt is the temperature of the thermistor and Ty that of the solution),
K is a global heat transfer coefficient due to conduction and convection, and mCj, is
the heat capacity of the thermistor electrode, i.e., the sum of all heat capacities of
the different parts of the thermistor electrode. From Eqgs. (4.3)—(4.5), a first-order
differential equation is obtained:

mC,(dT* /dr) = P — KT (4.6)

The solution of this equation for 7#* =0 at t =1, is
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Fig. 4.35 (a) Temperature
profile at the thermistor
electrode: T, temperature in
the thermistor element; T,
temperature within the
electrode; Ts, temperature
within the solution. (b)
Assumed temperature
profile in Model I. T* is the
homogeneous temperature
in the electrode and the
thermistor element and the
glass shaft separating both.
TS is the temperature in the
solution. (¢) Assumed
temperature profile in
Model II. TE is the
homogeneous temperature
in the electrode, T is the
homogeneous temperature
in the thermistor element,
and TS is the temperature in
the solution

[B219]. Copyright ©2002
with permission from
Elsevier
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(1 - e00) )

where % is the reciprocal time constant of the temperature response. The param-
P

eters of this equation can be determined as follows: when the heat pulse is sufficient
to establish a steady-state temperature T, this value equals P/K. Since P is known
in a calibration experiment, K can be easily calculated from T, With T follows

from Eq. (4.7)
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ln<1 — ;—) = —L(z ) (4.8)

st me

This equation allows the determination of K/mC, from a linear regression. Both
constants K and mC,, have to be determined for each experiment (each electrode
preparation) as minute differences in the electrode assembly will influence their
values.

In model II, it was assumed that the temperature within the thermistor electrode
is not homogeneous, but, due to the lower heat conductivity of glass (=1.2 W/m K),
the temperature within the thermistor element will be lower than within the
electrode. Figure 4.35¢ depicts this model. The heat balance was assumed as

Qacc,electrode =P QT - Qloss,l (49)

where Q,cc electrode 15 the heat accumulated in the electrode, P is the heat produced,
O is the heat exchanged with the thermistor, and Q. is the heat lost via the
electric contact and convection. The heat balance for the thermistor is

Qacc,lhermistor = QT - Qloss,Z (410)
The differential equations for the two heat balances are

dT;
tE:Ple(TEfT*) — K, Ty, (4.11)

me,E

dr*
dr

mCp.1 =K (Tg — T*) — K3T§, (4.12)

with Tj; = Tg — T (Tg is the temperature of the electrode and T the temperature of
the solution bulk). In these equations, K; and K, are the heat transfer coefficients at
the thermistor—electrode interface and for the heat loss at the electrode via wires and
convection, respectively. K3 is the coefficient for the heat transfer from the therm-
istor to the glass, electric wires, and loss by convection. mCp g and mCp 1 are the
heat capacities of the electrode and the thermistor, respectively. All these param-
eters are unknown. From Egs. (4.11) and (4.12), the following second-order differ-
ential equation with three unknowns is obtained:

d’r* dr* i}
N —|—alﬂ+azT = a3P (4.13)

The new parameters a;, a,, and a3 are combinations of the heat capacities and heat
transfer coefficients. The solution of Eq. (4.13) is as follows:

T* = Ty + A1e®(70) 4 Aye(=0) (4.14)
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where Ty is the steady-state temperature, a; and a, (a;# @) are constants
depending on a; and a,, and A; and A, are constants that have to fulfill the initial
conditions. The following equations show the interrelation of these values:

P
Ty =50 (4.15)
a1
ap :—ﬂ—f— a—%—az (416)
2 4
2
a) aq
=4 A 4.17
a 5 1@ (4.17)

A comparison of Egs. (4.14) and (4.7) shows that Eq. (4.14) contains an additional
exponential term. Since the thermistor electrode is a system with a finite mass and
heat capacity, the initial conditions have been assumed to be 7% =0 and dd—T: =7.
Plotting the experimental data as % = f(¢) for different electric powers showed that
there is a power independent value of % at the start of the heating pulse. This can be
explained by the fairly high heat conductivity of the graphite electrode. With these
experiments, an initial value % = y was determined that was used for solving the
differential equation. Figure 4.36 shows the experimental data and the simulation
curve. The latter exhibited a very good fit of the experimentally observed behavior
of the thermistor electrode. For the determination of the parameters, it is important
to use the temperature data before the electrode attains a steady state. Assuming
n layers surrounding the thermistor, the calculation affords a system of differential
equations that can be presented as a matrix:

dT*/dt = AT + P (4.18)

Fig. 4.36 Comparison of
the experimental
temperature-time curve
(dots) with the calculated
temperature-time curve
based on model II. The heat
pulse had a power of

38.08 uW, a duration of
300 s, and the parameters
were estimated as follows:
/s =—1/3.809 and a/s”
'=_1/19.33 s ‘ : i :
[B219]. Copyright ©2002 300 320 340 360 380 400

with permission from

Elsevier time/s
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where T* is the vector of temperatures, A is the (n x n) matrix of the thermal

properties of the layers, and P is the vector of heat production.
The integral solution is

T — Ts L Z“l exp <__) (4.19)

where 7 is a constant.

Due to the finite amount of electroactive compound immobilized on the therm-
istor electrode, no steady-state response is attained and the calculation of heat
produced or consumed is more complex. For that it is necessary to use differential
equations. Since the power applied in calibration experiments was denoted as P,
O will be used to denote the heat change of an electrochemical reaction. Equations
(4.6) and (4.13) have to be solved for the two models. The parameters have been
determined in calibration experiments. To calculate the amount of heat associated
with the electrochemical reaction, two different methods can be used, i.e., the
differential method and the integral method. The differential method based on
model I requires the determination of the parameters K and mC,, as well as the
first time derivative of temperature, since Eq. (4.6) will be used in the form

Q(t) = KT + mCydT /dt (4.20)

In the case of model II, the parameters a;, a,, and as, as well as the first and second
time derivatives of the temperature, are necessary, since Eq. (4.13) will be used in
the form

1 &°T adT @,

—_—— 4.21
as dr? as dl as ( )

o) =

Application of the differential method is associated with a number of errors, i.e.,
errors in the determination of the parameters and errors due to the derivations. The
advantage of the differential method is that it yields the heat transients. The integral
method allows the calculation of the time derivatives of temperature to be avoided.
Equations (4.20) and (4.21) can, in principle, be solved with the Runge—Kutta
method or by Fourier transformation. However, to obtain a clear insight into the

role of the different parameters, it is convenient to use the relation Q(r) = % in
Egs. (4.20) and (4.21), which allows to write for model I
dg = KTdt + mC,dT (4.22)

and for model II

1 /
dg = —d7’ + 24T + 2Tt (4.23)
as as as
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with T = %, Integration of Eqgs. (4.22) and (4.23) within certain limits allows the
calculation of the heat change within these limits:

5]
q= KJ Tdt + mCp(T; — T1)(model ) (4.24)
4l
1 / / aq ap t2
q9= —( 2 Tl) +—(T2 = T1) +—| Tdr (modelll) (4.25)
as as as f

From a comparison of these two equations, it follows that K in model I and a,/a; in
model II are identical. The heat produced in an electrochemical reaction is the sum
of the electrochemical Peltier heat and the irreversibly exchanged heat. The latter is
at least the Joule heat and that associated with a possible overvoltage:

Q([) = QPeltier(t) + QJoule + Qovervoltage (426)

o(t) = gj +RI> +nl (4.27)

where 1 is the molar Peltier heat, R the solution resistance (and also the resistance
of the solid compound when the current / flows through it), and # the overvoltage of
the electrochemical reaction. There is a simple way to determine the irreversible
heat in these experiments because the Peltier heats of the oxidation and reduction
must have equal absolute values but opposite signs, whereas the irreversible heat
will have the same sign and absolute value. A measurement of the heat associated
with the oxidation and subtraction of the heat associated with reduction thus gives
the irreversible heat. Of course, small scan rates and small amounts of substance,
i.e., small currents, will reduce the irreversible heat effects. Experimentally it was
shown that the parameters of model I and model II do not depend on the amount of
heat released. To quantify the heat of an electrochemical reaction, there are two
possibilities: the integral method depends only on parameter K and is applicable to
model I and II. For application of model II, the value a,/a; was determined as
K using model I. The differential method was not applied to model II because of the
severe errors involved in calculating the second time derivative of temperature.
Using the differential method and model I, the smaller time constant of model II,
i.e., — 1/a; was used because mC,/K, which is the time constant of model I, is a too
bad estimate when relatively fast temperature changes occur. mCp/K is a good
estimate only for slower temperature changes. (The time constants of the gold coil
electrode are about one order of magnitude smaller than those of the graphite
electrode. Hence the gold electrode lends itself for studies with faster potential
scan rates.) Table 4.1 gives electrochemical Peltier coefficients in J/C for the
oxidation and reduction of copper(Il) hexacyanoferrate(Il) immobilized on the
graphite surface of the thermistor electrode, using a 0.1 M KNOj electrolyte
solution, for different scan rates and calculated with the integral as well as the
differential method. The relation between the molar Peltier heat and the Peltier
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Table 4.1 Electrochemical Peltier coefficients © for copper(Il) hexacyanoferrate(Il) as deter-
mined at different scan rates

Integral method Differential method
Scan rate (mV s™) Tox J C7Y Trea J C71) Tox J C7H Tirea T C)
1 0.1953 0.1910 0.1911 0.1972
2 0.1913 0.1937 0.1934 0.1921
5 0.1904 0.1983 0.1957 0.1945
10 0.1943 0.1927 0.1983 0.1927
20 0.1713 0.1776 0.1943 0.1936
50 0.1478 0.1437 0.1989 0.1924

Electrolyte 0.1 M KNO; [B219]

coefficient & is I =nzF. The entropy change follows as ASicaction=11/T. The
entropy change at an electrode has two sources, the reaction entropy and the transfer
entropy of electrons and ions. The transfer entropy was assumed to be zero as a first
approximation. From the table, it follows that the integral method yields reliable
data up to 10 mV s~', whereas at higher scan rates, deviations are serious and the
differential method has to be used. It seems that at scan rates above 10 mV s’l, an
overlapping between the released and consumed heat occurs. The data given in
Table 4.1 clearly show that the irreversible heat must be negligible as the Peltier
coefficients for oxidation and reduction are almost identical and show no systematic
differences. Figure 4.37 depicts a cyclic voltammogram of a graphite thermistor
electrode with immobilized copper(Il) hexacyanoferrate(II) and the corresponding
thermogram. The two traces, taken together, provide a clear picture of the electrode
process. In the cyclic voltammogram, the absolute peak currents of oxidation and
reduction are equal, indicating reversibility.

The maximal change in temperature was 3 mK, corresponding to a current
of about 0.2 mA for the following reaction: {KCu[Fe(CN)gl}s+K" g +e€”
= {K,Cu[Fe(CN)g]}s . The subscript s denotes the solid phase and the subscript
aq indicates that this ion is dissolved in the aqueous phase. From Fig. 4.37, it

03
02 4
Fig. 4.37 Cyclic
voltammogram (solid lines) s
and thermogram (dotted
lines) recorded g 99
simultaneously at a graphite =
thermistor electrode with 0.1 4
immobilized copper
(IT) hexacyanoferrate(IT). 02 +
The scan rate was 10 mV s~ G
[B219]. Copyright ©2002 03 T T T T T T

with permission from
Elsevier E/V vs. SCE



76 4 Hyphenated Techniques

follows that the oxidation is endothermic, while the reduction is exothermic. The
thermogram allows a rough estimate of the time constant by measuring the time
delay between the current and temperature peaks. This time delay is about 3 s in
the example shown.

The described thermistor electrode has been applied for the determination of the
standard entropies of insertion electrochemical reactions of solid metal hexacyano-
ferrates. For that purpose, the standard entropies have been additionally determined
by temperature variations of a thermostated cell. Table 4.2 gives the published data.
A comparison of the data of different metal hexacyanoferrates and for sodium and
potassium ions as inserting ions shows that the desolvation of the inserting ions

Table 4.2 Standard reaction entropies of copper(II) and iron(IIT) hexacyanoferrate as determined
with the help of the thermistor electrode and with a temperature variation of a thermostated cell
(hcf =hexacyanoferrate) [B220]

AS° (J mol™ K1) as AS® (J mol™' K™ as determined by
determined with the help of the | temperature variation with the help of
Reaction thermistor electrode the thermostated cell
Fe(IIT)hcf(III): —41.0 -37.6

red. of Fe(ITI),
K* insertion
Fe(HI)hcf(Il): 39.8 -
oxid. of Fej,(II),
K* insertion
Fe(IIl)hcf(Il): red. | —42.1 -
of Fey(II), K*
insertion
Fe(IDhcf(I): oxid. | 40.8 -
of Fey (1), K*
insertion
Cu(IDhcf(II): 40.0 38.6
oxid. of Fey,(II),
K* insertion
Cu(IDhcf(ID): 72.0 -
oxid. of Fej(II),
Na* insertion
Ni(IDhcf(ID): oxid. |- 32.8
of Fey(IT), K*
insertion
Ni(IDhcf(ID): oxid. |- 72.4
of Fey,(II), Na*
insertion
Co(IDhcf(II): - 45.3
oxid. of Fe(II),
K* insertion
Co(IDhcf(ID): - 66.6
oxid. of Fey(II),
Na* insertion
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Fig. 4.38 (a) Cyclic
voltammogram (solid line)
and thermogram (dotted
line) plotted as function of
time for the second cycle of
oxidation reduction of
copper(Il) hexacyanoferrate
(II). AT is the temperature
difference between the
thermistor and the
electrolyte solution. (b)
Cyclic voltammogram
(solid line) and heat versus
time curves for the second
cycle of oxidation—
reduction of copper

(IT) hexacyanoferrate(II).
Electrolyte 0.1 M KNO3,
scan rate 50 mV s~
[B220]. Copyright ©2002
with permission from
Elsevier

seems to give the major contribution to the entropies of the overall electrochemical
process.

This chapter demonstrates that in situ calorimetric studies of electrochemical
reactions of solid microparticles are possible with extremely small amounts of
compounds. This is an advantage, because at least in some cases, similar measure-
ments with large quantities of compounds are impossible, since the reaction rate
would be much too small to achieve a complete conversion in a reasonable time
span. This advantage is obvious from Fig. 4.38, where voltammograms and simul-
taneous thermograms are shown that were recorded with a scan rate of 50 mV s,
with which a complete conversion of the entire immobilized compound has been
achieved.
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Chapter 5
Immobilized Particles

The first prerequisite for studying the electrochemistry of particles immobilized on
an electrode surface is their insolubility in the used electrolyte solution. Of course,
no particle is absolutely insoluble, and so it is a matter of a practical viewpoint what
solubility can be tolerated. There is no general answer to this question; however, it
makes sense to discuss here only those compounds that do not dissolve to a
detectable extent during their electrochemical reactions or only prompted by their
electrochemical reactions. What are the general possibilities of electrochemical
behavior of an immobilized particle? Figure 5.1 depicts some frequently observed
cases. Case 1 illustrates the reduction of an insoluble metal salt to the metal, e.g.,
AgCl to Ag, the released anions diffusing into the bulk of the electrolyte solution.
For the reduction of silver halides and also of lead(II) oxide, it has been shown that
the solid educt is directly transformed to the solid product (see the AFM results
discussed in Sect. 4.2). Case 2 is the oxidation of a metal salt with release of metal
ions into the electrolyte solution. An example would be the oxidation of copper
(D sulfide to copper(Il) sulfide. Case 3 depicts the oxidation of a metal and
formation of an insoluble metal compound, e.g., salt, oxide, or complex. This
reaction can proceed via an oversaturated solution of the compound MX as in the
case of silver oxidation to AgBr and Agl (see AFM results given in Sect. 4.2). In
case 4 the “simple” anodic oxidative dissolution of a metal particle is considered.
Case 5 concerns the insertion electrochemistry of a particle where ions are
exchanged between the solid particle and the electrolyte solution when electrons
are exchanged between the particle and the electrode. Plenty of examples are
discussed in Sects. 5.3, 5.5, and 5.6. Case 6 depicts the case where the electro-
chemical reaction is confined to the surface layer only. Examples are given in
Sect. 5.4. In case 7 it is assumed that the electrochemical reactions occur only via a
preceding dissolution of the solid particle (see the electrochemistry of metal
dithiocarbamate complexes discussed in Sect. 5.6), and case 8 symbolizes the
complete electrochemical dissolution of a particle resulting from its oxidation or
reduction. An example of the latter type is the reductive dissolution of iron(III)
oxides (see Sect. 5.7).
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Fig. 5.1 Scheme of possible electrochemical reactions of solid particles immobilized on a solid
electrode and in contact with an electrolyte solution
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A special case of immobilization of particles is when a solution layer is

sandwiched between the electrode (e.g., graphite) and the particles. For this case,
it was observed that the electron transfer between the electrode material (glassy
carbon) and the immobilized microparticles (Cu,S, Cu,Se) can be catalyzed by
certain ions and compounds (e.g., thiocyanate ions, thiourea) that are already well
known as catalysts in electron transfer reactions of dissolved ions (e.g., Ni*")
[B60]. Such studies may help understand also interparticle electron transfer
processes.

Some general remarks may suffice at this point to explain the specific features of

studies of immobilized particles:

1.

Due to the small amounts of immobilized compounds, the electrochemical
measurements can be performed on the same time scale as measurements with
dissolved species. This feature was elegantly demonstrated by Fiedler et al. for
the screening of potential battery materials [B73, B86] where measurements
could be performed in the mV s~ ' range instead of using pV s~ for the usual
composite electrodes.

. In general, all solid compounds that can be synthesized can be directly mea-

sured. The measurements do require the precipitation of these compounds
directly on an electrode surface. Thus, for example, the latter procedure limited
very much the number of studied metal hexacyanometalates, whereas it was
demonstrated that with the immobilization technique all synthetically accessible
compounds of that type can be investigated by electrochemical techniques (e.g.,
[B33, B41, B137, B247]).

. The mechanical immobilization of particles avoids using liquid binders that may

alter the electrochemical response, e.g., by film formation in case of organic
binders and by chemical dissolutions in case of aqueous electrolyte binders.

. The immobilization technique allows measurements with very small amounts of

compounds, at least down to 10~'% mole, and even with single microparticles
[B10, B78].

. Generally it is difficult to deliberately control the amount of substance

immobilized on the electrode, and this seems to be a drawback. However, it is
rather simple to deduce the amounts of electrochemically active compound from
the electrochemical data, e.g., by integration of voltammograms or by direct
coulometry. This is most simple in case of reversible systems. When the
characteristic voltammetric potentials, e.g., peak potentials, depend on the
amount of electrochemically active compound, it is necessary to take this into
account by determining these amounts as outlined. Examples are given in
Sect. 5.3 [B57].
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5.1 Maetals and Alloys

5.1.1 Abrasive Voltammetry of Metals and Alloys

The idea of immobilizing microparticles on an electrode surface for the purpose of
an electrochemical analysis came to the mind of one of the book’s authors (F.S.)
from an old gold probe technique where the metal sample was scratched on a
special stone and the transferred metal traces were then probed for their stability
toward nitric acid. Since voltammetric techniques can detect extremely small
currents, caused by oxidations or reductions of invisibly small amounts of sub-
stances, it was clear that a mechanical transfer of a solid to an electrode surface
must be capable of depositing sufficient amounts of a metal, an alloy, or any other
solid material on the electrode surface as to detect them electrochemically. The first
publication based on that idea reported the analysis of lead—antimony alloys
[B1]. Figure 5.2 shows differential pulse voltammograms of the anodic oxidation
of Pb—Sb alloy of various compositions. The transfer was accomplished by gently
(1) rubbing the lower circular surface of a paraffin-impregnated graphite electrode
(PIGE) rod on the surface of the alloys. Because of this abrasive transfer and
deposition of the alloy, in early publications the term abrasive stripping
voltammetry was coined to be consistent with terms like adsorptive stripping
voltammetry, where adsorption is the process of attaching a compound to the
electrode. Later, the more general term voltammetry of immobilized microparticles
was preferably used. Figure 5.3 depicts the calibration graphs derived from the
voltammograms shown in the Fig. 5.2. Since the absolute amounts of alloy traces
transferred by rubbing cannot be controlled and vary to some extent from experi-
ment to experiment, the evaluation of the voltammograms was based on the
percentage of each peak current in relation to the sum of peak currents.

This first example proved that the idea of an abrasive transfer of traces of a
material from a compact sample to an electrode worked quite well and a number of
similar publications followed [B3, B7, BS, B18, B177, B193, B261]. The great
advantage of performing electrochemical measurements with trace amounts of an
alloy is the high resolution that can be achieved at rather high scan rates, due to the
complete anodic oxidation and dissolution of the constituents of the alloy without
overlapping of the signals. The latter is observed whenever compact pieces of
alloys are subjected to an anodic oxidation. Of course, the position of the signals
and their shape depend in a complex manner on the thermodynamics of alloys, the
thermodynamics of anodic oxidation reactions including complex formation of the
metal ions in solution, and on the kinetics of all involved reaction steps. Figure 5.4
shows differential pulse voltammograms of the anodic oxidation of tin—-mercury
alloys recorded following a mechanical transfer of traces of the alloys to the surface
of a PIGE [B18]. Also shown are the calibration plots. This figure shows the results
for two different electrolytes, and it is obvious that the electrolyte has a large
influence on the shape, position, and relative intensities of the signals.
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Fig. 5.2 Differential pulse
voltammograms of the

anodic oxidation of traces of

Pb-Sb alloys that have been
transferred onto a PIGE by
mechanical rubbing of the
electrode on pieces of the
alloys. The electrolyte
solution was a 0.1 M oxalic
acid [B1]. Copyright ©1989
with permission from
Springer

Fig. 5.3 Percentage of
peak currents for lead and
antimony oxidation as a
function of the alloy
composition. Data derived
from the voltammograms
shown in Fig. 5.2
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permission from Springer
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Fig. 5.4 Top: differential pulse voltammograms of the anodic oxidation of tin—-mercury alloys
with 47 % tin. Bottom: calibration plots of the percentage peak current of tin and mercury
oxidation. Left side: electrolyte 0.05 mol L~"KCl, 0.05 mol L ™" oxalic acid. Right side: electrolyte
1 mol L™! NH3, 1 mol L™' NH,CI [B18]. Copyright 1992 with permission from Wiley-VCH

Cepria et al. [B177] have demonstrated how the mechanical transfer of alloy
traces to the surface of an electrode can be used for a quick identification of metal
alloys (cf. Fig. 5.5). These authors have used a pyrolytic graphite rod electrode
which they impregnated with paraffin as described in Sect. 3.1.

Quantitative analyses have so far been reported only for binary alloys. If there
are more than two constituents in an alloy, major complications may primarily arise
from intermetallic compounds and phase formation. However, especially, this
aspect seems to be very interesting to be studied in the future with the technique
of immobilizing traces of alloys on electrodes.

Corrosion properties of metals and alloys can be assessed for bulk material and
for powders. However, the applicability of the technique to bulk material studies
strongly depends on how much the sampling affects the corrosion properties. If the
abrasive transfer of alloy traces to an electrode results in alloy patches on the
electrode that possess the same or very similar corrosion properties as the compact
piece of metal, then there are no objections for an application of this technique. This
is obviously the case for many amalgams, the electrochemical corrosion of which
has been studied and appeared to be as that known from studies of compact alloy
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Fig. 5.5 Differential pulse voltammograms of anodic dissolution of different metals and alloys.
(a) Silver; (b) copper; (¢) 1, Ag(91)-Cu(9) alloy; 2, Ag(70)-Cu(30) alloy; 3, Ag(40)—Cu(60) alloy;
4, Ag(10)—-Cu(90) alloy; (d) jewelry items: (1) earring A, (2) earring B, (3) pendant. Electrolytes:
(aand b) 1, 0.4 M oxalic acid; 2, 0.1 M ammonia buffer; 3, 0.4 M thiocyanate solution; 4, 0.2 M
EDTA. (c and d) 0.1 M ammonia buffer [B177]. Copyright ©2001 with permission from Wiley-
VCH

pieces [B18]. The only, however, very advantageous difference was that the signal
resolution was considerably improved in studies of mechanically transferred alloy
traces. The detection of the rather corrosion-sensitive so-called y,-phase in dental
amalgams was extremely easy to perform since the presence of this phase produced
a well-developed anodic peak. This phase produced just a faint shoulder when
compact pieces of that alloy were used as electrodes in anodic oxidation studies.
Electrochemical corrosion studies of metal or alloy powders are well known to be
difficult to perform for the simple reason of electrode construction. Zezula and
Galova have shown that the corrosion potential of iron powder can be determined
by immobilizing the powder on a PIGE and performing the usual potentiodynamic
measurements [B108]. As to be expected, the authors observed a small shift in the
corrosion potential for repetitive polarizations, most probably due to a reduction of
the primarily present oxide layer on the iron particles. The reactivity of iron
powders has been assessed by pulsed chronoamperometry [B307].
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5.1.2 Age Determination

Dating is an important insight in archaecometry, conservation, and restoration,
constituting in general a significant analytical problem. Relative dating, i.e.,
establishing the time sequence of appearance of different objects, can be obtained
from stylistic analysis combined with different techniques of physicochemical
analysis. In several instances, such as in paleomagnetism or dendrochronology,
the duration of an historical event can be established, although its situation in time
remains unknown. Absolute dating, i.e., determining the age of an object relative to
conventional time scale, can be obtained from radiocarbon, uranium-lead radioac-
tive series, and luminescence ana\lysis,l’2 but such methods have limitations dealing
with the materials suitable for dating and the accessible times. A complementary set
of dating methods is based on the chemical analysis of the extent of alteration
processes on archaeological artifacts. This is the case of the obsidian method
developed by Friedman and Smith to estimate the age of ceramics® and the
Meissner effect-based method proposed by Reich et al.* for dating
archaeological lead.

The voltammetry of microparticles can also be used for dating purposes. The
first application of this kind, proposed by Scholz and Brainina et al. [B34] for dating
ceramic materials, consisted of electrochemical monitoring the electrocatalytic
response of such materials as electrode modifiers relative to oxygen-based electro-
chemical processes. The basic idea is that natural radioactivity and cosmic radiation
causes accumulation of defects in nonconducting materials, so that, assuming that
the studied objects are exposed to a continuous and uniform radiation, the number
of point defects should increase accordingly and, assuming that the electrocatalytic
ability of such materials depends on the concentration of point defects suitable to
act as catalytic sites, the catalytic response could be related to the age of the object.
The appearance of such catalytic effects and their disappearance upon heating the
sample could be used for authentication purposes of, for instance, ceramic
materials.

More recently, Doménech-Carbé et al. [B331, B332] have applied the same
philosophy for dating archaeological lead, also exploiting the capabilities of the
VMP. This method is based on the analysis of voltammetric signatures specifically
attributed to different PbO,, and PbO species formed during prolonged corrosion. It
is known that under ordinary conditions of manufacturing and using of metal
artifacts, the metal reacts with its environment yielding a primary patina of corro-
sion products, which can be accompanied by a secondary patina, formed during the
last period of utilization and/or the initial stages of long-term alteration giving rise

! Aitken MJ (1990) Science-based dating in archaeology. Longman, New York, chapter 8

2Renfrew C, Bahn P (1991) Archaeology: theory, methods and practice. Thames & Hudson,
London, chapter 4

3 Friedman I, Smith RL (1960) Am Antiq 25:476-493
4Reich S, Leitus G, Shalev S (2003) New J Phys 5:99.1-99.9
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to pedological processes (recrystallization, segregation, desegregation, cementa-
tion, monolithizations). In most cases, a tertiary or contamination patina, formed as
a result of processes of diffusion—segregation—deposition involving the interaction
of the materials of the secondary patina with the environment, appears.

In the case of lead artifacts, the primary patina is typically formed by a contin-
uous layer of litharge (PbO), whereas the secondary patina consists of “porous”
litharge and/or PbSO, (anglesite) and Pb(SbO,),, PbCO; (cerussite), PbCl,
(cotunnite), and 2PbCOs;-Pb(OH), (lead white or albayalde), among others
[B333]. The electrochemical reduction of microparticulate deposits of lead oxides
has been studied by Zakharchuk et al. [B148], the reduction of litharge to lead metal
occurring as a topotactic solid-to-solid conversion process [B36, B184]. The elec-
trochemical response of PbO passivation layers differs from one to another
depending on the size of the pores. When relatively small pores are formed,
“thermodynamic” passivation occurs, the formed patina acting as a semipermeable
membrane that allows only slow permeation by H,O, H*, OH™, and Pb>" ions.
When relatively large pores are formed, “kinetic” passivation permits the motion of
all ions through the pores so that when the flow of lead ions is sufficiently high, the
reaction proceeds at the pore orifice near the electrolyte, thus resulting in electrode
potentials more negative than those for the reduction of the semipermeable patina
[B334, B335, B336]. This is reflected in voltammograms recorded for
microsamples of lead artifacts abrasively transferred to graphite electrodes in
contact with aqueous electrolytes, as shown in Fig. 5.6. In this figure, square-
wave voltammograms for graphite electrodes modified for contemporary lead and
Visigothic sample (sixth century AD) from the Punta de I’Illa, Spain, immersed into
aqueous acetate buffer are depicted. Peak I can be attributed to the reduction of the
primary patina of PbO, while signals II and III are assignable to the reduction of
different porous PbO layers.

Pbo(solid) + 2H+(aq)+267 - Pb(solid) + H0 (I)

In the above voltammogram, overlapping peaks IVa and IVb can be partly attrib-
uted to the electrochemical reduction of PbO, electrochemically generated at
potentials above +1.0 V by oxidation of the PbO patina but also to the presence
of a- and f-PbO, and substoichiometric lead oxides forming the pristine patina
[B337]. The electrochemical reduction of PbO, can be formulated as (0.6 <x < 1)
[B338, B339]:

PbOZ(solid) + 2xH+(aq>—|—2xe_ — PbOQ,X(SOnd) + xH,O (1)

Just the presence of well-developed signals IV-V and II-III can be taken as a
criterion for authentication purposes [B340] because such processes become ill
defined in forgeries where lead has been eventually subjected to ‘“accelerated”
corrosion procedures. Another criterion for detecting lead of archaeological origin
is the appearance, in voltammograms where the potential is scanned in the positive
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Fig. 5.6 Square-wave a . . . ! L
voltammograms for
graphite electrodes | Il
modified by means of “one- 2 U A

touch” methodology for (a)
contemporary lead; (b)
Visigothic sample (sixth
century AD) from the Punta
de I’Illa, Spain, immersed
into 0.50 M HAc/NaAc,

pH 4.85. Potential scan
initiated at +1.45 V in the
negative direction. Potential
step increment 4 mV,
square-wave amplitude

25 mV, frequency 5 Hz IVa IVb
[B331]. Copyright ©2011
with permission from
American Chemical Society
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direction from sufficiently cathodic potentials, of stripping peaks for the oxidative
dissolution of metals and semimetals accompanying lead in minerals: antimony,
arsenic, bismuth, and copper [B340]. Interestingly, using a “one-touch” sampling
methodology [B333, B340, B341] permits an essentially noninvasive analysis of
archaeological pieces.

Dating can be obtained from electrochemical data assuming that, under essen-
tially uniform corrosion conditions, the formation of the porous patina is subse-
quent to the formation of the continuous patina and growths uniformly with time.
Since the relative amount of porous and continuous patina can be estimated from
the relative height of the corresponding voltammetric signals, the time variation of,
for instance, the peak current ratio between processes II and I, i,(II)/ip(I), can be
correlated with theoretical modeling of long-term corrosion processes assuming
that a potential law applies [B331, B332, B341]. Then, the ratio between the peak
currents satisfies the relationship

DD _ g1+ @) (5.1)

where K represents a rate constant and a the exponent of the potential rate law.
Similar considerations can be applied using the quotient between the PbO,,-char-
acteristic voltammetric signals [B331] and also corrosion and electrochemical
impedance spectroscopy data [B332]. Figure 5.7 shows the calibration graph
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obtained from a set of samples from different archaeological sites in the Comunitat
Valenciana (Spain) dated between the Iberian times (fifth—second centuries BC)
and the modern age (twentieth century), all found under burial conditions in
calcareous soils and not submitted to cleaning/restorative treatment nor exposition.
Experimental data fit satisfactorily with theoretical curves from Eq. (5.1), as can be

seen in Fig. 5.7. Interestingly, linear fit between i (ID)/i,(I) and fT% is obtained for
a=0.07, just the value obtained by Reich et al. (see footnote 4) on studying lead
dating by means of measurements on the Meissner fraction in the superconducting
state of lead.

A second set of data for age determination can be obtained, based on Scholz,
Brainina, Zakharchuk et al.’s [B34] catalytic scene, upon measuring the catalytic
currents for selected electrochemical processes [B331]. In the case of lead samples,
the essential idea is that more or less patinated lead attached to graphite electrodes
should produce different catalytic effects depending on the composition of the
sample. Hydrogen evolution reaction (HER), oxygen evolution reaction (OER),
and oxygen reduction reaction (ORR) in aqueous media, among other processes,
were found suitable, at least qualitatively, for dating purposes [B331]. Figure 5.8
compares the voltammetric responses for contemporary lead- and archaeological
sample-attached graphite electrodes immersed into phosphate buffer at pH 7.00.
One can see that the archaeological sample enhances both the current for the OER
and the ORR relative to electrodes modified with contemporary lead samples.
These features would be consistent with the recognized catalytic ability of PbO,
for different oxidation processes [B342, B343], in particular, the OER [B344].

The contrary effect was observed for the HER, where modern lead samples
exhibit a catalytic effect increased relative to that of archaeological lead. This
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feature can be explained as a result of the catalytic ability of lead metal for the HER
[B345], because the patina should block more or less intensively the catalytic effect
due to the “clean” metal surface. This can be seen in Fig. 5.9 where cyclic
voltammograms for graphite electrodes modified with contemporary lead and
archaeological lead samples in contact with 5.0 mM salicylic acid solution in
0.50 M potassium phosphate buffer are shown [B331]. One can see in this figure
that the cathodic current at ca. —1.2 V is larger for contemporary lead than for
archaeological lead, while the contrary effect was observed for the anodic peak
corresponding to salicylic acid oxidation. Here, K4,Fe(CN)s, was added to the
solution as an internal standard for comparing peak currents because no significant
catalytic effects were observed for the Fe(CN); ~/Fe(CN)¢ ~ couple.

It is pertinent to note that, in the above catalytic experiments, few nanograms of
lead sample were transferred to the graphite surface by means of “one-touch”
methodology, so that it appears as (more or less patinated) metallic grains adhered
to the graphite layers. In these circumstances, the observed catalytic currents result
not only as a combination of the catalytic effects due to the “free” metal and the
patinated regions exposed to the electrolyte solution but also from the catalytic sites
generated by scratching the graphite surface, where different oxygen-based func-
tionalities can be formed [B346, B347]. This means that the measured catalytic
currents are sensitive to the characteristics of the abrasive sampling process used for
electrode modification so that maintaining the more uniform sampling conditions as
possibly is needed.

Figure 5.10 shows the variation of the catalytic currents for HER and OER
reactions, iggr/iogr, measured in cyclic voltammetric experiments such as in
Figs. 5.8 and 5.9.
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Fig. 5.9 Cyclic
voltammograms for
graphite electrodes
modified by means of “one-
touch” methodology for (a)
contemporary lead and (b)
archaeological sample from
the Tossal de Sant Miquel,
Spain (dated fourth—second
century BC), immersed into
5.0 mM salicylic acid
solution in 0.50 M
potassium phosphate buffer,
pH 7.00. Potential scan rate
100 mV s~

[B331]. Copyright ©2011
with permission from
American Chemical Society

Fig. 5.10 Variation of the
ingr/ioEr ratio for square-
wave voltammograms of
sample-modified paraffin-
impregnated graphite
electrodes immersed in
0.50 M aqueous acetate
buffer, pH 4.85 using
conditions such as in

Fig. 5.40. Experimental data
for a set of unrestored and
restored archaeological
samples and forgeries and
theoretical curve from

Eq. (5.2) [B331]. Copyright
©2011 with permission from
American Chemical Society
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Under fixed electrochemical conditions, such ratio should be representative of
the relative amounts of PbO, and the total lead (the parent deposit plus those
electrochemically generated by reduction of lead oxides) accumulated in the
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electrochemical run. Assuming that a potential rate law is applicable for both the
formation of PbO and PbO,, one can write

i 1+ K1
HER _ AJF—II+ (5.2)
IOER K, =p

A similar procedure has been reported for dating copper and bronze artifacts based
on the record of the voltammetric signatures of cuprite (Cu,0O) and tenorite (CuO)
[B451]. This equation predicts a linear dependence between (iHER/iOER)t”(“/’)
and /" where one can expect that a~ . Experimental data for unrestored
samples in Fig. 5.10 show a satisfactory agreement with expectances, again taking
a=0.07. Remarkably, data points for restored samples, i.e., lead samples submitted
to cleaning treatments, as well as forgeries in museum reservoirs, provide data
points clearly separated from the “archaeological” curve.

It should be noted that the calibration curves in Figs. 5.7 and 5.10 can be used for
dating purposes provided that a set of simplifying assumptions are valid. In
particular, it is assumed that (1) the primary patina was similar for all studied
artifacts; (2) each sample suffered a uniform corrosion process, i.e., that the
corrosion conditions of that piece do not vary during time; and (3) similar corrosion
conditions operated for all compared archaeological objects [B331, B332]. These
are, obviously, oversimplifications, because there is possibility of nonuniform
corrosion along the “history” of the object and, even under uniform corrosion
conditions, multilayer corrosion may occur. As a result, relatively large data
dispersion appears when archaeological data are used.

Another important aspect to remark is that the above calibration curves are not
universal, as far as they depend on the assumed common corrosion conditions for
all samples used for calibration. Thus, one can expect that the aging conditions for
samples in Figs. 5.7 and 5.10, all found under burial conditions in calcareous soils
in the Mediterranean area, differ considerably from those occurring, for instance,
for lead artifacts in submarine archaeological sites [B348]. In spite of these limi-
tations, the above methods can provide interesting results for authentication and
dating which extend available methods for age determination with applications in
different fields [B349], including, for instance, dating porcine blood-based binding
media used in Taiwanese architectural polychromies [B350]. Age determination of
copper and bronze artifacts based on the characteristic voltammetric signatures of
cuprite and tenorite has also been reported [B451].

5.1.3 Solution Analysis by Electrochemical Analysis
of a Solid Precipitate

Gulppi et al. [B445] have proposed a new strategy to analyze very small solution
volumes with rather low concentrations of analytes. The following scheme depicts
the sequence of manipulations for the case of chloride determination in a small pL-
size droplet:
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The analyte droplet is attached to an upside-down-turned electrode surface (1).
A silver nitrate containing droplet is added (2), AgCl is precipitated, and the solvent
is evaporated (3). The electrode is introduced to an electrolyte solution (4) where
the precipitated AgCl remains attached to the electrode. The attached AgCl is
reduced to Ag (5) and the finally a differential pulse voltammetric scan (6) is
recorded for quantification. This approach allows the analysis of pL (may be even
nlL-)-sized solution volumes, and it overcomes the well-known concentration
restrictions of anodic (or cathodic) stripping voltammetric techniques which are
based on the precipitation of sparingly soluble salts, as the short time interval
between introduction of the electrode to the solution and the electrochemical
conversion will hardly prompt any significant dissolution.

5.2 Minerals and Pigments

The identification of minerals and pigments is conventionally performed with the
help of microscopic techniques, including infrared and Raman spectroscopy, X-ray
diffraction, and several microprobe techniques. Here we will show that the
voltammetry of immobilized microparticles can be used as a powerful alternative
technique, both for the identification of phases and for their quantitative analysis.
The only prerequisite is electrochemical activity, which, however, is shown by the
majority of minerals and pigments.

5.2.1 Phase Ildentification

Generally, solid phases can be identified when a characteristic fingerprint is obtain-
able by application of a certain analytical technique. It is not necessary to have a
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complete understanding of the signals of the fingerprint, although this will always
be desirable in a truly scientific study.

Voltammetric fingerprints of minerals and pigments can be obtained on the basis
of the following measurements (i) performing a reductive voltammetric scan,
provided that the solid phase contains reducible constituents; (ii) performing an
oxidative voltammetric scan, provided that the solid phase contains oxidizable
constituents; and (iii) performing an oxidative scan after a preliminary reduction
of the solid phase. Of course, other approaches are possible as well; however, the
published applications all fall into these three categories. Figure 5.11 shows
voltammograms exemplifying the three approaches for the case of boulangerite, a
lead antimony sulfide mineral PbsSb,S;; [B2]. Since lead and antimony are present
in the mineral as Pb>* and Sb™*, it is possible to reduce these ions to the respective
metals. Obviously, their reduction occurs at similar potentials and no separate
signals are obtained. The reduction signal is not very specific and cannot be used
for an unambiguous identification. The same holds true for the oxidative scan where
the sulfide ions are oxidized to yet unidentified products. Much more specific
signals can be obtained with approach (iii), i.e., an oxidative scan following a
preliminary reduction. In the case of boulangerite, upon reduction at sufficiently
negative electrode potential, the two metals, lead and antimony, remain on the
electrode, whereas the sulfide ions escape into the electrolyte solution. In the
oxidative scan, the two metals give two well-separated signals that are specific
for each metal in the used electrolyte solution. Approach (iii) very much resembles
that of conventional stripping voltammetry where metals are deposited on an
electrode from a solution and oxidatively stripped off during an anodic scan.
Figure 5.12 gives further examples for reductive and Fig. 5.13 for oxidative
voltammograms of minerals. Both figures illustrate that, although the signals are
different, they are not very suitable for unambiguous phase identification. Fig-
ure 5.14 shows examples of the highly specific voltammograms that are obtained
after a preliminary reduction of the metal ions to metals [approach (iii)]. The
respective metal signals can be easily identified. A closer look on the
voltammograms reveals that the signals of anodic metal oxidation are frequently
structured and not as symmetric as in anodic stripping voltammetry using mercury
electrodes. The structured signals are due to the fact that the metals are present as
solids on the electrode, usually a PIGE. The fact that one and the same metal shows
differently structured signals depending on the starting mineral shows that the
resulting metal deposits also differ. To avoid such structured signals, one can add
a small concentration of a Hg(II) salt, e.g., 10~* mol L™' HgCl,, to the electrolyte
solution. During the pre-electrolysis of the minerals, a simultaneous plating of
mercury occurs, and the metals dissolve in the mercury droplets that are deposited
on the surface of the PIGE. In this case, the anodic dissolution of the metals occurs
from the amalgam state and very clean anodic peaks are measured. Figure 5.15
shows anodic differential pulse voltammograms recorded after a preliminary elec-
trolysis of different thallium—tin sulfides using a mercury(II)-containing electrolyte
[B32]. The relative heights of the thallium and tin peaks are clearly depending on
the stoichiometry of the minerals, and they can serve for an unambiguous



5.2 Minerals and Pigments

Fig. 5.11 Differential
pulse voltammograms of
boulangerite (PbsSbyS1)
obtained after mechanical
transfer of traces of the
mineral onto the surface of a
paraffin-impregnated
graphite electrode. (a)
Reductive scan; electrolyte
0.1 mol L™! sodium oxalate,
pH 5; (b) inverse
voltammogram after
reduction at —1.5 V;
electrolyte 0.1 mol L™
sodium oxalate, pH 2; (c¢)
oxidative scan; electrolyte
0.1 mol L™! oxalic acid
[B2]. Copyright 1989 with
permission from Springer
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identification. In Sect. 5.2.3, it will be shown how a quantitative determination of
the T1:Sn ratio can be performed with the help of chronocoulometry. The simplicity
of measurements, the extremely small amounts of sample (down to 10~'% mole are
sufficient), the high mineral specificity, and also the elemental specificity make this
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Fig. 5.12 Reductive voltammograms of several mineral phases [B46]



5.2 Minerals and Pigments

Chalcopyrite (CuFeS;)
Cirigin: Daaden, Altenkirchen
Method. differential pulse voltammetry, oxidation
Electrolyte: I MKCI

Method parameters: Equjse™ 0050V touse = 0015
Egep = 0004V iy = 050

99

Chalcostibite (CuSbS;)

Origin: Abfaliershach (Austria)
Method: differential pulse voltammetry, oxidation
Electrolyte: IM KCE

Method parameters: Epylge= 0050V thypee = 0075
Egep = 0005V iy = 0505

Current | 1E-4A Current/1E-5A
3 . 3,5
3+
2,5 ‘ !l| A
2,5 - M
|
24 ,l |
| 2+ | II.I |
1,8 4 | B
i 1,54 | |I
1 14 I\ /
N
0,5 221 _/_'\_/
__/ o — T T T
0 - T 0
o ) p:,s 1 1,5
Y A —— - . tential/V vs. Ag/AgCL
Results of peak search: )
EV 1 height/A
E/Vvs AglAgCl  height/ A area/AV Wiy /V YEAgheC E-08
E-04 E-05
1 0.303 0255
1 0.703 2318 4258 0.146 2 0.752 2575
2 1.187 — 2 — 3 0.811 2344
Chalcostibite (CuSbS;) Cuprite (Cuz0)
Origin: synthetic Origin: Gumerchewsk, Ural (Russin)
Method: differential pulse voltammetry, oxidation Method: differential pulse voltammetry, stripping mode
Electrolyte I1MEKC Electrolyte: 1M KC

Method parameters. Epylse = 0050V tpyie = 0075
Estep = 0005V tiy = 0.50s

Current/1E-5A
0 - it

T T
[ 0,5 1

Potential/V vs. Ag/AgCL

Results of peak search:

E/Vvs Ag/AgCl  height /A area/AV Wiy /V

E-05 E-06
1 0.269 0.297 0.4633 0142
2 0815 8314 5.1200 0049

Method parameters. Epylse ™ 0050 V tpglee = 0013
Egep = 0004 V gy = 0503
Egep = -1400 V tgep = 601

& Current | 1E-4A

]

|
8 -
4

|
2
o T T T

-0,5 [ 0,8
Potential / V vs. Ag/AgCL
Results of peak search:
E/ Vv A/ARCI  height /A area/AV Wiy /V
E-04 E-05

1 -0.068 7.18318 4 8064 0.055
2 0.255 23812 35910 0.132

Fig. 5.13 Oxidative voltammograms of several mineral phases [B46]
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Fig. 5.14 Oxidative voltammograms recorded following to a preliminary reduction of several
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Fig. 5.15 Anodic differential pulse voltammograms of thallium—tin sulfides of different stoichi-
ometry after a preliminary reduction of the solid phases at —1.0 V versus Ag/AgCl for 60 s. The
electrolyte solution contained 1 mol L™' HCI and 10~* mol L' HgCl,. The scan rate was
10 mV s~' [B32]. Copyright “1995 with permission from Elsevier

analytical approach highly attractive for mineral and pigment identification, both in
the laboratory and for field analysis [B17]. Figure 5.16 shows voltammograms of
several inorganic pigments [B25]. Pigment identification is an important analytical
target for archaeometry, conservation, and restoration applied to archaeological
artifacts and works of art. Identification in real samples is made difficult by the low
concentration of pigment in the sample and the presence of other components such
as bindings, varnishes, and alteration products. The paint samples usually consist of
a succession of strata from the preparative layer to an external layer frequently
resulting from dust accumulation and residuals of chemical and even biological
aggression to the painting. This means that important interference and matrix
effects can occur [B351]. Another important aspect is that pigments used in
works of art, apart from minerals or mixtures of minerals, frequently consists of
natural products of animal and vegetal origin, usually constituting multicomponent
systems. In spite of these difficulties, identification of pigments and/or alteration
products in real samples is possible, even when mixtures of pigments appear. This is
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Fig. 5.16 Differential
pulse voltammograms of
pigments (pulse amplitude
10 mV, pulse duration

0.07 s, scan rate

0.526 V min" !,
pre-electrolysis for CdS at —
1.2 V versus Ag/AgCl, for
all other pigments at —1.5 V
versus Ag/AgCl). The
electrolyte solution was a

0.1 mol L™" oxalic acid for

CdS and 1 mol L™" KCl for

all other compounds

[B25]. Copyright ©1993 e
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the case shown in Fig. 5.17, where square-wave voltammograms for three samples
extracted from the ceiling vault of the Sant Joan del Mercat church in Valencia
(Spain) in contact with aqueous phosphate buffer are shown [B352]. The samples
consisted originally of a mixture of azurite and cobalt blue, displaying overlapping
signals at ca. —0.10 V. These signals are accompanied by the tenorite (CuO)
reduction peak at ca. —0.50 V, which would be the main product of the oxidation
of the above during the fire suffered by the vault in 1936. Depending on the position
in the vault, the proportion of tenorite relative to azurite, which can be quantified
from peak current measurements, was different [B352].

Doménech-Carboé et al. [B143] have studied the Pb(II) and Pb(IV) content in
medieval glazes. They used three different techniques for immobilizing the
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microparticles obtained after milling small amounts of samples in a mortar: (i) they
prepared modified paste electrodes by mixing graphite powder (35 wt%), paraffin
oil (35 wt%), and the sample powder (30 wt%). (ii) Aliquots of a dispersion of the
sample in a 0.5 wt% solution of Paraloid B 72 in acetone were applied to the surface
of a freshly polished glassy carbon electrode to prepare the modified film. (iii)
0.1 mg of the sample powder was mixed with 1 mg graphite powder and the mixture
was pressed onto an electrode that was finally covered by a Paraloid B72 coating.
Figure 5.18 shows the response of PbO, PbO,, and Pb3;0, in the film electrodes
[preparation (ii)].

Figure 5.19 depicts the responses of medieval glazes. The same authors applied
the film electrodes for a wide range of pigments from polychrome sculptures and
paintings. Figure 5.20 illustrates very impressively how specific the voltammetric
fingerprints are [B146]. Extensive tables of peak potentials given in this publication
support this statement. The film electrodes have also been used studying the canvas
painting in a Basilica in Valencia, Spain [B175], and for the identification of the
decomposition products, i.e., alteration products of copper-containing pigments
[B176]. For this purpose, the authors have developed a very interesting approach:
the pigments verdigris [a basic copper acetate, Cu(C,H30,),2Cu(OH),], azurite
[a basic copper carbonate, 2CuCO3;Cu(OH),], malachite [another basic copper
carbonate, CuCO3;Cu(OH),], and copper trihydroxychloride (Cu,(OH);Cl) have
rather similar reductive voltammograms, making their identification difficult, espe-
cially in their mutual presence. However, when Tafel plots are constructed from
linear scan voltammograms and when the slopes of the Tafel plots are plotted
versus the peak potential of reductive dissolution, a two-dimensional diagram is
obtained with very clear separation of the pure phases and their binary mixtures.
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Fig. 5.18 Cathodic
differential pulse
voltammograms for
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Figure 5.21 shows such a plot including sample spots from green-blue pigments of
the Basilica in Valencia. The composition that can be derived from this diagram
for the pigment samples was supported by SEM/EDX and FT-IR measurements.
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Fig. 5.20 Anodic
differential pulse
voltammograms following a
preliminary reduction at —
1.0 Vin 1 M NacCl solution:
(a) malachite, (b) azurite,
(¢) minium, (d) chrome
yellow, (e) litharge, (f) lead
white, (g) lead—tin yellow,
(h) chrome orange,

(i) cadmium red,

(j) cadmium yellow,

(k) vermilion, (1) zinc white
[B146]. Copyright ©2000
with permission from
Elsevier

Fig. 5.21 Representation
of the apparent charge
transfer coefficients
calculated from the slope of
Tafel plots as a function of
the peak potential from
linear scan voltammograms
recorded at 60 mV s,
Black points: samples of the
pure pigments and their
binary 1:1 mixtures. Circled
numbers: samples from a
basilica in Valencia, Spain
[B176]. Copyright ©2001
with permission from
Springer
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In another study, Doménech-Carb6 et al. [B189] have identified manganese
(IV) centers in archaeological glass. The authors studied the relation between the
voltammetric responses and the conditions of glass deterioration. The same authors
identified iron oxide pigments (green earth, iron oxide red, Mars black, ochre
yellow, Sienna raw, umber raw, Van Dyke brown) in microsamples extracted
from polychromed sculptures, canvas paintings, wall paintings, altarpieces, and
panel paintings from Spain, Ethiopia, and Italy from the twelfth to the twentieth
centuries [B195]. The authors employed a mechanical immobilization of sample
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Fig. 5.22 Cathodic
differential pulse
voltammograms of (a) Mars
black, (b) Van Dyke brown,
and (¢) umber raw modified
electrodes immersed in

0.1 mol L™" HCI

[B195]. Copyright ©2001
with permission from Royal
Society of Chemistry
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particles on the surface of self-made graphite—polyester electrodes and also mod-
ified polyester—graphite electrodes. Figure 5.22 shows the unique shape of cathodic
differential pulse voltammograms of three iron oxide pigments. Another example
of the application of the voltammetry of immobilized microparticles is the detection
of Co, Cu, Sb, Mn, Sn, and Fe in archaeological samples of Spanish ceramic glazes
from the sixteenth to eighteenth centuries [B217, B304]. The authors used the
mechanical immobilization of microparticles on the surface of a polyester—graphite
electrode. Doménech-Carbo et al. have presented an ingenious application of the
voltammetry of immobilized particles—the determination of the boron content of
minerals [B318]. Other applications concern the phase identification of iron oxides
[B312], copper and iron oxides [B314], and cobalt cordierites [B317]. Recent
advances involve the layer-by-layer analysis of stratified systems, based on repet-
itive voltammetry [B353], and the use of “one-touch” sampling strategies to
perform an essentially noninvasive analysis of works of art [B354] and mapping
corrosion products in archaeological artifacts [B355].

5.2.2 Quantitative Determination of a Phase in a Phase
Mixture

In the case that more than one electrochemically active phase is present in a powder
mixture, it is possible to utilize the voltammetry of immobilized microparticles on
the basis of a calibration procedure [B444]. This has been shown for two phase
mixtures [B11]. When both phases give an electrochemical signal that is directly
proportional to the absolute amount of immobilized substance, however having
different slopes (sensitivities), a plot of the percentage peak currents versus the
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Fig. 5.23 Left: Theoretical calibration plots for the absolute peak currents when the amount of
mixture is constant for each measurement. Right: Corresponding theoretical calibration plots for
the percentage peak currents [B11]. Copyright ©1991 with permission from Springer

molar ratio of the compounds in the mixture is nonlinear (cf. Fig. 5.23). Because it
is impossible to immobilize a known amount of the phase mixture on the electrode
surface, the percentage peak currents are evaluated for a mixture of phase A and B
in the following way:

iA

jop A = 100 5.3
A= % (5.3)
and
. iB
= 100 5.4
i = 2 100% (5.4

where in and ig are the peak currents of the phases A and B, respectively.
Figure 5.24 shows calibration plots for mixtures of FeOOH/MnO,, HgS/HgO,
and PbO/HgO. The standard deviations for the determined powder compositions
were in the range of 10-20 %. These relatively high values were attributed to
inhomogeneities of the powder mixtures. It is clear that inhomogeneities play an
increasing role the smaller the samples are.

If a solid phase contains a certain concentration of electroactive centers, and if
this concentration is to be determined, it is possible to use another electroactive
solid phase as inner standard. In solid phases of copper(Il) hexacyanoferrate—
hexacyanocobaltate, only the hexacyanoferrate unit is electroactive. To study the
electroactivity of this moiety in solid solutions of different compositions, i.e.,
different ratios of hexacyanoferrate to hexacyanocobaltate, this solid phase was
mixed in a 1:1 ratio with solid nickel(II) hexacyanoferrate. The latter exhibits a
hexacyanoferrate signal well away from that of the solid solutions. In this way, it
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Fig. 5.24 Calibration plots of percentage peak currents of the following powder mixtures: (a, b)
MnO,/a-FeOOH, (c¢) HgS(black)/HgO(yellow), and (d) PbO/HgO(yellow) [B11]. Copyright
©1991 with permission from Springer

was possible to evaluate the peak current of the hexacyanoferrate of the solid
solution with respect to the constant signal of the nickel(I) hexacyanoferrate
[B247]. The same approach of an inner standard should be applicable to the case
where the concentration of an electroactive solid phase has to be determined in the
matrix of an electroinactive powder mixture. Indeed this has been done by van
Oorschot et al. [B198] who determined iron(oxy)(hydr)oxides in soils and sedi-
ments using pyrolusite (3-MnO,) as inner standard. The authors report this method
as being semiquantitative. In a later publication, Grygar et al. reported the deter-
mination of ferric oxides in clay with the help of electroactive carbon paste
electrodes [B222]. The paste was a mixture of graphite powder, the sample, and
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an acetate buffer solution. A thin layer of the paste was spread on the surface of a
carbon electrode and covered by a foil. The iron oxide was first reductively
dissolved, and then the iron(II) that must remain in the paste was oxidized to iron
(II) ions. The oxidation charge was used to determine the iron content in the
samples.

Absolute quantification of a phase in a phase mixture is available to VMP
measurements. It should be noted that, as previously indicated, there is no possi-
bility, under ordinary VMP experimental conditions, to control exactly the amount
of sample transferred to the electrode surface. This means that, in general,
non-repeatable values of the peak currents or peak areas will be obtained in
replicate experiments so that only the mass ratio and the ratio of currents and/or
peak areas can be used for calculations. Let us consider a material containing an
unknown mass fraction fx of an electroactive compound, X. Now, let us assume that
amass my of the material is mixed with a weighted amount, my, of a solid reference
compound, R, so that the mass ratio between the reference compound and the mass
of the problem material, fr(=mg/myy), is known. Assuming that, upon immersion
into a suitable electrolyte, X and R compounds display well-separated, independent
voltammetric signals, voltammograms of the R-spiked mixture must provide peaks
corresponding to their respective electrochemical processes. Then, peak currents
(or peak areas), ip(X),7,(R), recorded for such voltammetric processes can in
general be taken as proportional to the amount of each one of the compounds
deposited on the electrode, as described by Lovri¢ et al. for SWV of reactants
confined to electrode surfaces [B22]. Assuming that the sample is homogenized so
that the composition of the mass transferred to a graphite electrode is representative
of the composition of the R-enriched mixture, the peak current ratio between the
signals for X and R should satisfy the relationship:

ip(X) _ 8x fx _ Gf_x
ip(R) gr/r Ir

(5.5)

In the above equation, ggr,gx represent the electrochemical “coefficients of
response,” for the X- and R-localized electrochemical processes under the used
chemical (electrolyte, pH, base electrode, etc.) and electrochemical (potential scan
rate, square-wave frequency, etc.) conditions used for the voltammetric measure-
ments. Such coefficients will depend on the molecular mass and redox properties of
the analyte (number of electrons transferred, reversibility, diffusion coefficients for
electrons and ions). On first examination, the mass (or, equivalently, mole) fraction
of X in the problem material can be determined from peak current or peak area
measurements providing that fx is known by weighting and the gx/ggr ratio is
determined from independent calibration experiments in R plus X mixtures of
known composition. Figure 5.25 compares the square-wave voltammograms
recorded for herbal samples enriched with diazepam, a widely used
1,4-benzodiazepine anxiolytic, and different possible standards: indigo, Prussian
blue, and ferrocene, in contact with aqueous acetate buffer [B324]. In all cases, the
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Fig. 5.25 Square-wave a
voltammograms for herbal

samples spiked with IN

diazepam (1 wt%) and IN
sepiolite (29.60 wt%) and of

(a) indigo (IN, 54.41 wt%),

(b) Prussian blue (PB,

54.41 wt%), and (c)

ferrocene (FC, 1.30 wt%) b
attached to paraffin-

impregnated graphite 5 uA
electrodes in contact with
0.25 M aqueous sodium
acetate buffer at pH 4.75.

Potential scan initiated at kx / \

+1.05 V in the negative
direction, Potential step
increment 4 mV, square-
wave amplitude 25 mV,
frequency 5 Hz

[B324]. Copyright ©2013
with permission from
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prominent reduction peak for diazepam at ca. —1.0 V behaves independently of the
signals of the added reference compound. In order to facilitate that all electroactive
compounds appear as separate microparticles, it is convenient to introduce an
additional dilution using an inert solid (sepiolite clay in the case in Fig. 5.25).

For practical purposes, however, it is convenient to perform standard additions
experiments because the other components of the sample, although assumed to be
electroinactive, conform a matrix which can influence the voltammetric responses
of X and R. Now, let us consider that a series of aliquots of the R-enriched sample
are mixed with weighted amounts of an X standard. Now, each specimen will
contain a mass ny of pristine sample plus a mass my of reference compound and a
mass m;‘(dd of the added X standard. Then, the ip(X)/i,(R) ratio will be [B318, B324,
B357]

ip(X) _ gx (fxmw +mi™) (f x) e <m§dd) (5.6)

ip(R) 8rMR Ir mR

Since fx and f are constant, the above equation predicts a linear variation of ip(X)/
ip(R) on the madd/mR of slope G and ordinate at the origin G( fx/fr). Since the fx
ratio is known, the mass percentage of the compound X in the original sample can
be determined from standard additions experiment [B318, B324, B357]. This
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methodology can in principle be extended to the simultaneous determination of two
of more electroactive analytes in the problem material. A case of particular interest
occurs when two analytes display overlapping voltammetric peaks. Under favor-
able conditions, the H-point standard additions methodology, originally developed
for spectrophotometric measurements,” can be applied to determine the concentra-
tions of two compounds displaying overlapping but independent voltammetric
signals in the solid sample [B358, B359].

The standard additions method can be modified for cases where limited amounts
of the sample and the X standard were available. Then, a standard addition—dilution
method can be proposed [B324]. Let us consider again a homogenized mixture with
a mass mg of sample containing an unknown fraction fx of the analyte and a known
fraction fgr mass of the reference compound. Now, let us prepare a second mixture
where weighted amounts of reference compound, my, are added so that the my/mg
ratio is known, defining a ratio f. Then, the ip(X)/i,(R) ratio will be

f;gg —¢ (fRﬁ(fii) —¢ (%) )

This equation predicts that the plot of ip(X)/i,(R) versus (1 +f ;;/fR)‘l should be a
straight line passing by the origin and slope (SL) = G(fx/fr). External calibration
would allow to determine the electrochemical coefficient of response G and then
the value of fx. As far as matrix effects cannot in general be discarded, for practical
purposes, it is convenient to perform a second dilution experiment replacing the
original sample by a sample spiked with a weighted amount of standard of the
analyte, my, and, as in the precedent experiment, obtaining the voltammetric
response of aliquots of that X-enriched sample upon addition of different amounts
of the reference compound R. Now, the i,(X)/i,(R) ratio becomes

00 (B oS

~

In this equation, f denotes the fixed mj/mg ratio. According to this last expression,
a plot of ip(X)/ip(R) versus (1 +fg/fR)~ ! should fit to a straight line at the origin of
slope (SL) * = G( fx/fr +f%/fr)- The quotient between the slopes (SL)* and (SL)
will be

(SL)x _ (fx/fR +f;(/fR> —1 +f_§( (5.9)
(SL) Fx/fe Fx

Accordingly, the problem fx value can be calculated from the f% one provided that
the slopes in the addition—dilution experiments are obtained from voltammetric
data. Figure 5.26 illustrates the application of this method for quantifying

5Bosch-Reig F, Campins-Falco P (1988) Analyst 113:1011-1016
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Fig. 5.26 Plots of ip(X)/
ip(R) versus (1 +f&/f) ™"
for an herbal sample spiked
with alprazolam

(fx =8.66 %) (solid
squares) and after addition
of alprazolam standard
(f%x=9.45%) (squares)
and different amounts of
ferrocene standard, using
square-wave 1
voltammograms such as in
Figure 5.25

[B324]. Copyright ©2013
with permission from
Elsevier
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alprazolam, a 1,4-benzodiazepine anxiolytic, introduced as an adulterant in herbal
formulations [B324].

5.2.3 Quantitative Analysis of the Composition of a Phase

Here, we understand the term “quantitative analysis of a solid phase” as a deter-
mination of either the complete stoichiometry or at least the determination of one or
some phase constituents. Examples for the determination of the complete stoichi-
ometry are T1,S, TIS, T14S3, and T1,S5 [B32]. Examples for the determination of the
ratios of the metal contents of sample phases are (1) the Tl:Sn ratio in T14SnS,,
T]QSH:;.SSE;, T]QSI’IS3, T14SHS3, T128n283, and TIQSHSQ [B32] and (2) the Bi:Cu:Pb
ratio in Bi; gPbg 30S11.99Cas 06Cu3.15010.5 [BI].

For the quantitative analyses of solid phases, it is highly important that the
measured charges are caused by strictly defined electrochemical reactions (no side
reactions). Any loss of the compounds from the electrode surface has to be
prevented during the electrochemical steps. Especially, when solid metal com-
pounds immobilized on the electrode surface are reduced to the metals, it can
occur that the metal particles do not adhere on the electrode surface. Further, it
was found in the case of thallium sulfides [B32] that the thallium deposit obtained
by reduction shows a very peculiar behavior when it is electrochemically oxidized:
the oxidation was accompanied by a black cloud that was ejected from the electrode
surface. Most probably the thallium deposit was partly lost due to electrostatic
charging effects. Of course, such behavior must be circumvented, as well as the
early hydrogen evolution on some metal deposits or compound phases. A very
appropriate solution for all these problems is the co-deposition of metallic mercury.
Two alternative approaches have been reported: (1) the solid sample phase can be
thoroughly mixed with an excess of calomel (Hg,Cl,) [B9] or (2) the electrolyte
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Fig. 5.27 (a) Differential pulse voltammograms of the compound Bi; gPbg 30511 99Cas 06Cus 15
0,05 after a preliminary reduction at —1.5 V versus SCE for 30 s, A without calomel, B and C
with calomel; (b) integrated curve B of Fig. 5.19a, in arbitrary units [B9]. Copyright ©1990 with
permission from Springer

solution can be spiked with a small concentration of Hg2+ ions [B32]. In the case of
the high-temperature superconductor Bi; gPbg 39511 99Cas 06Cu3.150105, small
amounts of the compound were thoroughly mixed with a 100- to 500-fold excess
of solid calomel and a droplet of ethanol. After evaporation of the ethanol, the
powder mixture was immobilized on a PIGE in the usual way, and anodic differ-
ential pulse voltammograms were recorded following a preliminary reduction at
—1.5 V versus SCE for 30 s (Fig. 5.27a). Figure 5.27b depicts the integrated
differential pulse voltammograms. The height of the steps was taken as proportional
to the charges consumed for the oxidation of the deposited bismuth, copper, and
lead. Taking the sum of the charges of the bismuth and lead signals as 100 %, the
relative standard deviation of the bismuth signal was as low as 0.5 %, and taking the
sum of the charges of the copper and lead signal as 100 %, the copper signal had a
relative standard deviation of 1 %. These are very precise determinations, bearing
in mind that they were obtained with pg amounts of the sample on the electrode
surface.

In the case of the thallium sulfides T14,SnS,, Tl,Sns5Sg, T1,SnS;, T14SnS;,
T1,Sn,S3, and T1,SnS,, the stoichiometry of the composition can be derived from
the determination of the charge necessary to reduce the phases to metallic thallium
and the charge necessary for oxidation of the latter. This has been done with the
help of triple step chronocoulometry [B32]. After immobilizing the sample onto the
electrode surface, the first potential step was applied to charge the electrode at a
potential shortly before the electrochemical reduction. After this, an appropriate
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reduction potential was applied for 60 s followed by an oxidation potential of
—0.5 V versus Ag/AgCl. The appropriate reduction potential was chosen on the
basis of reductive voltammograms. Figure 5.28 depicts some examples of
chronocoulograms and Table 5.1 gives the theoretical and experimental charge
ratios for four different compounds. Although the precision of the found charge
ratios is certainly too low to be used for high-precision analyses, the ratios can be
used to distinguish clearly the otherwise very similar thallium sulfides. It is prac-
tically impossible to distinguish them on the basis of simple reductive or oxidative
voltammograms.
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Fig. 5.28 Chronocoulograms of thallium sulfides: electrolyte 2 mol L~' NaOH
+2x107* mol L™! HgCl,. For details, see [B32]. Copyright ©1995 with permission from
Wiley-VCH
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Table 5.1 Reactions and ratios of charges necessary for the reduction of a thallium sulfide to the
charge for the oxidation of thallium [B32]

Reduction of the metal Oxidation of thallium Gred:Qox Gred:Gox
sulfide metal (theory) (experiment)
TLS +2¢~ — 2T1+S>~ 2T1 — 2TI" + 2e~ 2:2=1 1.18

TIS +2¢~ — Tl +S*~ TI—TI" +e” 2:1=2 2.0

T14S; +6e~ — 4T1+3S*~ 4TI — 4TI + de™ 6:4=1.5 1.65
TLSs+10e~ — 2T1+58>~ | 2Tl — 2TI" + 2¢~ 10:2=5 4.68

5.2.4 Determination of Thermodynamic Data of Minerals

In a few cases, it has been shown that voltammetric measurements with
immobilized microparticles of minerals can give access to the transformation
enthalpies of polymorphic forms of minerals [B24, B62]. The basis of these
measurements is the determination of the reversible potential of the following
reactions of the two polymorphs of Ag;AsS; xanthoconite and proustite, of
Ag;SbS; pyrostilpnite and pyrargyrite, and of AgAsS, trechmannite and smithite:

Ag;AsS; + 3¢~ 23Ag 4 AsS;® (I11)
Ag;SbS; + 3e” 23Ag + SbS;*” (IV)
AgAsS, + 3e” 2 Ag + AsS;” (V)

Measuring of the formal potentials of these reactions needs to be performed very
fast since the thioanions tend to decompose. It has been shown that square-wave
voltammograms show all criteria of an electrochemically reversible process. From
the differences in the square-wave peak potentials, i.e., formal potentials, the
difference in the free energy was calculated. The reaction enthalpy of phase
transition can be determined according to

ArG® = AtH® — TA1S® (5.10)

Assuming a temperature-independent entropy (1st Uhlich approximation), it fol-
lows with

A7S® = ArH® /Ty (5.11)

(T is the transformation temperature) that the standard enthalpy is given by
ArH® = ArG® /(1 — (T/Tr)] (5.12)
With the help of the thus determined transformation enthalpies, it is possible to

calculate the standard formation enthalpy of one polymorphic form when that of
the other is known. In the experiments to determine the formal potentials of the
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polymorphic forms, a small dependence of the square-wave peak potentials on the
absolute amounts of electroactive mineral reacting on the electrode must be taken
into account. This dependence is similar to that discussed in the case of solid
solutions of CuS,Se;_, (Sect. 5.3.1). Figure 5.29 shows plots of square-wave
peak potentials versus the charge underneath the peaks. The variation of charge is
just the result of the sampling technique where unavoidably the amounts of mineral
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Fig. 5.29 Plot of the square-wave peak potentials of the three pairs of polymorphic minerals
xanthoconite/proustite, pyrostilpnite/pyrargyrite, and trechmannite/smithite versus the charge
consumed in the electrochemical reactions [B62]. Copyright ©1997 with permission from Springer
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Table 5.2 Peak potential differences, transformation free energies, and enthalpies determined for
the three pairs of polymorphic minerals

Mineral pair AE, (mV) ArG (kJ mol™Y) ArH (kJ mol ™)
Xanthoconite — Proustite —68 £ 12 19.7+3.5 54.8+9.6
Pyrostilpnite — Pyrargyrite —50+7 14.5+20 40.3+5.6
Trechmannite — Smithite -30+9 29409 15.65+1.7

transferred to the electrode vary. Like in the case of CuS,Se;_, (Sect. 5.3.1), the
dependencies of the peak potentials on the charge are linear and run parallel for the
pairs of polymorphic forms. For the evaluation of the differences of the formal
potentials, a linear regression analysis has been used. Because the dependencies are
parallel to each other for each pair, the difference of formal potentials is indepen-
dent on charge. Table 5.2 shows the transformation free energies and enthalpies
determined for the three pairs of polymorphic minerals.

The outlined approach for determining thermodynamic data of minerals is, of
course, only applicable when the formal potentials can be measured under revers-
ible conditions.

5.3 Solid Solutions: Identification and Quantitative
Analysis

Solid solutions are of tremendous importance in materials chemistry and physics.
Electrochemical measurements can give access to vital information on solid solu-
tions as they are closely linked to thermodynamics. Mixed phase thermodynamics
predicts that the electrochemical properties of solid solutions differ in an unambig-
uous way from that of the pure phases. Therefore, it is obvious that from electro-
chemical measurements, two important questions can be answered in a very
straightforward way:

1. Is a certain material a solid solution or is it just a mechanical mixture of two
phases?
2. If it is a solid solution, what is its composition?

Figure 5.30 shows the electrochemical signals of two phases A and B and the
signal of a solid solution containing A and B in a certain ratio. If a material is a
mechanical mixture of the two phases A and B, then one will obtain two separate
electrochemical signals. These signals may be any kind of characteristic potentials,
provided that they are depending on the formal potentials (standard potentials) of
the respective systems. Thus, it is possible to use peak potentials derived from
linear scan voltammetry, from square-wave or pulse voltammetry, etc., or even the
mid-peak potentials of cyclic voltammetry if the system exhibits sufficient revers-
ibility. In any case, it will be necessary to have samples of the pure compounds A
and B.
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Fig. 5.30 Peak positions of Response of the single compounds A and B:
single electroactive i
compounds A and B and of A B

their solid solution A B;_,
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2002 with permission from
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When E and Ep are the characteristic potentials of these pure compounds, then
it follows that the characteristic potential Eop of the solid solution AB,, with the

molar ratio xg = nA"JanB will shift with the molar ratio as follows:
RT
Exg = Ep +XB(EB - EA> — ;[(XA In xao + xgIn xB) - )CAXBE‘] (513)

The term RT/zF(xa Inx +xg Inxg) represents the deviation from linearity caused
by the mixing entropy. ¢ is a parameter for the non-ideality.® The mixing entropy
adds rather little to the nonlinearity of the dependence of E g on xp. It just amounts
to 17.7 mV for xg =x4 =0.5, T=25 °C, and z=1. When the reversibility of the
electrochemical processes of the pure phases and the mixed phases differ, further
deviations from Eq. (5.13) must be expected.

5.3.1 The Solid Solution System CuS—CuSe

Copper(Il) sulfide and selenide form a continuous series of solid solutions.
Immobilized on a graphite electrode, the pure compounds and the solid solutions
can be easily reduced to metallic copper, the sulfide and selenide ions being liberated
(Reactions IV and V) and, depending on the pH of the solution, protonated.

CuS() + 2e72Cuy) + S+ (VI)

CuSe(s) + 2 2Cu() + Se*~ (VII)

Figure 5.31 depicts the linear sweep voltammograms of the reduction of the pure
phases CuS and CuSe, of the solid solution CuSe4Sg6, and of a mechanical

%Heusler KE (1996) Electrochim Acta 41:411-418
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Fig. 5.31 Cathodic voltammograms of (a) CuS, CuSe, and CuSygSep4 and (b) a mechanical
mixture of CuS and CuSe (1:2). Electrolyte 1 mol L' H,SO,, scan rate 0.011 V s~ ! [B57]. Copy-
right ©1996 with permission from Springer

mixture of CuSe and CuS [B57]. The voltammogram of the solid solution
CuSe( 4506 exhibits a single peak in accordance with the expectations from
mixed phase thermodynamics. For an exact determination of the composition of
the solid solution from a measurement of the peak potential, an empirical calibra-
tion is necessary using a set of samples of known composition. Further it is
necessary to establish whether the peak potential significantly depends on the
amount of particles immobilized on the electrode surface. In the case of the copper
selenides and sulfides, this dependence, which is specific for different immobilized
species, has to be taken into account: When each sample is measured several times
by trying to deliberately vary the amount and in each case the peak potential is
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Fig. 5.32 Plot of the peak potential E, of different solid solutions CuS,Se;_, versus charge Q,
consumed in the electrochemical reactions when deliberately varying amounts of the compounds
have been immobilized [B57]. Copyright ©1996 with permission from Springer

measured and the voltammograms is integrated, one can easily determine the
dependence of the peak potentials on the charge, i.e., a value proportional to the
amount of reduced substance. Figure 5.32 shows these plots.

Interestingly, they are all linear and parallel, and one can extrapolate the peak
potentials for zero charge and use them as values standardized for zero amount (any
other standardization is suited as well). Plotting these extrapolated peak potentials
versus the molar ratio xs, yields a smooth curve that can be used as a calibration plot
for the analysis of samples of unknown composition (Fig. 5.33). Figure 5.34 shows
voltammograms of CuSbS, and CuBiS, as well as voltammograms of a solid
solution of these two compounds and of a mechanical mixture. Again it is obvious
that a distinction between a solid solution and a phase mixture is easy to make. For
this system, no quantification has been made.

5.3.2 The Solid Solution System AgCI-AgBr

Silver chloride and silver bromide form a continuous series of solid solutions. The
reduction potential of the silver ions shifts as a function of the bromide content of
the solid solutions that have been obtained by melting together AgCl and AgBr
[B14]. The dependence (Fig. 5.35) is nonlinear because of a considerable
non-ideality of the mixtures.
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5.3.3 Solid Solutions of Metal Hexacyanometalates

Prussian blue is the archetype of a large group of metal hexacyanometalates, and its
electrochemistry has been extensively studied for the following reasons (1) It can be
easily deposited by electrochemical procedures on an electrode surface. (2) It
possesses two different kinds of electrochemically active iron ions, high-spin iron
(III) that is nitrogen coordinated and low-spin iron(II) that is carbon coordinated.
(3) The electrochemistry of both kinds of iron ions is reversible. (4) The reduction is
coupled with a reversible uptake of cations from solution and the oxidation is
accompanied by the expulsion of these cations. The ion transfer is possible due to
the zeolitic structure of Prussian blue in which ions can be housed in cavities and
move along channels. (5) Prussian blue exhibits electrocatalytic properties. (6) Prus-
sian blue shows electrochromism. (vii) Prussian blue and its oxidized and reduced
forms are highly insoluble in aqueous solutions. All these properties made it a
favorable compound to be used for electrochemical studies. Since there exist
dozens of other very similar metal hexacyanometalates, it was a temptation to
study their electrochemistry as well. However, only a relatively small number of
these compounds, e.g., copper, nickel, cobalt hexacyanoferrate, and some others,
can be precipitated or synthesized on electrode surfaces. The majority of these
compounds can be chemically synthesized, but a deposition on electrode surfaces
was hampered until introduction of the technique of mechanical immobilization of
microparticles.

Figure 5.36 depicts the structure that is representative for the vast majority of the
hexacyanometalates. Three kinds of metal ions can be distinguished, and all three
positions can be populated by mixtures of ions, provided that their radii fit to each
other. Thus, it is possible to populate the nitrogen-coordinated sites by Cu** and Fe**,
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Fig. 5.34 Cathodic differential pulse voltammograms of (a) CuBiS, and CuSbS, and (b)
CuBiy5SbgsS, and a mechanical mixture of CuBiS, and CuSbS,. Electrolyte 0.5 mol L™!
NaOH +0.1 mol L™! Na-K-tartrate, scan rate 6.25 mV s, pulse height 25 mV, and pulse duration

0.05 s [B57]. Copyright ©1996 with permission from Springer

by Cu®* and Ni**, etc., and the carbon-coordinated sites by Fe>*** and Co™*, etc.
The cations in the interstitial cavities can be populated by different alkali metals
and also by transition metal ions. Because the cations on this position are mobile
and can be exchanged with those in an adjacent solution, such solid solutions do not
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Fig. 5.36 Structure of a mixed copper—nickel hexacyanoferrate—hexacyanocobaltate and illustra-
tion of its insertion electrochemistry

possess much interest. However, they can be formed in the course of electrochem-
ical reactions with mixed electrolyte solutions. Besides the substitutional solid
solutions, metal hexacyanometalates can also form redox mixed solid solutions.
Thus, a Prussian blue, where one half of the high-spin iron is in the +3 and one half
of it is in the +2 oxidation state, is a solid solution provided that the redox centers
are statistically distributed. This kind of solid solutions will be discussed later.
Table 5.3 gives a schematic overview of the six basic types of solid solutions that
can be formed in the case of metal hexacyanometalates. Pure solid solutions of all
types are known with the exception of type IV. In many cases, higher-order solid
solutions are formed, i.e., mixed types of II and III, etc. Type IV seems to exist only
as a combination with type I and II [B111].

Solid solutions in which the nitrogen- and carbon-coordinated sites are mixed
populated are very interesting systems as they give insight into the dependence of
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Table 5.3 Basic types of solid solutions of metal hexacyanometalates

Type of
solid
solutions | Me' Me” Me"”’
| Different ions, e.g., K" and
Na*
1 Different ions, e.g., Cu**
and Fe**
101 Different ions, e.g., Fe**
and Co>*
v One kind of ions in different
oxidation states, e.g., Fe**
and Fe**
\'% One kind of ions in dif-
ferent oxidation states,
e.g., Fe** and Fe**
VI One kind of ions in dif-
ferent oxidation states,
e.g., Fe’" and Fe™*

[Me'] [Me” -NC- Me"’]; Me/, interstitial metal ions; Me”, nitrogen-coordinated metal ions; Me”’
carbon-coordinated metal ions

>

the electrochemical properties on the nature of metal ions. Voltammetric measure-
ments on such solid solutions allow an extremely sensitive analysis of the compo-
sition of these solid solutions. Nickel(II) and iron(III) hexacyanoferrate(II) form a
continuous series of solid solutions [B49]. In this series, the electroactive high-spin
iron(IIl) ions are continuously diluted by the electroinactive nickel(Il) ions,
whereas the electroactive low-spin iron ions remain in place. Therefore, one
observes that the peak currents of high-spin iron (III) decrease with increasing
nickel content and the formal potential of the low-spin iron system shifts from the
value of iron(III) hexacyanoferrate to the value of nickel hexacyanoferrate. This
shift is almost linear, although, even in the ideal case, it must be slightly nonlinear
because of the mixing entropy. The behavior of solid solutions of copper(Il) and
iron (III) hexacyanoferrate(Il) is very similar [B137]. Figure 5.37 shows
voltammograms of some representative examples and Fig. 5.38 depicts the depen-
dence of the formal potential of the low-spin iron system on high-spin iron(III)
content in the solid solutions. In the case of cadmium(Il) and iron(III)
hexacyanoferrate(Il), it was observed that solid solutions are formed, too
[B111]. This is rather surprising considering the large difference in ionic radii
(rcaan =109 pm, rgeam =78.5 pm). The formation of solid solutions can be
understood when both kinds of iron ions are in the +2 and +3 oxidation states,
thus forming both substitutional and redox mixed solid solutions. For the case of
metal hexacyanometalates with a mixed population of the carbon-coordinated sites,
a careful study has been performed with solid solutions of hexacyanoferrates(IIl)/
hexacyanocobaltates(III) [B247]. Figure 5.38 shows how sensitive the peak potentials
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iron—copper hexacyanoferrates as derived from the cyclic voltammograms (scan rate 0.05 V s7h
versus molar ratio of high-spin iron xg, [B137]. Copyright ©2000 with permission from Elsevier
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Fig. 5.38 Dependence of the formal potential of the Cu(I)/Cu(II) system (peaks I and IV) and of
the hexacyanoferrate(II/III) system (peaks II and III) of KCuH[hcf]l,X[hCC]X on the molar ratio
of cobalt (hcf, hexacyanoferrate; hcc, hexacyanocobaltate). The inset shows the cyclic
voltammogram of KCu"[hef]gs[heelo s in 0.1 mol L™! KNO,, with a scan rate of 50 mV s !
[B247]. Copyright ©2002 with permission from American Chemical Society
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of the Cu'*?* and the Fe**’** systems of mixed copper hexacyanoferrate—hexacyano-
cobaltates are to the composition of the solid solutions. The iron system shows a
relatively small shift because the diluting cobalt ions are rather far away from the iron
ions. When the nitrogen-coordinated metal ions are continuously substituted by
foreign metal ions, the effect is much stronger (see Fig. 5.37).

5.3.4 Solid Solutions of Oxides

The electrochemical dissolution of solid solutions of metal oxides provides access
to information on their composition. Grygar et al. studied the following series of
solid solutions: (a) C-Mn,O3 to a-Fe,05, (b) LiMn,0O4 to LiFesOg, (¢) CaMnO;
through Caz;(Mn,Fe);0g,, to CaFe,0s, and (d) MnO, to FeOOH [B181], Li-Mn-0,
and Li—-Fe—Mn—O spinels [B191, B194, B311]. When an oxide is electrochemically
dissolved by reduction of its metal ions to a lower valence state, this is a highly
irreversible process, and the voltammograms are expected to strongly reflect the
kinetics of the overall process (see Sect. 5.7). Therefore, it is not expected that the
peak potentials of the dissolution voltammograms directly and solely depend on the
thermodynamics. More interesting is the observation that the peak potentials show a
clear dependence on the composition which makes them useful for analytical
applications (see Fig. 5.39 for the system C-Mn,0;—a-Fe,03). Figure 5.40 shows
how the peak potential of reductive dissolution of a series of Li—-Fe—-Mn—O spinels
shifts with the ratio Fe/(Fe + Mn).

5.4 Organometallics and Organic Compounds

Considering the importance of redox processes of organic and organometallic
solids in catalysis, photovoltaics, analysis, etc., the voltammetric study of these
materials is a highly interesting and rewarding task. In contrast to many inorganic
solids, most organic and organometallic compounds are soluble in a suitable
organic solvent, making them easily available for solution-phase electrochemical
experiments. However, as it will be shown in the following chapter, the solid-state
electrochemistry of these compounds can be very different than that of the
dissolved species, which makes solid-state electrochemical studies indispensable.
The ease of the electrode preparation and the short time scale of the voltammetric
experiments (Chap. 3) favor the voltammetry of immobilized microparticles for
these studies. In the following sections, an overview is given showing phenomena
that are observed when microcrystalline organic and organometallic compounds are
attached to an electrode surface and studied voltammetrically. This overview
cannot give a complete picture of the work that has been done in the past decades,
but by means of examples, it shall give an impression of how the voltammetry of
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Fig.5.40 (a) Linear-sweep voltammetric dissolution curves of several single-phase Li—-Fe-Mn-O
spinels (0.2 M acetate buffer: 1:1 acetate/acetic acid; scan rate 1 mV s’l). The numbers denote the
value Fe/(Fe + Mn). (b) Linear-sweep voltammetric peak potentials of single-phase Li—-Fe—Mn-O
spinels plotted versus Fe/(Fe + Mn) [B191]. Copyright ©2001 with permission from Springer

immobilized microparticles can be utilized to get access to physical, chemical, and
mechanistic information on the studied compound.

5.4.1 Voltammetry of Organometallic Compounds

Based on their unique redox properties, organometallic complexes of the transition
metals are of invaluable importance for catalytic and electron-mediating processes
in nature and in technology. In particular, processes at solid organometallic com-
pounds are not yet fully understood. In the following sections, we will present
examples for the study of the different kinds of organometallic complexes, their
redox properties, and reaction mechanisms by means of the voltammetry of
immobilized microparticles.

Voltammetric studies of solid metal carbonyl compounds have been performed
by Bond and coworkers [B28, B31, B53, B65, B90, B128]. After extensively
investigating this class of compounds with respect to their solution electrochemical
behavior (Fig. 5.41) [B77], the authors have devoted their studies to the investiga-
tion of the solid compounds. Thus, they have shown that distinct electrochemical
responses can be obtained from cis-Cr(CO),(dpe), and trans-Cr(CO),(dpe),
(dpe = Ph,PCH,CH,PPh,), mechanically attached to a carbon electrode, and
immersed in aqueous electrolytes. The redox processes are reported to be similar
to those observed in organic solutions (see Fig. 5.42), the electron transfer through
the crystal being supposedly made possible by electron hopping via self-exchange
and cross redox reactions with the rate being dependent on the state of the
electrode—compound-solution interface and the surface charge [B28].
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The solid-state isomerization of cis-[Cr(CO),(dpe),]* to trans-[Cr(CO),(dpe),]*
(Fig. 5.43) has been found to be much slower than in solution, with the effect that
the otherwise thermodynamically unstable cis-[Cr(CO),(dpe),]* could—for the
first time—be spectroscopically identified (see also Sect. 5.5).
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The oxidation of frans-Cr(CO),(dpe), is accompanied by a slow uptake of
anions from the aqueous electrolyte solution. By help of electrochemical quartz
crystal measurements, it has been shown that the anions are transferred into the
solid phase in their unhydrated form [B53]. An interesting phenomenon is that,
although the expulsion of the anions during reduction is rapid, this process does not
proceed through the entire microcrystal. Fewer anions are released during the
reduction scan than were transferred into the solid during oxidation. The conclu-
sion, drawn from the experiments, is that the reduction process predominately
expels the anions that are situated relatively close to the solid—solution interface.

In solar energy conversion devices, separation of charge in semiconductors
occurs upon excitation of an electron from a valence to a conduction band,’” and
this is translated into current flow in an external circuit. In voltammetric studies on
solids, charge separation in the crystalline materials usually is generated via
application of an external electrical field rather than photolytically. However, the
voltammetry of microparticles can also be utilized to probe solid compounds for
their photoelectrochemical properties. Thus, Eklund and Bond have examined
carbonyl compounds with respect to potential photocatalyzed processes. Based on
the photoactivity of fac-Mn(CO);(n*-Ph,PCH,PPh,)CI in organic solvents,® they
have studied the behavior of the immobilized solid compound in an aqueous envi-
ronment [B128]. Two possible reaction pathways were subject of discussion: (1) Like
in the case of semiconductor electrodes, charge separation occurs within the micro-
crystalline environment upon radiation, resulting in a current flow and concurrent
charge balance through diffusion of ions into the crystalline material. (2) The material
attached to the electrode could undergo a transformation to form a material within the
solid environment that can be oxidized or reduced at a different potential from that of
the starting material and hence give rise to a photocatalytic reaction.

As it is depicted in Fig. 5.44a, b, the oxidation of immobilized microparticles of
fac—Mn(CO)3(n2—Ph2PCH2PPh2)Cl is considerably enhanced upon radiation. Using
a special photoelectrochemical cell (see Fig. 4.29), this photoprocess has been
studied with the help of the electrochemical quartz crystal microbalance, EQCM.
It could be demonstrated that the photocatalyzed processes at the immobilized fac-
Mn(CO)3(nz-thPCHzPth)Cl particles are accompanied by an anion uptake from
the surrounding electrolyte solution (Fig. 5.45).

From the combination of voltammetric, EQCM, ex situ electron spin reso-
nance spectroscopy, and chemical doping experiments, two possible reaction
pathways have been proposed: (1) formation of a charge transfer excited state
of the Mn(I) species, which is then rapidly oxidized to a fac-Mn(Il) cationic
species, that can then isomerize to the mer”™ form and (2) photoisomerization of
fac—Mn(CO)3(n2—Ph2PCH2PPh2)Cl to the mer form, which is then directly
photooxidized to the mer™ cationic form.

"Pleskov YV (1990) Solar energy conversion, a photoelectrochemical approach. Springer, Berlin

8Compton RG, Barghout R, Eklund JC, Fisher AC, Bond AM, Colton R (1993) J Phys Chem
97:1661-1664


http://dx.doi.org/10.1007/978-3-319-10843-84#Fig29

5.4 Organometallics and Organic Compounds 131

o
o

18 -
< T A=100-9% ]
- - o
2 MPp..... P — 1
- L - nt J
- § -
~ {4 S w}
- t ol
£ 1 8
= -1 6r
o E 4t
1 B« 2} - 4
20 TR SR PR ] R ° " : . " A
44 02 00 02 04 06 08 LO L2 L4 0 2000 000 6000 8000 10000
Potential /V (vs. Ag/AgCl) Time /ms

Fig. 5.44 (a) Cyclic voltammograms obtained for the oxidation of fac-Mn(CO)3(n2-Ph2PCH2
PPh,)Cl attached to a pyrolytic graphite electrode and placed in contact with 0.1 mol L™" NaCl
electrolyte (scan rate 100 mV s~!, irradiation intensity 10 mW cm_z). (b) Phototransient response
obtained for the oxidation of fac—Mn(CO)3(nz—thPCHzPth)Cl attached to a graphite electrode
and placed in contact with 0.1 mol L~' NaClO, [B128]. Copyright ©1999 with permission from
American Chemical Society
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Fig. 5.45 EQCM data obtained when solid fac—Mn(CO)3(nz—thPCHzPth)Cl, attached to a gold-
coated quartz crystal and placed in contact with aqueous 0.1 mol L™' NaCl electrolyte, is irradiated
periodically with 300450 nm light [B128]. Copyright ©1999 with permission from American
Chemical Society

Another highly interesting group of organometallic compounds to be studied by
voltammetry is the class of metallocenes and their derivatives. The simplest and
most studied member of this class is ferrocene (Fc). Ferrocene itself is sparingly
soluble in water; its oxidation product, however, is very soluble. This, together with
the well-defined voltammetry, based on the redox couple Fc/Fc™, is an ideal basis
for the study of the mechanisms of the electrochemistry of immobilized micropar-
ticles. In one of the first studies, the voltammetry of ferrocene was studied and
compared to other sparingly soluble metal complexes and salts [B14]. In each case,
the electrochemical perturbation generates at least one solution soluble species. For
this kind of process, a reaction scheme, Fig. 5.46, has been proposed, showing how
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the electrochemistry is interfered by dissolution and adsorption processes of the
involved redox species.

Being much more hydrophobic, decamethylferrocene (dmfc) exhibits a consid-
erably lower solubility in water. This compound can be considered virtually
insoluble, and even its oxidized form, dmfc*, is insoluble in water. As for its
relative, ferrocene, the voltammetry of the decamethyl compound is based on a
one-electron oxidation step (Reaction VIII).

Fe (1°-Cs(CHs);), 2 [Fe(n’-Cs(CHy)s),] " + e (VIII)

For charge compensation, the oxidation is accompanied by the uptake of anions
[X™, Reaction (VII)] from the electrolyte solution.

Fe(n’-Cs(CHs)s), sotia) T X(solution) & [Fe(n’-Cs(CH3)s),| Xsotiay + €~ (IX)

The nature of the anion not only has an effect on the shape of the voltammetric
signal, it also influences the redox potential of the oxidation process. Thus, the
presence of hydrophobic ions in the electrolyte solution leads to an oxidation at
lower potentials, whereas the presence of hydrophilic ions, like fluoride, shifts the
redox potential of Reaction (IX) toward more positive potentials. It can be assumed
that the Gibbs energy of transfer of the anions from the aqueous into the organic
phase is responsible for this phenomenon (see Chap. 6 for more detail). In contrast
to the oxidation of ferrocene, Reaction (IX) represents a solid-to-solid transforma-
tion. As depicted in Fig. 5.47, it is a kinetically controlled process, and its rate
strongly depends on temperature. The increase of the peak currents with tempera-
ture is much more pronounced than in solution-phase voltammetry.

The voltammetric study of mechanically immobilized organic or organometallic
solids is of considerable importance for compounds that are insoluble in water and
in nonaqueous solvents, as it is the case for many metal phthalocyanines. For
example, in a series of studies, Kucernak and coworkers have thoroughly investi-
gated the electrochemical behavior of platinum phthalocyanine [B138, B167, B185,
B190]—here, the voltammetry of microcrystals offers the simplest and yet a
reproducible way of depositing the target compound onto an electrode surface.
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The electrochemical doping process of platinum phthalocyanine microcrystalline
films in acetonitrile electrolyte was monitored using electrochemical impedance
spectroscopy (EIS), the impedance behavior being close to that obtained for
conducting polymers where, as expected, the kinetic parameters of the electro-
chemical doping process depended strongly on the doping potential. At low doping
levels, the rate of the first electrochemical step is slow and determined by the
conductivity of the microcrystalline film, but, once the film conductivity increases,
the electrochemical reaction is accelerated considerably [B167]. Well-defined
voltammetric responses are obtained for microcrystals in aqueous and in
nonaqueous media (Fig. 5.48). The authors suppose that the oxidation, as for
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many metal phthalocyanine complexes, takes place reversibly on the phthalocya-
nine ring and is accompanied by the uptake of anions from the electrolyte solution
according to Reaction (X):

PtPe(goiia) + nClO, 2 PP (C10; ), iopg) + 1€~ (X)

solution)

The voltammetry of microparticles is well suitable as a tool to the screening of
compounds for desired properties like their electrocatalytic activity toward the
oxidation or reduction of a target compound or for their suitability as electron
mediators in biochemical sensors. An example for such a study is the comparative
investigation of the electrochemical properties of osmium bipyridyl complexes
[B251]. In contrast to many other solid-state electrochemical reactions, the
voltammetry of immobilized osmium trisdimetoxybipyridyl, [Os(OMe-bpy);]
(PFg),, is comparable to its solution-phase voltammetry (see Fig. 5.49). The almost
ideally reversible redox-switching behavior in the solid-state favors this osmium
complex as an electron mediator in biosensors. Similar observations have also been
made for deposited microcrystals of other osmium bipyridyl complexes [B134,
B155, B252]; in one case, even unusually fast electron and anion transport pro-
cesses have been observed [B139].

The extent with which an electrochemical reaction proceeds from the triple-
phase junction solid—electrode—electrolyte solution into the bulk of an organic or
organometallic microcrystal depends on many factors. First, the structure of the
solid has to be “electrochemically open,” i.e., it should enable a comparably fast
electron hopping between the molecules within the crystal and the diffusion of
charge-balancing ions into the crystal. This condition is fulfilled for many

b 150 — —T 80
100 + 60
40
50
E 20 -
0
= lo B
.50 +
r-20
100 40
-150 -60

08 06 04 02 0 0.2
E /Volts

Fig. 5.49 (a) Structure of osmium trisdimetoxybipyridyl, [Os(OMe-bpy);](PFs), (OMe =
4.,4'-dimethoxy; bpy = 2,2-bipyridyl). (b) Cyclic voltammograms for a 0.8 mM solution of
[Os(OMe—bpy)3]2+ dissolved in acetonitrile (solid line) and as a solid deposit (dashed line). In
both cases, the supporting electrolyte is 0.1 mol L™ HCIO,, the working electrode is a 25 pm
platinum electrode, and the scan rate is 0.1 Vs ~' [B251]. Copyright ©2002 with permission from
American Chemical Society



5.4 Organometallics and Organic Compounds 135

complexes, as, for instance, for the above-described metallocenes and chromium
carbonyl compounds. In these cases, a fast and exhaustive oxidation or reduction of
the deposited solid can be achieved. In other cases, however, as in the case of highly
charged complexes like [Co(mtas),]”* (mtas= bis(2-(dimethylarsino)phenyl)-
methylarsine), the voltammetric reaction remains confined to the surface of the
microcrystal. Here, the high charge of the complex (n=2-3) leads to ion pair
formation with the anions that are transferred into the crystal upon oxidation and
thus to an increasing resistivity toward the ion migration within the crystal [B45].

As a peculiar phenomenon, it has been reported that the voltammetric conver-
sion of immobilized organometallic compounds can lead to a reversible extraction
of metals from their complexes. Thus, Marken et al. reported on electrochemically
driven reversible solid-state metal exchange processes in polynuclear copper com-
plexes [B260]. These complexes (see the example of the tetranuclear compound,
Fig. 5.50), consisting of a “Robinson-type” ligand scaffold, can accommodate up to
four copper ions that are bridged to each other, as shown in Fig. 5.50. Upon
reduction of the immobilized complexes, the copper ions stepwise leave the com-
plex and are reduced at the electrode surface to form a copper deposit. In the first
step, two copper ions are extracted from the complex, leaving the di-copper
complex behind. In the second step, the water-insoluble ligand is formed, which
remains at the electrode surface (see the schematic drawing in Fig. 5.51). Upon
oxidation, the formed free copper ions are reincorporated into the ligand scaffold.
Roznyatovskaya et al. reported that the demetallation of dinuclear copper complex
with Robinson-type macrocyclic ligand in contact with acetate buffer was quasi-
reversible despite the irreversible voltammetric pattern [B446].
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Fig. 5.50 Structures of (a) the expanded “Robinson-type” macrocyclic ligand H4L, (b) the
tetranuclear complex [CU4(L)(OH)]3Jr [B260]. Copyright ©2003 with permission from Springer
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Fig. 5.51 Schematic representation of the reversible solid-state conversion of metal complex to
metal deposit and free ligand [B260]. Copyright ©2003 with permission from Springer
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Bond et al. [B294, B306, B308] have demonstrated that the response of micro-
particles of several organometallic compounds using ionic liquids as electrolyte is
indistinguishable from that of the dissolved species. A rapid dissolution of the
solids upon electrochemical oxidation of the neutral compounds is held responsible
for this observation.

Further, it has been found that small concentrations of organic solvents in the
electrolyte solution can induce a catalytic action in the insertion electrochemical
reactions of microparticles [B295], causing a co-insertion and lattice widening.

The occurrence of electrochemically driven ion-insertion processes can be
illustrated by scanning electron microscopy (SEM) images of a microparticulate
deposits of heterometallic Au(I)-Cu(I) [{Au;Cuy(C, R)g}Aus(PPh,CsH4PPh,)s]
(PF¢), alkynyl cluster complexes [B360, B361]. In contact with aqueous electro-
lytes, such complexes display an essentially reversible solid-state oxidation process
at potentials around +0.5 V which can be described in terms of ferrocenyl oxidation
coupled with the ingress of anions from the electrolyte into the solid lattice. The
examination by SEM of microparticulate deposits on graphite electrodes before and
after application of a constant potential sufficiently positive to promote the afore-
mentioned oxidation process revealed that no significant morphological changes
occurred in the crystals, except for the appearance of holes and apparent partial
decapping, as can be seen in Fig. 5.52.

Quantitative scanning electron microscopy—energy dispersive X-ray analysis
(SEM/EDX), shown in Fig. 5.53, confirmed the insertion of halide ions. The
EDX spectra of original crystals show intense peaks for Fe, Au, Cu, P, O, and F,
in agreement with their elemental composition. After electrolysis in 0.10 mol L™
NaCl at +0.75 V, such peaks retain their relative heights but accompanied by the
signal for Cl, clearly suggesting that anion insertion effectively occurred.

Recent studies on metal complexes [B362] and metal phthalocyanines [B363,
B364, B365] have been reported. In this context, the electrochemistry of
biometallic compounds has received increasing attention. This is the case of
hemoglobin films, where the Fe(Ill)-heme/Fe(II)-heme couple provides a charac-
teristic voltammetric signature in contact with aqueous electrolytes. Such signature
has been used to detect the presence of proteinaceous binders in Taiwanese
polychromed architectural decoration and studying its aging for dating purposes
[B350].

A recent application of the voltammetry of immobilized microparticles in the
biomedical area is the screening of molecules with potential antimalarial activity
through heme-binding mechanism [B366]. This activity is patterned as a result of
peak splitting appearing for Fe(Ill)-heme aqueous solutions in contact with
microparticulate deposits of the potentially active antimalarials on graphite elec-
trodes, as illustrated in Fig. 5.54. Remarkably, this assay does not require prior
incubation and can be applied to different Fe(Ill) substrates, namely, hemoglobin,
whole blood, and erythrocytes, as well as hemolyzed erythrocytes and blood
samples [B366].

In this context, the solid-state electrochemistry of highly ion-permeable solids
formed by metal ions packed with organic ligands, the so-called metal-organic
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Fig. 5.52 Scanning
electron microscopy (SEM)
images of a
microparticulate deposit of
[{AuzCux(CyCsHyFC)s |
AU3(PPh2C6H4PPh2)3]
(PF¢), on graphite (a)
before and (b) after
application of a constant
potential step at +0.75 V in
0.10 mol L™" NaCl during
15 min [B361]. Copyright
©2010 with permission from
Springer

frameworks (MOFs) or coordination polymers (see footnote 3), has also been
studied. These coordination polymers have received considerable attention because
of their high porosity, large surface area, structural variety, and considerable
permeability to guest molecules, with applications in hydrogen storage, catalysis,
and sensing.”'® '"'* Resulting from the association of transition metal ions to
polyfunctional organic ligands, the MOFs can even be prepared electrochemi-
cally."® However, relatively few reports on their electrochemical characterization

° Tomic EA (1965) Thermal stability of coordination polymers. J Appl Polym Sci 9:3745-3752

10Kitagawa S, Kitaura R, Noro S (2004) Functional porous coordination polymers. Angew Chem
Int Ed 43:2334-2375

"' Rowsell LC, Yaghi OM (2004) Micropor Mesopor Mat 78:3—14
12 Janiak C (2003) Dalton Trans 2781-2804

13 Mueller U, Schubert M, Teich F, Puetter H, Schierle-Arndt K, Pastré J (2006) J] Mater Chem
16:626-636
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Fig. 5.53 Scanning electron microscopy—energy dispersive X-ray analysis (SEM/EDX) records
of particles of [{AuzCu,(C, CgHyFc)s} Aus(PPh,CgH4PPh,);](PFg), (a) before and (b) after
electrolysis in 0.10 mol L™" NaCl at +0.75 V during 15 min [B361]. Copyright 2010 with
permission from Springer

have been published [B367, B368, B369, B370, B371, B372]. In the voltammetric
response of MOFs, one can expect the appearance of size-dependent permeability
to electrolyte ions [B367, B368]. In the case of iron phytate deposits on tin-doped
indium oxide (ITO) electrodes, well-defined voltammetric responses consistent
with an immobilized Fe(III/II) redox system in aqueous and ethanolic electrolyte
solutions have been observed by Marken et al.[B370]. The Fe(III/II) redox system
is reversible and cation insertion/expulsion occurs fast on the time scale of
voltammetric experiments even for more bulky NBu," cations and in ethanolic
solution, but it appears that structural changes accompany the redox process and
limit propagation [B370]. In the cases of Cu(Il) and Zn(II)-terephtalates, where
size-dependent effects on ionic permeability have been detected, the reductive
electrochemistry is complicated by the possibility of yielding metal deposits
[B367, B368].
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Fig. 5.54 Square-wave voltammograms for (a) Fe(Ill)-heme film on glassy carbon electrode
immersed into 0.25 mol L~' aqueous phosphate buffer (pH 7.4), (b) unmodified electrode
immersed into 3 pmol L™" solution of Fe(IlT)-heme in 0.25 mol L™"' aqueous phosphate buffer
(pH 7.4), (¢) 4-aminophenol-modified GCEs, (d) hydroquinone-modified GCEs in contact with the
above solution. Potential scan initiated at +0.25 V in the negative direction. Potential step
increment 4 mV, square-wave amplitude 25 mV, frequency 5 Hz [B366]. Copyright ©2013 with
permission from American Chemical Society

5.4.2 Voltammetry of Organic Compounds

The voltammetry of immobilized microparticles can be exploited for very different
purposes, be it to address mechanistic questions of electrochemical or chemical
reactions, to access physical or chemical properties of a target compound, to screen
compounds for a desired electrochemical property or behavior (catalysis), or to
yield qualitative or quantitative information on a compound. The latter, the qual-
itative and quantitative determination of organic compounds is nowadays generally
a domain for chromatographic and spectroscopic techniques. However,
voltammetry, and especially the voltammetry of immobilized microparticles, can
be highly useful as a tool for a quick and cheap analysis, without the need of any
sample extraction steps. Thus, for example, Komorsky-Lovric et al. have used the
voltammetry of immobilized microparticles for the detection of trace amounts of
cocaine powder on contaminated paper money/bills (see Fig. 5.55). Utilizing
square-wave voltammetry, the authors determined the detection limit for cocaine
to be 0.3 pg cm ™2 surface concentration.

Although due to the limitations caused by the mechanical immobilization of a
sample onto an electrode surface the analytical information on a target compound is
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Fig. 5.55 Square-wave
voltammogram of traces of
cocaine powder which was
mechanically transferred to
a paraffin-impregnated
graphite electrode from the
surface of contaminated
paper money (bills). The
frequency was 250 Hz,
amplitude 100 mV, step
increment 2 mV, and
starting potential 1 V
[B109]. Copyright ©1999
with permission from
Wiley-VCH

primarily of qualitative nature, it has been shown for the screening of pesticides on
the surface of cucumber and lettuce that by following identical electrode prepara-
tion procedures, also semiquantitative information can be obtained [B59]. This fast
screening provides information on the presence or absence of a certain pesticide and
can thus save labor and costs for unnecessary analysis by, e.g., chromatography.

So far, more emphasis than on the analytical use has been placed on the
application of the voltammetry of microparticles for studying the redox properties
of organic solids and the mechanisms of their electrochemical reactions. These
reactions can proceed under dissolution if the reaction product is soluble or as a
solid-to-solid transformation if the product is insoluble in the electrolyte environ-
ment. Depending on the properties of the organic microcrystals, the latter reaction
type can either be purely surface confined or even confined to the three-phase
junction, or it can lead to an exhaustive conversion of the microcrystals. For a given
compound, the extent of the reaction depends on a number of properties. First of all,
solid-to-solid conversions generally require a charge compensating transfer of ions
between the solid and the adjacent electrolyte solution to take place. In order to
allow ions to migrate through the molecular solid, the structure of the solid must be
“open,” i.e., it must provide space to accommodate ions without binding them too
strongly (as ion pairs). An example is the reduction of 7,7,8,8-
tetracyanoquinodimethane, TCNQ, the reduction of which is accompanied by the
uptake of cations from the surrounding electrolyte solution, into its layered struc-
ture, Fig. 5.56, following Reaction (XI):
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Fig. 5.56 Perspective view of the skeletal structure of TCNQ (upper structure) and (Cs*),
(TCNQ ), (TCNQ) (below). Hydrogen atoms are omitted for clarity [B101]. Copyright ©1998
with permission from Royal Society of Chemistry

XTCNQ(go1ia) + ye~ + yM(tm;’(M*)y(TCNQ_)y(TCNQ)(x_y>(solid) (XT)
Of course, the electron transfer within the crystal, in most cases via electron
hopping, must be assured, too.

Very often, the structure of the end product of an electrochemically induced
solid-to-solid transformation is strongly deviating from that of the starting material,
as shown in Fig. 5.56 for the example of TCNQ and its reduction product [B101],
and the structural changes depend on the nature of the intercalating cation. The
growing divergence between the oxidized and the reduced form leads to an immis-
cibility between starting and end product. The effect on the voltammetric response
can be seen in Fig. 5.57. Clearly visible is the unusually large separation between
the reduction peak and the oxidation peak. This extremely high peak-to-peak
separation is caused by a large overpotential of reduction and oxidation, which
the authors interpret in terms of a nucleation and growth mechanism (for the
thermodynamic interpretation, see Sect. 5.11), arising from the fact that the
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Fig. 5.57 Schematic
diagram of the |

voltammetric response for 0.2 pA | Inert |
the surface-attached |

TCNQO/ ~ system when |

interconversion of TCNQ
and the reduced salt occurs
by a nucleation—growth
mechanism

[B56]. Copyright ©1996
with permission from Royal
Society of Chemistry
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Fig. 5.58 Schematic representation of nucleation in the four-phase system electrode (phase 4)/
solids (phase 1 and 2)/solution (phase 3) [B56]. Copyright ©1996 with permission from Royal
Society of Chemistry

electrochemical solid-to-solid conversion does not take place via the formation of a
continuous redox solid solution phase, but requires the formation of a separate
product phase (as schematically drawn in Fig. 5.58) [B56, B296]. The formation of
this phase, from the kinetic point of view, obeys the laws of nucleation and growth.

The described effect of the immiscibility of the corresponding redox pairs does
not seem to be an exotic behavior. It has been described for other systems too, as,
for instance, for the oxidation of microcrystalline tetrathiafulvalene, TTF [B54,
B255], which takes place coupled with the intercalation of anions into the TTF
lattice.

Evidence for nucleation and growth has also been found for the voltammetric
reduction and reoxidation of the Buckminster fullerene Cg,. The large peak-to-peak
separation (Fig. 5.59a) and the typical chronoamperometric curves, showing a
“rising” current transient rather than a monotonic decay (Fig. 5.59b), are charac-
teristic and support the proposed reaction mechanism [B119].

As shown in Fig. 549, fullerenes exhibit a well-defined voltammetry.
Depending on the applied reduction potential, they undergo a number of reduction
steps, as shown in Fig. 5.60 for the example of the (Cgp);5(CTV) complex
(CTV =cyclotriveratrylene). It can be derived from the voltammetric curves e-a
(Fig. 5.60) that the products of the first two reduction steps are still insoluble in the
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Fig. 5.59 (a) Cyclic voltammograms obtained for the reduction and reoxidation of solid Cgg
mechanically attached to a basal plane pyrolytic graphite electrode immersed in acetonitrile/
0.1 mol L™! NBu4PFg. scan rate 0.02 V sTLJ=20+2°C. (b) Chronoamperogram for the reduction
and reoxidation of solid C¢o mechanically attached to a basal plane pyrolytic graphite electrode and
immersed in acetonitrile/0.1 mol L™! N Bu,PFg. Potential steps are from O to —0.85 V for reduction
and —0.85 V to —0.205 V versus SCE for reoxidation after ten initial potential cycles between 0 and
—1.0 V versus SCE [B119]. Copyright ©1999 with permission from American Chemical Society
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electrolyte solution; the reoxidation of the compound is thus possible. However,
potential sweeps toward more negative potentials lead to the formation of soluble
reaction products, visible in the irreversibility of the subsequent reduction.

Organic chemistry, and thus also organic electrochemistry, can generally be
much more complex than in the above examples. Thus, the electrochemical oxida-
tion or reduction of an organic compound can be followed by a chemical reaction of
the reaction products. These EC reactions are a research field on their own, and as
demonstrated for the example of electrochemically driven polymerization reactions
at the mechanically immobilized microparticles [B211, B218, B272], the
voltammetry of microparticles is most suited to interrogate them.

The surface identification of carbon particles with organic compounds has been
shown to provide interesting new materials for the solution analysis of sulfide ions
and pH [B305, B309, B310] when these particles are immobilized on electrode
surfaces. Similar results can be achieved by co-immobilization of carbon nanotubes
and pH-sensing compounds like 9,10-phenanthraquinone [B315].

The voltammetry of microparticles of organic compounds is also of application
in pharmacology. Komorsky-Lovri¢ et al. have studied the electrochemistry of
different pharmacologically active compounds including cocaine [B109], local
anesthetics and antithusics [B373], 5-aminosalicylic acid, ciprofloxacin, and
azithromycin [B374], and others [B375]. Applications include the screening of
pesticides [B59] and different families of adulterant chemicals illegally added to
commercial herbal phytotherapeutic formulations, so that anorexics,
benzodiazepinic anxiolytics, antidepressants, diuretics, and hypoglycemics can be
discerned electrochemically [B323]. In all cases, characteristic voltammetric sig-
nals were recorded on solid micro- or nanosamples attached to graphite electrodes
immersed into aqueous electrolytes. Komorsky-Lovri¢ and Novak have applied the
voltammetry of microparticles to estimate of antioxidative properties of vegetables
[B376, B377]. Other studies deal with the properties of pharmacologically active
substances [B378] and the interaction of dsDNa with 3,4-dibenzyl-2,5-
dimethylthiophene-S-oxide using a glassy carbon electrode modified with a thick
thiophene-S-oxide + dsDNA mixture [B379] and screening of different DNA forms
[B426]. Bioelectroanalysis of pharmaceutical compounds has been recently
reviewed [B380, B381, B382].

Figure 5.61 compares the square-wave voltammetric responses for lorazepam
(anxiolytic) and furosemide (diuretic) in contact with aqueous acetate buffer. Well-
defined, drug-characteristic voltammetric signals are recorded that, interestingly,
are retained in the voltammograms recorded for mixtures of those compounds. This
is due to the microparticulate nature of the sample, where separate grains of each
one of the drugs exist. As a result, the observed voltammetry corresponds to the sum
of the signals recorded for each one of the compounds separately, a feature that, in
general, does not occur in solution electrochemistry, where cross-reactions can
accompany electrochemical runs.

Electrochemical measurements can be applied to monitor the reactivity of
intermediates involved in biochemical processes and can provide insight into
pharmacological activity of compounds. Generation [B383, B384, B385] of free
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Fig. 5.61 Square-wave Qe

voltammograms for PIGEs
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hydroxyl radicals at electrode surfaces and quantification [B386] of the hydroxyl
radical scavenging activity of medicinal plant extracts are illustrative examples.
Similarly, the voltammetry of immobilized particles scene can be extended to the
study of films of proteins [B387], lymphocytes [B388], enzymes [B389], and
mitochondria [B390].

5.4.3 Voltammetry of Organic Pigments and Hybrid
Materials

The voltammetry of microparticles has been applied for the identification of organic
pigments in pictorial samples. These include several families of natural colorants,
namely, anthraquinonic and naphtoquinonic [B265], flavonoid [B302, B321, B322,
B391, B392], curcumoid [B393], and indigoid [B72, B126, B394, B395] dyes.
Identification of dye and dye mixtures in ancient textile samples has been reported
[B391]. Dye screening is complicated, however, by the variety of compounds with
similar chemical composition and, therefore, similar electrochemistry, so that
electroanalytical procedures involving sequential use of different electrolytes
[B321] and application of reductive/oxidative potential steps [B321, B322] can
be used. Embedding dyes into carbon paste electrodes has also been reported
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[B396, B397]. In general, the electrochemistry of dye particles was studied in
contact with aqueous electrolytes, so that reduction/oxidation processes can be
described in terms of the entrance/issue of protons into/from the organic solid
from/to the electrolyte, as confirmed by chronoamperometric [B319] and coupled
voltammetric/AFM data [B320]. Figure 5.62 shows an example of application of
the voltammetry of microparticles for identifying the dyestuffs used in a medieval
brocade piece found in the Castellfort church (Valencia Region, Spain). Clearly, the
voltammogram of the textile sample in contact with aqueous acetate buffer resem-
bles that resulting from the superposition of carmine and Brazilwood [B391].

An interesting group of pigmenting materials is formed upon attachment of
organic dyes to inorganic hosts. Such systems, generically termed as organic—
inorganic hybrid materials, stabilize the organic guest molecules upon anchorage
to silicates and aluminosilicates [B398, B399]. The paradigmatic example is the
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Maya blue, a historical pigment used by the Mayas and other Mesoamerican
peoples in pre-Columbian times, characterized by its enormous chemical stability
and peculiar brightness and variable blue-greenish hue [B400]. The absence of
historical sources describing the recipe for the preparation of the pigment motivated
controversies about its fabrication and its chemical composition. Although today it
is recognized that the Maya blue results from the attachment of indigo to
palygorskite, a phyllosilicate clay, there is no agreement with regard to the location
of indigo molecules on the clay framework and the nature of that attachment and the
origin of this peculiar hue and chromatic variability, in principle attributed to the
bathochromic shift of indigo absorption bands due to the attachment of the dye to
the clay or to light dispersion by often accompanying iron metal and iron oxide
nanoparticles, as recently reviewed [B400]. The simplest way to prepare the
pigment is the crushing of indigo and palygorskite mixtures (ca. 1 % wt of indigo)
and heating it at temperatures between 100 and 180 °C, so that zeolitic water
molecules are partially removed from the clay.

The voltammetry of the Maya blue in contact with aqueous electrolytes is close
to that of indigo, with distinctive signals corresponding to the indigo oxidation to
dehydroindigo and the reduction of indigo to leucoindigo (see Fig. 5.58) [B401,
B402, B403]. The analysis of the voltammetric signals suggested to Doménech-
Carbo et al. that a substantial proportion of the dye was actually in its oxidized
form, dehydroindigo [B401]. This idea, supported by multispectral [B401, B402],
nuclear magnetic resonance [B403], and chromatographic/mass spectrometry
[B432, B433] data, provides a straightforward mechanism for justifying the pecu-
liar chromatic properties of the Maya blue: the dehydroindigo (yellow)/indigo
(blue) ratio determines the more or less greenish hue of the resulting material.
Thermochemical parameters for the association of these dyes to the clay support,
calculated from solid-state voltammetric data, were in agreement with the above
idea and suggested that the ancient Mayas could modulate the color of the pigment
by varying the temperature of the thermal treatment, a possibility consistent with
voltammetric data for genuine samples of Maya blue from different archaeological
sites [B404, B405]. These studies lead to the possibility of defining an evolutionary
scheme for the Maya blue, whose method of preparation could surely experience
local and time variations during the Maya epoch [B401, B402, B403, B404,
B405]. The most recent electrochemical studies indicate that similar “Maya yel-
low” and “Maya green” [B406] and green plasters [B407] were used by this ancient
people. Figure 5.63 compares the square-wave voltammograms for a commercial
indigo paste and a genuine Maya blue sample from Chichén Itza, both showing the
characteristic indigo peaks in contact with aqueous acetate buffer. In this figure, the
voltammogram for a synthetic wet mixture of indoxyl (1 % w/w) plus palygorskite
wet mixture is also shown. Indoxyl is one of the precursors of indigo in plants
[B394] and in contact with palygorskite yields a system with a high proportion of
dehydroindigo and other secondary dyes. This last voltammetric response is close
to that recorded for glassy carbon electrodes modified with the extract of a green
pellet from La Blanca archaeological site (Late classic period), after extractive
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contact with DMSO overnight, where dehydroindigo is identified as the main
organic component (Fig. 5.64).

Analysis of peak currents of voltammetric curves permits an in-depth analysis of
the distribution of the dye molecules and its oxidation state [B399, B403, B408,
B409] in the palygorskite grains, as well as a study of the kinetics of the solid-state
reaction [B410], using a methodology previously developed for analyzing the
kinetics of the tetragonal to monoclinic shift of zirconia [B411]. The central idea
is that for diffusion-controlled electrochemical processes, the voltammetric
response is representative of the composition of the region reached during the
advance of the diffusion layer. Roughly, this can be approached by the time 7
characteristic of the experiment (given by the magnitude of the potential scan rate
in cyclic voltammetry or the frequency in square-wave voltammetry) and the
diffusion coefficient (D) attributable to the species whose motion is rate-

determining. The apparent depth of the diffusion region, xj, can be estimated

as XiP = (2D7)"?, so that the variation of the voltammetric parameters with the
potential scan rate can be converted into a variation of such parameters with the

depth, provided that the diffusion coefficient is known, for instance, from

-

+1.0 +0.6 +02 -02 -06 +1.0 +06 +02 -02 -06
Potential (V vs. AgCI/Ag) Potential (V vs. AgCl/Ag)

Fig. 5.64 Square-wave voltammograms for (a) commercial indigo paste, (b) Maya blue sample
from Chichén Itza, (c) indoxyl (1 % w/w) plus palygorskite wet mixture attached to paraffin-
impregnated graphite electrodes, and (d) glassy carbon electrodes modified with the extract of a
green pellet from La Blanca archaeological site in contact with DMSO overnight. Electrolyte
0.50 mol L™' HAc/NaAc, pH 4.85. Potential scan initiated at —0.75 V versus AgCl/Ag in the
positive direction, potential step increment 4 mV, square-wave amplitude 25 mV, frequency 5 Hz.
Black arrow: dehydroindigo/indigo couple; gray arrow: indigo/leucoindigo couple
[B406]. Copyright ©2011 with permission from Wiley-VCH
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chronoamperometric experiments [B319, B401, B403, B452] using the Lovri¢—
Scholz—Oldham modeling for the electrochemistry of ion-insertion solids [B87,
B88, B107, B142].

The same methodology can be applied to other materials displaying
ion-insertion properties. Micro- and mesoporous silicates and aluminosilicates
incorporating electroactive organic guests have been extensively studied [B412,
B413], with particular attention to their analytical applications [B414, B415,
B416]. An interesting aspect to be underlined is the possibility of obtaining
discernible voltammetric responses for different topological redox isomers, i.e.,
guest molecules or ions located in different positions and/or binding environments
of the inorganic host framework [B225, B226, B246, B301, B417, B418, B419].

5.4.4 Overview of Studied Compounds

Organometallics and Metal Complexes with Organic Ligands

Compound References
Tris(2,2'-bipyridine)ruthenium(Il) hexafluorophosphate [B134]
cis-Ru™(dcbpy)»(NCS), (dcbpy = 2,2'-bipyridine-4,4'-dicarboxyl acid) | [B102]
[{M(bipy), } {M'(bpy) } (1-L)1(PFs), (M, M' =Ru, Os; L = 1,4- [B139]
Diydroxy-2,5-bis(pyrazol-1-yl)benzene
Osmium bis(bipyridyl)tetrazine chloride, [Os(bpy),-4-tet-C1](C1Oy) [B155]
tet = 3,6-bis(4-pyridyl)-1,2,4,5-tetrazine
Osmium trisdimetoxybipyridyl, [Os(OMe-bpy);](PFs), [B251]
OMe = 4,4'-dimethoxy; bpy = 2,2-bipyridyl
Triazole bridged osmium dimer, [Os(bpy),Cl 4-bpt Os(bpy),Cl]PFg [B252]
Ruthenium(IIT) dithiocarbamate [B100]
Ruthenium(III) diphenyldithiocarbamate [BO8]
[Ru(bpy);1[PFsl> [B134]
[Ru(bpy)s]3[P2W 50621 [B303]
fac-Mn(CO);(n*-Ph,PCH,PPh,)Cl [B128]
cis-[Mn(CN)(CO),{P(OPh); } (dppm)] (dppm = Ph,PCH,PPh;) [B294]
cis-[W(CO),(dppe)] (dppe = Ph,P(CH,),PPh,) [B294]
cis- trans-[Re(CO),(P-P),]" and trans-[Re(CO)(P-P),X] [B90]
P-P = diphosphine ligand, X = Cl, Br
trans-Re(Br)(CO)X (X = (dppe)a, (dppz)(dppm), (dppe),(dppm) [B295]
(dppe = Ph,P(CH,),PPh,, dppm = Ph,PCH,PPh,, dppz = (Ph,P),CsH,)
cis, trans-Cr(CO),(dppe), (dppe = Ph,P(CH,),PPh,) [B28, B31, B53,
B295]
[(C4Ho)4 NJ[Cr(CO)s]] [B65]
Fe(1)’-CsPhs)((n°-CHs)CsPhy) [B106]
1,3,5-tris(3-((ferrocenylmethyl)amino)pyridiniumyl)-2,4,6- [B306]
triethylbenzene Hexafluorophosphate

(continued)
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Bis(n -pentaphenyl-cyclopentadienyl)iron(II)-iron(III) [B129]
[Co(mtas),](X),, (mtas = bis(2-(dimethylarsino)phenyl)-methylarsine; [B45]
X=BF, ,n=3;X=Cl04 ,n=2,3; X=BPhy ,n=2)

Co and Mn phthalocyanines [B43, B63]

Pt phthalocyanine

B190]

Polynuclear copper complexes
[Cuy(H3L)(OH)I[BF,],, [CuyL(OH)][NO3]3 L = O4Ny4

[B260]

Copper(Il) 5,10,15,20-tetraphenyl-21H,23H-porphyrin (H,TPP)

Azurin [B297]

Decamethylferrocene [B29]

Ferrocene/cobaltocene [B14, B308]

Decaphenylferrocene [B295]
Organics

Compound References

Azobenzene [B68]

Carbazole/polycarbazole [B272]

Cocaine [B109]

2,2-diphenyl-1-picrylhydrazyl (DPPH) [B114]

Diphenylamine (B 197 (droplet))

[B211, B218]

Fullerenes, Cg

[B119, B154, B172, B263]

Ceo C L, [(L = p-benzyl-calix[5]arene),] -8toluene

[B156]

HQBpt (HBpt = 3,5bis(pyridine-2-yl)-1,2,4-triazole); [B179]
1,4-hydroquinone H,Q

Indigo [B72, B126]
Lead and mercury dithiocarbamate [B13, B14]
N,N'-bis(4-Cyanophenyl)-3,4,9,10-perylene-bis [B313]
(dicarboximide) and N,N'-bis(4-Cyanophenyl)-1,4,5,8-
naphthalenediimide

Quinhydrone, acridine [B126]
Tetraphenylviologen [B295]

TCNQ

[B56, B101, B124, B255, B296,
B299]

1,3,5-Tris[4-[(3-methylphenyl)phenylamino]phenyl]
benzene

[B316]

TTF

[B54, B196, B267]

Organic dyes and pigments

[B265, B302, B321, B322, B391,
B392, B393, B394, B395]

[B138, B167, B185,

[B135,B159, B178]
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5.5 Electrochemically Initiated Chemical Reactions
of Solid Particles

5.5.1 Electrochemically Initiated Isomerizations

Similar to the scenario of electrochemical reactions of species in solution, solid
compounds can also undergo chemical follow-up reactions. Such systems can be
conveniently studied using particles of the solid compound immobilized on an
electrode surface. This is very interesting because a comparison can be made
between the behavior of a species dissolved and in the solid state. As a first
example, we shall discuss an isomerization that was well known to occur when
iron(II) hexacyanochromate(Ill), KFe[Cr(CN)g], is heated to temperatures around
100 °C. Under this condition, the cyanide ions turn around to form chromium(III)
hexacyanoferrate(Il), KCr[Fe(CN)¢]. This isomerization takes place at room tem-
perature when microparticles of KFe[Cr(CN)¢] are immobilized on a graphite
electrode and are subjected to potential cycling in a range where the hexa-
cyanochromate unit is switched between the chromium(Ill) and chromium
(IT) states [B33]. Figure 5.65 depicts the cyclic voltammograms and it is obvious
how the hexacyanochromate system decreases simultaneous to the growing of the
hexacyanoferrate system. The rate constant of the isomerization was
4 x107° mol s™'. The isomerization can be easily understood considering the
general inertness of chromium(IIl) ions against substitution and, on the other

I/ mA

Y] PRI P EAPEP BRI S B
-1.5 -1 -0.5 0 0.5 1

E /V vs. Ag/AgC!

Fig. 5.65 Subsequent cyclic voltammograms of iron(II) hexacyanochromate(III) mechanically
immobilized on a PIGE. The isomerization to chromium(III) hexacyanoferrate(I) can be deduced
from the simultaneous decrease of the hexacyanochromate system accompanied by the growing of
the hexacyanoferrate system. Electrolyte 0.1 mol L™! KCI, scan rate 0.1 V s~ ' [B33]. Copyright
©1995 with permission from American Chemical Society
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hand, a high lability of the ligands of chromium(II) ions. Thus, the cyanide ions are
labilized in the hexacyanochromate(II) and allowed to turn around, i.e., coordinat-
ing on the carbon end to the iron ions. A similar isomerization was observed in the
case of iron(I) hexacyanomanganate(IlI), although in this case the compound could
not be synthesized without some amount of the compound having already isomer-
ized, i.e., with some amount of manganese(Il) hexacyanoferrate(Ill) already present
when the compound was subjected to potential cycling. Figure 5.66 shows very
well how the two voltammetric systems of hexacyanomanganate (III)/(II) and
hexacyanomanganate(Il)/(I) decrease continuously while the hexacyanoferrate
(IID)/(IT) system grows simultaneously [B103].

Whether the hexacyanomanganate ion is stable in its reduced or its oxidized
state depends both on the nitrogen-coordinated metal ions and on the voltage
range, i.e., what redox transitions are performed. Figure 5.67 depicts subsequent
cyclic voltammograms of three hexacyanomanganates, (a) chromium
(II)  hexacyanomanganate(Ill), (b) iron(Il) hexacyanomanganate(Ill), and
(c) manganese(Il) hexacyanomanganate(IIl), all measured in the potential range
from +0.1 V to —1.55 V versus Ag/AgCl. Comparing Fig. 5.67b with Fig. 6.51
reveals that the iron(Il) hexacyanoferrate(IIl) is rather stable when the electrode is
not polarized to potentials where iron(Il) is oxidized to iron(IIl). Figure 5.67a
shows that the chromium(II) hexacyanomanganate is even completely stable,
whereas the manganese(Il) hexacyanomanganate(Ill) signal quickly deteriorates
(Fig. 5.67¢). However, when only the system of [Mn(CN)s]* "~ is measured in the
limited potential range from —0.7 to —1.55 V versus Ag/AgCl, then it remains
completely stable (Fig. 5.67d).

[Mn(CN)s]*®  [Mn(CN)g]***-  [Fe(CN)g]**-

E /V vs. Ag/AgC

Fig. 5.66 Subsequent cyclic voltammograms of iron(II) hexacyanomanganate(Ill) (Fe hcm)
mechanically immobilized on a PIGE. The isomerization of Fe hcm to manganese
(II) hexacyanoferrate (Mn hcm) can be deduced from the simultaneous decrease of the hexacyano-
manganate signals accompanied by the growing of the hexacyanoferrate signal. Electrolyte
0.1 mol L™' KCl, scan rate 0.1 V s~ [B103]
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Fig. 5.67 Subsequent cyclic voltammograms of immobilized samples of (a) chromium
(II) hexacyanomanganate(III), (b) iron(I) hexacyanomanganate(Ill), (c) manganese
(IT) hexacyanomanganate(III), (d as ¢) but in a limited potential range [B103]

Figures 5.65, 5.66 and 5.67 are good examples for showing that the voltammetry
of immobilized particles yields curves that allow following chemical reactions in
the solid state in a straightforward way, very similar to spectroscopic techniques.

Bond et al. [B75] undertook a thorough study of the electrochemical oxidation of
the solid organometallic compounds cis, mer- and trans-Mn(CO),(n’*-P,P')Br
(P2P, = {thP(CHz)z }2-PPh), cis,mer—Mn(CO)z(n3—P3P’)Br (P3P/ = {thPCHz}g,P),
and binuclear cis, fac-{Mn(CO)z(nz-dpe)Br}2(p—dpe) (dpe = Ph,P(CH,),PPh,) and
of the electrochemical reduction of trans-[Mn(CO)z(n3-P2P’ )Br|BF,, trans-[Mn
(CO)2(n3-P3P’ )Br]|BF,, and trans-[{Mn(CO)z(nz-dpe)Br}z(p-dpe)](BF4)2. Aqueous
electrolyte solutions have been used in these studies. A major result of this
investigation was that isomerizations that were known to occur in the case of
organic solutions of these compounds upon electrochemical transformations also
occur in the solid state, however, at a markedly slower rate. An example is the
following isomerization prompted by oxidation of cis, mer- Mn(CO)z(nS-PzP’ )Br:
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Electrochemical oxidation using a chloride-containing electrolyte:

cis, mer- Mn(CO)2(n3-P2P’)Br<soﬁd) + Cl 2
cis,mer- [Mn(CO),(n*-P2P*)Br| Clisojia) + €~

Slow isomerization:
cis, mer-[Mn(CO), (n*-P,P*)Br| Clisoiq) — trans-[Mn(CO), (n*-P,P”) Br] Cl(soria)

In the case of the solid binuclear complex trans-[{Mn(CO)2(n2-dpe)Br}2(p-dpe)]
(BF,),, a single reversible two-electron reduction was observed (cf. Fig. 5.68a),
whereas in a dichloromethane solution, two one-electron reductions appear. The
occurrence of a reversible single two-electron oxidation was attributed to a
decreased communication of the metal centers in the solid compound, probably
due to less flexibility. When the electrolyte contains chloride ions, an ion exchange
reaction precedes the reduction:
lon exchange:

trans-[{Mn(CO), (n*-dpe)Br}, (p-dpe) | (BF4)qoiq) + 2C1° 2
trans- [{Mn(CO)Z(nz-dpe)Br}z(p-dpe)] Cly(sotia) + 2BF4~

a 34
Im pA
—
34
b
12

Fig. 5.68 Cyclic Tiop - 34
voltammograms (scan rate,
200 mV s~ 1) of solid .
complexes mechanically yA 2
attached to graphite c
electrodes and placed in
aqueous solution (0.1 M 12
NaCl): (;l) trans-[{Mn 34
(CO),(n"-dpe)Br},(n-dpe)]
(BE,), at 20 °C, (b) cis, fac- Jaowm
{Mn(CO),(n’-dpe)
Br},(p-dpe) at 20 °C, and
(¢) cis, fac-{Mn(CO)(n* 34
dpe)Br}z(p-dpe) at 50 °C PR IR U T BT R N
[B75]. Copyright 1997 £02 00 02 04 06 08 10

with permission from
American Chemical Society Potential (V vs. AglAgCl)
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Electrochemical reduction/oxidation:

trans- [{Mn(CO)Z(nz-dpe)Br}z(p-dpe)} Cly(solia) + 2672
trans-{Mn(CO)2(nz-dpe)Br}z(p-dpe)<sohd) + 2C1°

5.5.2 Electrochemically Initiated Substitutions

Solid Metal Hexacyanoferrates The simplest case of an electrochemically initi-
ated substitution is when a solid contains the cations C™, the electrolyte solution
contains the cations C'*, and the solid compound can be oxidized accompanied by a
release of C*. When the oxidized form is reduced, the cations C'* will be inserted as
the released C* ions have diffused into the solution, provided the time suffices or the
solution is stirred. In this way, it is easy to pump out one sort of cations and to pump
in another one. The same holds true for anions if their transfer accompanies
electrochemical reactions. As an example for cation exchange may serve the
electrochemical transformation of potassium containing Prussian blue into
sodium-containing Prussian blue:
Pumping out potassium ions during oxidation of the low-spin iron(Il) ions:

K{Fe[Fe(CN)g] }(solid) — {Fe[Fe(CN)g] }(solid) + K"t e
Pumping in sodium ions during reduction of the low-spin iron(Ill) ions:

{Fe[Fe(CN)¢] } + e  + Na® — Na{Fe[Fe(CN),]}

(solid) (solid)
These reactions have to be carefully taken into account whenever a solid compound
is studied that is capable of undergoing chemically reversible insertion electro-
chemical reactions. Often, the compound will contain ions from synthesis that
differ from those present in the electrolyte solution used for the electrochemical
measurements. In such a case, the first scan will considerably differ from the
following and one should make sure to equilibrate the solid by extended oxidation—
reduction cycles. Complete repeated oxidation and reduction and stirring of the
solution usually ensures that the final composition of the solid is in equilibrium with
the solution composition. This is especially important when scan rate dependencies
are recorded. For fast scan rates, the layer of converted solid is, of course, much
thinner than for slow scan rates. If the solid was not equilibrated before the scan rate
dependence is measured, it could happen that at each scan rate, a layer of the solid is
studied that possesses a different composition compared to the previous (i.e., faster)
scan rate. Peak potentials derived from such measurements would be slightly
incorrect.

Electrochemically initiated substitutions are not confined to the exchange of
counterions; they can also occur with ions more strongly bound in the framework of
the solid compound. Very early it was observed that the high-spin iron ions of
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Fig. 5.69 Cyclic voltammograms recorded during the conversion of (a) Prussian blue to nickel
hexacyanoferrate, (b) Prussian blue to cadmium hexacyanoferrate, and (c) silver hexacyanoferrate
to cadmium hexacyanoferrate. Electrolyte solutions: (a) 0.1 mol L~! nickel nitrate and (b and ¢)
0.1 mol L™" cadmium nitrate. The scan rate was 0.1 V s~' [B55]. Copyright ©1996 with
permission from Elsevier

Prussian blue can be substituted by cadmium ions when Prussian blue is cyclically
oxidized and reduced in a Cd** ions containing electrolyte [B35]. Later it was
shown that analogous substitutions lead to the formation of nickel hexacyanoferrate
when Prussian blue is cycled in a Ni**-containing solution and to the formation of
cadmium hexacyanoferrate when silver hexacyanoferrate is cycled in a Cd**-
containing electrolyte [B55]. Figure 5.69 shows cyclic voltammograms recorded
during the electrochemically initiated substitution. It could be shown that the
reaction leads not to a simple mixture of the mother and daughter hexacyanoferrate,
but it proceeds via bilayered structure. This can be deduced from a scan rate
dependence of the ratio of the signals of the mother and daughter hexacyanoferrate
as shown in Fig. 5.70 for the cadmium and iron hexacyanoferrate systems. In this
figure, the ratio of peak currents of signals 4 and 5, Fig. 5.69b, is depicted compared
with the voltammograms of a simple powder mixture of the same two hexacyano-
ferrates (inset of Fig. 5.70). In case of a powder mixture of cadmium and iron
hexacyanoferrate, both compounds are equally accessible for the electrochemical
reactions and both signals increase in the same way upon increasing the scan rate.
However, when the daughter hexacyanoferrate forms a layer on the mother
hexacyanoferrate that must be crossed by the inserting ions before the mother
hexacyanoferrate can react, then the ratio of the peak currents must show a strong
scan rate dependence as depicted in Fig. 5.70. A very thorough analysis of this
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Fig. 5.70 Plots of the ratio of peak currents in/iys, i.e., ratio of cathodic peak current of iron
hexacyanoferrate to cathodic peak current of cadmium hexacyanoferrate, as a function of scan
rate. The inset shows the same dependence for the case that a powder mixture of these hexacyano-
ferrates was immobilized [B55]. Copyright ©1996 with permission from Elsevier

system [B173] using cyclic voltammetry, impedance spectroscopy, and scanning
electron microscopy in conjunction with energy dispersive X-ray detection (ex situ)
confirmed the following reaction mechanism. Prussian blue can be oxidized to
Berlin green as follows:

{KFey; Feg' (CN)¢ }2{Fed Felt (CN) } + K* + e~ (XI1)
or it can be reduced to Berlin white according to
{KFey Feg" (CN)¢ } + K™ + e~ 2{KyFey Feg' (CN)¢ } (XIII)

If Prussian blue, or either of its redox congeners, is merely soaked in a solution
containing Cd** ions, some of these ions may replace the K* in the cages, but no
substantial reaction occurs [B35]. However, if cyclic voltammetry is carried out on
Berlin white microcrystals {KzFeI%,*Feé*(CN)G} adhered to graphite in a solution
containing both K* and Cd** ions, then an uptake of cadmium ions into the lattice of
the metal hexacyanoferrate occurs gradually. It is postulated that the cycling
“pumps” Cd** (and K*) ions in and out of the cages, permitting the substitution
reaction

{Fey Fel" (CN)¢} + Cd*" — {Cdy Fel (CN)¢} ™ + Fe’* (XIV)

to occur. The twin-process voltammogram described by Reactions (XII) and (XIII)
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is gradually replaced by a single-process cyclic voltammogram corresponding to
the reaction

{Cd% Fe} (CN),} ™ + e~ 2 {Cd¥ Fel (CN) }~ (XV)

The charge compensating cations are not given in Reactions (XIV) and (XV)
because their identity is not exactly known. Depending on time and location, K™,
Cd**, and Fe* are possible candidates. Of course, Reactions (XII), (XIII), and (XV)
will also take place under insertion of Cd** into and out of the solid. Even though it
is the nitrogen-bound iron atom that undergoes substitution in Reaction (XIV), the
carbon-bound iron atom is also a factor in the process. It is essential that this atom is
in the 43 state—then the conceivable reaction

{Fed Fe2t (CN), } + Cd®" — {Cd% Fe2t (CN)}> + Fe* (XVI)

does not significantly take place, as evidenced by the observation that cadmium
substitution does not occur if the voltammetric cycling is restricted to the range
involving only Berlin green and Prussian blue. On the other hand, the reaction
cannot be as simple as Reaction (XIV) suggests, because the cages of Berlin green
are unoccupied, so {Cd%ﬁFe%*(CN%}* cannot be formed by a pure substitution
reaction as implied by Reaction (XIV). Instead, it may be postulated that substitu-
tion and oxidation occur concurrently during the second half of the oxidative scan:

{Fey'Fel" (CN)¢} ™ + Cd*" — {Cdy Fel" (CN)¢} +e” +Fe’™  (XVII)

The substitution reaction continues during the reduction of low-spin Fe(IIl) as long
as the latter is still present, that is,

Fel Fel (CN)g + e~ + Cd2" — {Cd% Fe" (CN) )’ +Fe*™  (XVII)

One can sum both substitution possibilities defining the following formal exchange
reaction with a rate constant Kz

](v
2Fed Felt (CN)g + 3Cd*" = Cd** (Cd Fel" (CN)g), + 2Fe’* (IXX)

Figure 5.71 schematically shows how the bilayered system is formed and how
cyclic voltammetry and EDX mirror the proceeding of the electrochemically
induced transformation. See also Sect. 5.11 for the results of theoretical simulations
of this substitution reaction.

Solid Porphyrins When solid microparticles of 5,10,15,20-tetraphenyl-21H,23H-
porphyrin (H,TPP) immobilized on an electrode surface are subjected to reduction—
oxidation cycles in a copper(II)-containing electrolyte solution, the incorporation of
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electrolyte
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A B

Fig. 5.71 Schematic view of the situation when a microparticle of a mother hexacyanoferrate is
transformed into a daughter hexacyanoferrate. The scheme visualizes the different perspectives
from which cyclic voltammetry (CV) and energy dispersive X-ray analysis sees the reaction. With
EDX it takes much longer until the product can be detected, whereas with CV the mother
compound will only be seen when slow scan rates are used and the diffusion layer expands within
the particles up to the mother compound [B173]. Copyright ©2001 with permission from Elsevier

Cu?* ions has been observed [B135, B159, B178]. The following mechanism has
been proposed:

1. The solid H,TPP is oxidized at 0.95 V to solid TPP:
{H TP} 2{TPP} g + 2™ + 2H" (XX)

2. The solid TPP is able to incorporate copper(Il) ions into the porphyrin ring,
presumably accompanied by an association of chloride ions:

{TPP} ;g + Cu*" +2CI 2{TPPCu**(Cl ), } (XXI)

solid
3. The porphyrin skeleton of {TPPCu2+(Cl_)2}Soﬁd is reduced at potentials nega-
tive to 0.95 V according to

{TPPCu>" (CI7), }  uq +2¢"2{TPP* Cu**} . 42CI" (XXII)

solid
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Fig. 5.72 (a) Cyclic
voltammograms of an
electrode with immobilized
H,TPP after copper(Il) ion
incorporation (0.1 mol L!
KCl, pH 5.5, scan rate

0.1 V™). The 1st, 2nd, and
12th cycles are shown.

(b) Square-wave
voltammograms of the same
electrode [B135]. Copyright
2000 with permission from
World Sc. Publishing Co
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4. The solid compound {TPPz_CuzJ’}so]id undergoes a reversible one-electron
reduction—oxidation accompanied by potassium ion transfer at —0.07 V
according to (see Fig. 5.72)

{TPP>"Cu**} .+ + K 2{TPP* Cu'K'}

(XXIII)

solid

While the electrochemical system (XXIII) has been unambiguously identified, it
was not possible to detect the incorporated copper ions with scanning electron
microscopy coupled EDX. This can be explained by a very small conversion zone at
the three-phase junction so that the electron beam does not access it. The small
currents support this idea, suggesting that only a very small fraction of the porphy-
rin compound is incorporating the copper ions.
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5.6 Assessing Structure—Property Relationships

It is the intention of this section to show how systematic studies of certain groups of
compounds can be performed with the help of the voltammetry of immobilized
particles in order to derive relationships between their structures and their electro-
chemical properties. Here, we shall discuss some relations between the structure of
compounds and their thermodynamic properties.

Any chemically synthesized compounds that are insoluble and electrochemi-
cally active can be studied by means of the voltammetry of immobilized particles.
For the characterization of these compounds, a wealth of analytical tools is avail-
able, ranging from elemental analysis to the most sophisticated techniques for
structure analysis. This is by far not the case for compounds that are precipitated
by electrochemical means as thin films on electrodes. In the latter case, the means
for analysis are rather limited and the data of these analyses are less reliable. There
are also much fewer possibilities to deliberately vary the composition or structure of
the synthesized compound.

5.6.1 Solid Metal Hexacyanometalates

A first example of a systematic study was the determination of the formal potentials
of many metal hexacyanometalates and the search for a correlation of these data
with properties of the nitrogen-coordinated metal ions [B41]. Figure 5.73 depicts

EY
V vs SHE

0.2 T b T v T T
-0.06 -0.04 -002 0.00 0.02 0.04 0.06

ar,/pm!

Fig. 5.73 Correlation between the formal potentials of the hexacyanoferrate units of the solid
hexacyanoferrates and the ion potential (charge/radius) of the nitrogen-coordinated metal ions
[B41, B209]. Copyright 1995 with permission from Wiley-VCH



5.6 Assessing Structure—Property Relationships 163

the correlation of the formal potentials of the following reactions with the ion
potential of the metal ions Me*, Me**, and Me>*:

{K;Me' [Fe(CN)] }2{KoMe'[Fe(CN)s]} + K* + e~ (XXIV)
(Me' = Ag)
{K,Me" [Fe(CN)] }2{KMe" [Fe(CN)(| } + K" + e~ (XXV)

(Me" = Cd, Zn, Pb, Mn, Ni, Co)
{KMe" [Fe(CN) ] }2{Me" [Fe(CN)s]} + K" + e~ (XXVI)

(Me'"'=Ga, In, Al Fe, Cr, Co).

All these reactions are typical solid-state insertion electrochemical processes
with coupled electron and ion transfers. In Fig. 5.73 included is also the standard
potential of the hexacyanoferrate ions in aqueous solution. Very interestingly, there
is a rather good correlation between these data, and this is the first example that one
and the same correlation bridges the formal potentials of an ion in different solids
and in aqueous solution. It is reasonable to assume that the protons of the water are
the nearest neighbors of the nitrogen atoms of the cyanide ions surrounding the iron,
as the metal ions Me" ™™ jons are the nearest neighbors in the solid. On the basis
of elementary thermodynamics, it was later possible to derive the following equa-
tion for the formal potentials [B163, B209]:

’ 5 a
EY = 5.14
A ZF ZFIMe ( )

(x and & are constants,  is the charge of the nitrogen-coordinated metal ions Me"
D-0D “and rye their radius.)

As can be seen from Fig. 5.73, the experimental data follow this equation. Other
examples for systematic studies of the electrochemical and structure data of solid
hexacyanometalates concern the dependence of the formal potential of the
hexacyanoferrate unit and the ion potential of the inserting metal ions and the
correlation between the formal potentials of the hexacyanometalate ions and the
lattice constants (the latter correlation includes hexacyanochromates and
hexacyanomanganates) [B41, B163, B209].

It has been known for a long time that the formal potential of the
hexacyanoferrate system in solid compounds is affected by the nature of the
inserting cations. On the basis of simple Born—Haber cycles, the following equation
was derived for the effect of the ion potential of the inserting cations on the formal
potential of the hexacyanoferrate system [B209]:
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Fig. 5.74 Correlation between the formal potentials of the hexacyanoferrate units of the solid
hexacyanoferrates and the ion potential (charge/radius) of the inserting metal ions [B41,
B209]. Copyright 2002 with permission from Elsevier

' const; Db
E® ~ — - 5.15
zF zF 1y ( )

(const; and @ are constants, and by is the charge of the inserting metal ions Me' and
r its radius.)

Figure 5.74 gives the experimental proof of the validity of Eq. (5.15). There
exists also a relationship between the lattice constant of solid metal hexacyano-
metalates and the formal potential. This dependence can be experimentally found
when the nitrogen-coordinated metal ion and the inserting metal ion is always the
same, but the nature of the carbon-coordinated metal ions is varied, i.e., for
hexacyanoferrate, hexacyanocobaltate, hexacyanomanganate, etc. [B209]. The
equation that has been derived is

' 2¥ |bc —b
e (5.16)

EY ~
A ZF L zF

(¥ and oy are constants, (bc—bp) is the difference of charges of the oxidized and
reduced forms of the hexacyanometalate unit, i.e., it is 1, and L is the lattice
constant of the solid hexacyanometalate.)

Figure 5.75 shows that the experimental data are in accordance with this
equation.

The results given in Figs. 5.73, 5.74 and 5.75 show that the technique of
immobilizing microparticles of solid compounds on solid electrodes easily allows
studying series of related compounds with the aim of understanding how the
thermodynamic properties change with certain structure parameters.
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Fig. 5.75 Correlation . 1.5
between the formal EAB /

potentials of the

hexacyanometalate units of Vvs SCE

the solid 1.0 7
hexacyanometalates and the
inverse lattice constant L of
the solid compounds [B41,
B209]. Copyright ©2002 0.5 1
with permission from
Elsevier
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5.6.2 The Stability Constants of Metal Dithiocarbamate
Complexes and Their Structure

The electrochemistry of solutions of metal dithiocarbamates in organic solvents has
been intensively studied by Alan Bond and his group '*, '°, '°. On this sound basis,
it was possible to perform a systematic study of the electrochemistry of these highly
water-insoluble compounds as immobilized particles on electrodes [B13, B14]. All
studied mercury(Il) and lead(I) dithiocarbamate complexes displayed one redox
system in cyclic voltammetry that was characterized by the following features: the
response decreased during subsequent cycling, the mid-peak potentials converged
against a constant value in subsequent cycles, and the anodic to cathodic peak
separation was in most cases below 100 mV. Figures 5.76 and 5.77 show one
example for a lead complex and one for a mercury complex.

Eleven differently substituted dithiocarbamate complexes of lead(I) and 17 dif-
ferently substituted dithiocarbamate complexes of mercury(Il) have been studied.
For some of them, the overall stability constants in water have been known. With

“Bond AM, Colton R, Dillon, ML, Moir, JE, Page DR (1984) Inorg Chem 23:2883-2891

15Bond AM, Colton R, Hollenkamp AF, Hoskins BF, McGregor K (1987) J Am Chem Soc
109:1969-1980

'®Bond AM, Colton R, Hollenkamp AF (1990) Inorg Chem 29:1991-1995
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Fig. 5.76 First twenty
cyclic voltammograms for
reduction of Pb(i-Pr,dtc),
mechanically attached to a

PIGE with aqueous 5§"“
0.1 mol L' KNOj; as
electrolyte: scan rate
100 mV s™!

[B13]. Copyright ©1991
with permission from :
American Chemical Society N T s

POTENTIAL
vs. Ag/AgCl (V)

Fig. 5.77 Multiple cyclic
voltammograms for
reduction of Hg(Et,dtc),
mechanically attached to a
PIGE with aqueous

0.1 mol L™! KNO; as
electrolyte: scan rate

100 mV s

[B13]. Copyright ©1991
with permission from
American Chemical Society : 2 -1.500

POTENTIAL
vs. Ag/AgClI (V)

the help of these data, it was found that the mid-peak potentials of the cyclic
voltammograms are determined by these stability constants. Figure 5.78 illustrates
the situation on the electrode surface. The solid metal complex is partially reduced
to metal and the dissolved ligand ions. This first reaction can be formulated as
follows:

{Me(ligand), } +2e~ — {Me}, + 2(ligand) " (XXVII)

In the following cyclic polarizations, the dissolution—precipitation equilibrium
seems not established, perhaps because of a retardation of nucleation. The
voltammograms are completely governed by the following electrochemical system
involving dissolved complex molecules and ligands:

{Me(ligand + 2e”2{Me}, + 2(ligand) " (XXVIII)

)2 }dissolved

The lead complex of n-hexyl-dithiocarbamate crystallizes very slowly, and so
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Fig. 5.78 Situation at an electrode surface with immobilized Pb(i-Pr,dtc), that is partially reduced
to lead metal and dissolved ligands (the ovals)

several experiments have been performed with attached microdroplets of this
compound. Interestingly, the electrochemical response was exactly the same as
that of the crystalline compound. These experiments with the oil droplets of this
lead compound were obviously the first experiments with attached droplets that
further developed so vividly (see Chap. 6).

For the redox system (XXVIII), the Nernst equation reads as follows:

RT _ RT | ame(ligand)
E=E% o +-=Ing' +-—In—""2 (5.17)
Po™ /P T DR 2F 7 fpng

The formal potential £ of the system is

¢ RT RT e(ligan
L T L 4 g PMellignd),

Pb?* /Pb oF (5.18)

2
yligand’

Assuming that the activity coefficients are unity, or at least constant at a certain
ionic strength, the overall stability constants can be calculated. The intriguing result
of this study was that for both series of metal dithiocarbamate complexes, the log
values are linear functions of the molecular weight of the complexes (cf. Fig. 5.79).
This is further supported by the fact that the stability constants of the lead com-
plexes of n-propyl- and i-propyl-dithiocarbamate have exactly the same values, as
have the i-butyl- and n-butyl-substituted complexes. The cyclohexyl- and n-hexyl-
substituted complexes have almost the same stability constants. Following this
observation, a search for similar series of metal complexes revealed that there are
several other examples for such dependences, although, the number of complexes
was much smaller in each series. A prerequisite for these dependencies seems to be
that the chelating region of the ligand is electronically not, or only marginally,


http://dx.doi.org/10.1007/978-3-319-10843-8_6
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Fig. 5.79 Plot of logf,

values of mercury and lead 50
dithiocarbamate complexes i a
versus their molecular B
weight. The electrolyte 40 o8 B Mercury
solution was 0.1 mol L™ ~ =
KNOj; [B13]. Copyright L}
©1991 with permission from g_ 30 4
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affected by the substituents of the ligand that increase the molecular weight. A quite
similar dependence was also observed for the literature data of pK, values of
carboxylic acids on their molecular weight. Until now, there has not been given a
theoretical explanation for these correlations. The study of the logf values is
presented here to show how electrochemical measurements of immobilized parti-
cles can yield interesting new insight also in cases where dissolution—precipitation
processes are coupled to redox and complex equilibria.

5.7 Assessing Kinetic Properties of Electrochemical
Dissolution Reactions

When solid particles immobilized on an electrode undergo an electrochemical
dissolution reaction, the electrochemical measurements should provide information
on the size and shape of the particles and on the electrochemical and chemical steps
of the reaction. T. Grygar was the first who realized the potential of electrochemical
measurements with immobilized particles and who contributed most of the material
which is presented in this chapter [B37, B40, B50]. The methodology of these
studies was developed using iron(Ill) oxides and hydroxyoxides which undergo
reactions as the following:

Fe""OOH() + 3H" + e~ 2Fe*" + 2H,0 (IXXX)

Reaction (XXXII) is a proton-assisted reductive dissolution of the solid phase
FeOOH yielding dissolved iron(Il) ions. Grygar applied the general kinetic
Eq. (5.12) for reaction rate J to the special case of electrochemical dissolution of
immobilized microparticles of oxides:
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dn N;
J=——=—kN Fl— 5.19
5 = -aNG(F (3 (5.19)

where k is the rate constant, N, is the total number of moles of compound to be
dissolved, N, is the number of moles of compound dissolved until the time #, and F
(N,/Ny) characterizes the dependence of reactivity on the size and shape distribution
of the dissolving particles. G(c) is a function that depends on the composition of the
solution phase. If diffusion is controlling the dissolution, this function is simply
G = ¢, — ¢ with ¢, being the concentration of the saturated solution and ¢ being the
actual concentration. In the case of reductive dissolution, this function depends on
the concentration of all reactants and the adsorption capacity of the particles. When
all these factors can be kept constant, it may be included in k. In that case, the
reaction will be of pseudo-first order and the unit is s~ '. Eq. (5.19) expressed in
electrochemical terms reads

I, = kQyG(c)F (g_(') (5.20)

where [, is the current at time ¢ and Q, and Q are the charges flown until the time
t and until complete dissolution, respectively. When the solution composition is
kept constant, the function G(c) can be included in the rate constant, and for the
function F(N,/Ny), an experimentally found expression can be used to write
Eq. (5.20) as follows:

I, =kQ, (g)& (5.21)
0

The exponent g has been interpreted as characterizing the heterogeneity of the
powder with respect to its reactivity. Grygar has shown that the rate constant k" in
Eq. (5.21) follows a potential dependence that can be written as

(5.22)

’ ’ |: a}’lF(E_EO):|
K = koexp| -2

RT

Equation (5.22) is limited to growing overpotentials when the subsequent reaction
step, the dissolution of Fe>* compounds, becomes rate limiting. Figure 5.80 depicts
experimental plots of In k' versus electrode potential for several iron hydroxyoxides
and an oxide, proving that, within the used potential range, the reductive dissolution
is charge transfer controlled. Table 5.4 lists rate constants and g-values as deter-
mined from chronoamperometric measurements. From this table and other publi-
cations, one can see that the rate constants of electrochemical dissolution of
a-FeOOH vary, depending on the electrode potential and electrolyte solution,
between 2.3 x 10> and 26 x 107> s~ [B40, B50, B66]. With the help of in situ
AFM, the average dissolution rate for seven microcrystals was found to be
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Fig. 5.80 Dependence of the logarithm of the electrochemical dissolution rate constant k on the
working electrode potential £. Curves: 1 ferrihydrite, 0.05 m chloroacetate; 2 goethite, 0.2 mol L!
chloroacetate +0.5 mol L' KCI; 3 goethite, 0.05m chloroacetate; 4 hematite, 0.2 mol L!
chloroacetate [B40]. Copyright ©1995 with permission from publisher

20%x1072 st [B276], what is remarkably near to the data with arrays of
immobilized microcrystals that have been used in Grygar’s experiments. In exper-
iments with goethites and Al-substituted goethites, Grygar found the exponent g in
a range from 0.8 to 1.2 and interpreted these values as typical for dissolutions that
proceed in a shape-conservative fashion [B66]. Since k and &’ in Egs. (5.20) and
(5.21) depend on the specific surface area o of the sample at the start, Eq. (5.22) can
be written to describe the peak potential in differential pulse voltammetry, assum-
ing that the DP peak is shifted from the DC peak by a constant value, in the form

RT
Ep,DP =B +ﬁln0 (523)

It has been shown that such dependencies hold true for the reductive electrochem-
ical dissolution of Ba-hexaferrite, hematite, goethite, maghemite, and magnetite
[B50]. This linear dependence is also obeyed by Li—Mn—O spinels as can be seen in
Fig. 5.81 [B191].

The influence of the parameter g on the shape of linear sweep voltammograms is
depicted in Fig. 5.82. Grygar has derived the following equation for the dependence
of the peak current on g:

1,/Q = anFv(RT) ' g¢/(1=¢) (5.24)

and has proved that the following equation, which was derived earlier by Brainina
for paste electrodes, holds true also for immobilized microparticles:

RT = anFv RT = kg
E,=E° - g 2 ke 2
P anF " RT " anF " d (525)
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Table 5.4 Values of the k' and g parameters in the kinetic Eq. (5.14) for the dissolution of the
phases in the 0.1 M oxalate buffer at working electrode potentials of -0.2 and —0.4 V versus SCE
and the voltammetric half-wave and peak potentials in 0.1 M chloroacetate buffer, scan rate

10 mVs™!

02V 04V (Ey, V
Phase (Sample) Kx1073 57! g K x 1073, 7! g
Ferrihydrite (A) 45 1.32 >100 / 0.00
(B) 33 1.38 >100 / —0.10
a-FeOOH
(A) 26 1.15 22 1.36 —0.34
(B) 8.0 1.18 15 1.13 —0.49
(D) 3.8 1.18 6.9 1.28 —0.53
(E) 7.1 1.17 59 0.93 —0.55
(F) 4.0 1.01 5.6 1.38 —0.50
(G) 3.6 1.38 / / —0.47
p-FeOOH 4.1 0.88 a —0.16
y-FeOOH 55 1.35 >100 / —0.01
§-FeOOH 43 1.31 >100 / 0.00
Fe;0, 65 1.98 >100 / —0.02
a-Fe,03 0.6 1.12 2.7 1.04 —0.56
v-Fe,03 63 2.62 >100 / —0.08
Sediments: BRS 15 3.31 ¢
SLI 16 1.73 16 2.81 ¢
Fe**(aq)? Reduction process obeying Cottrell’s equation —0.08°
+0.30"

The samples designated by A, B, C, etc., were prepared under different experimental conditions
[B40]
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Fig. 5.81 Peak potential of ~
reductive dissolution of Li— i
Mn-O spinels versus .
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Fig. 5.82 The influence of
the g parameter on the shape
of the voltammetric curves
of the reductive dissolution.
The curves were calculated
fora=0.5,
ko=1x10"2s7!, and
v=1mV s~'. The g-values
are given at the curves
[B52]. Copyright ©1996
with permission from
Elsevier
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with kz being the rate constant of the electrode reaction in m s~ ' at E® and d the
particle diameter. Equation (5.24) was approximated by the following equation:

I, anF
| =0.37—v(1 — 0471 2
(Q()) 0.37 RT v(1 —0471ng) (5.26)

that could be observed experimentally for several oxides with only slightly different
coefficients [B52]:

Ip\ _ o2
(Q—O)_o.zRTv(l 0.51Ing) (5.27)

For some metal oxides, more elaborate models have been developed to describe the
electrochemical dissolution. These models take into account an intermediate sur-
face complexation. The general approach was to separate the potential and
conversion-dependent functions that determine the overall kinetics of dissolution.
Both contributions have been separated by the combination of potentiostatic and
potentiodynamic measurements [B81]. In a study of the electrochemical oxidative
dissolution of chromium oxides, good indications have been found for two
one-electron steps preceding the dissolution [B92]. This result was obtained using
a potential pulse technique with which a formal charge transfer coefficient can be
determined on the basis of the following equation:

nF . IH(IB+A) — ln(IB)

A = o O = A (5.28)

The meaning of the symbols follows from Fig. 5.83. From the dependence of ag on
the electrode potential and a fitting of these curves based on kinetic models, the
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Fig. 5.83 Potential time i
scheme and current
response for the IB+a
.. B o S
determination of formal
transfer coefficients current
according to
[B92]. Copyright ©1998
with permission from Ab, a8 3 IB i
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author came to conclusions about the validity of the models. Figure 5.84 depicts
these curves for some oxidic compounds. Note the two inflection points in case of
the pure chromium oxides indicating two one-electron steps. Similar studies have
been performed with the reductive decomposition of manganates (V). From the
experiments, it was derived that the reduction is controlled by an irreversible
one-electron surface reaction, whereas the reduction of MnQO, is controlled by a
reversible reaction coupled with a discussion in the solid [B105].

Several similar systems have been studied by Grygar and coworkers with respect
to their reactivity under electrochemical conditions [B104, B117, B118, B125,
B141,B181, B191, B194]. In [B192] the application of the discussed methodology
to the study of the dissolution kinetics of metallic iron particles has been described.

5.8 The Electrochemistry of Single Particles

This monograph would be incomplete without a discussion of studies of the
electrochemistry of single particles. The use of single particles is, of course,
extremely appealing as such studies can, in principle, provide information that is
otherwise inaccessible. In case of the AFM investigations discussed in Sect. 4.2, in
fact single particles have been imaged and the course of their electrochemical
transformations was visualized. This was achieved by immobilizing arrays of
particles on an electrode surface and focusing the AFM on a single or just some
particles. Of course, the simultaneously recorded electrochemical signals were
caused by all immobilized particles.

Here we shall discuss the preparation and immobilization of a single particle on
an electrode with the aim of performing the electrochemical measurement with just


http://dx.doi.org/10.1007/978-3-319-10843-8_4#Sec9
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Fig. 5.85 Experimental setup for single-particle measurements: (a) the measurement system and
(b) the carbon fiber microelectrode. (a) microscope, (b) particle to be studied, (c) glass separator,
(d) glass frit, (e) Luggin capillary, (f) microelectrode, (g) x—y—z manipulator, (h) reference
electrode, (i) counter electrode, (j) lead wire, (k) Ag paste, (1) glass tube, (m) carbon fiber
(diameter 10 pm) [B47]. Copyright ©1995 with permission from Elsevier

one particle. This is rather difficult and such measurements will probably be always
confined to specialized laboratories.

In 1990 Bursell and Bjornbom published an experimental setup that allows
contacting agglomerates of particles from 5 pm onwards with the help of a carbon
fiber [B10]. The agglomerate was transferred with a syringe, together with electro-
lyte solution, onto an electrolyte-soaked separator that was in contact with a
reference electrode. Uchida et al. [B47] have improved the methodology for
single-particle measurements (see Fig. 5.85). These authors have used their equip-
ment for the determination of the diffusion coefficients of hydrogen in LaNi;
particles. For this purpose, they measured the current-time response for the oxida-
tion of hydrogen after a previous loading of the particle. The response was analyzed
in a short time and a long time range, as the diffusion regime was supposed to
change from semi-infinite planar diffusion to finite diffusion. In the case of LaNj
particles, the long time response yielded diffusion coefficients that were in agree-
ment with independent NMR data; however, the short time range yielded deviating
values that were attributed by the authors to a micro-roughness of the particles. In
case of measurements with very smooth spherical Pd particles with a diameter of
520 pm, the authors obtained in both time domains diffusions coefficients of
hydrogen that were in good agreement.

In a later study, Uchida et al. [B78] investigated the electrochemistry of single
particles of LiCoO, and LiMn,QO,4. The size of the single particles was between
7 and 16 pm. The measured currents were in the nA range. The authors emphasize
that cyclic voltammetric measurements of single particles with scan rates between
1 and 10 mV/s yield information on the cycle performance of these battery
materials because the entire volume of the particle is converted.
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Fig. 5.86 Cross section of T ANODE SIDE t
a hematite particle partially T .
electrolyzed in 50 wt% N IRON OXIDE

NaOH. The cathode contact
point is at the bottom and
the anode direction is the
upper side of the view.
Zones 1 and 2 correspond,
respectively, to the outer
progressing interface and
confined zones

[B427]. Copyright ©2010
with permission from
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The same methodology has been applied by Perdicakis et al. [B80] to study the
voltammetric behavior of silver chalcogenide particles, i.e., Ag,Se, Ag,Te, and Ag,S.

The examples published so far show that the advantages of performing the
electrochemical measurement with just one particle are practically the same as
those performed with an array of well-separated particles immobilized on an
electrode, as described in all the other parts of this chapter. Unfortunately, nobody
has yet endeavored to use single-particle measurements to study the relation
between the shape and the size of single particles and their electrochemical
response (see also Sect. 5.11).

Recently, Allanore et al. [B427] have studied the electrochemical conversion of
single hematite particles in contact with alkaline solutions at both macro- and
microscopic scales, using a Ni disk electrode where hematite particles of mass
between 3 mg and 1 g were attached. These authors observe the formation of a light
gray layer of Fe metal which develops upward on the particle surface, from the
cathode electrical contact point toward the anode direction (see Fig. 5.86). Cross-
sectional examination of the particles (Fig. 5.87) indicates that the reaction
occurred within the particle volume, toward its core, and is accompanied by the
appearance of a porous magnetite phase at the hematite grain boundaries, as
confirmed by Mdssbauer spectroscopy and chemical analysis.
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Fig. 5.87 Backscattered electron microscopy images of oxide/metal interfaces at high magnifi-
cation for the partially electrolyzed hematite particle presented in Fig. 5.71. (a and b) Zone 1: the
outer surface progressing interface. (¢ and d) Zone 2: the confined zone [B427]. Copyright ©2010
with permission from Elsevier

5.9 Chemical and Enzymatic Conversion of Immobilized
Particles

5.9.1 In Situ Studies

Electrochemical techniques can also be applied for monitoring chemical or bio-
chemical reactions of powders when the latter are immobilized on an electrode
surface. First, we shall discuss the case that a chemical dissolution of metal particles
is followed by monitoring the potential of the electrode [B84]. Let us consider the
following dissolution of a metal M by oxygen that is present in the solution:

M + %0, + 2H" — M*" + H,0 (XXX)

Assuming that the activity of the solid metal is unity, the so-called stripping
potential is defined by the equation for an electrode of the first kind. The concen-
tration of metal ions at the electrode surface depends on the flux of O,. It can be
assumed that for a stirred solution, a steady state is established and that the bulk
concentration of metal ions is negligible as well as the concentration of O, at the
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surface of the electrode. The stripping potential E of the diffusion-controlled metal
oxidation depends on the bulk concentration of O, as follows:

RT RT  2Do,s
Es = Eg+~pInch + o In —— 2™

2F 2F " Dydo, (529)

where Do,, 6o,, cgz, Dy, and Oy are diffusion coefficients, diffusion layer
thicknesses, and the bulk concentration of O, and the metal ions, respectively.
The stripping potential does not depend on the amount of metal immobilized on the
electrode surface. Of course, the formation of metal complexes in solution would
shift the stripping potential. The amount of immobilized metal determines the time
that is necessary to dissolve the metal in the oxidation reaction. The rate of dissolu-
tion depends on the concentration gradient of oxygen according to the equation:

S [dI* 28Dg, c¢
PO E) o 2P0, (5.30)
My \ dt 502

when it is assumed in a first approximation that the metal forms a thin layer with a
thickness /* and a surface area S. My, is the molar mass of the metal. The solution of
Eq. (5.30) is as follows:

6o,
2Do,Mwmcg,
7 is the so-called transition time determined from the potential versus time
recording.
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Fig. 5.88 Direct (a) and derivative (b) stripping chronopotentiogram of the dissolution of lead
microparticles that have been transferred to a PIGE. The electrolyte was a 0.5 mol L™' NaClO,
solution with a pH =2 (HClO,). The oxygen concentration was 2.6 x 10~* mol L™". The initial
potential was —1 V [B84]. Copyright ©1998 with permission from Elsevier
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Figure 5.88 shows the direct and derivative stripping chronopotentiogram of
dissolution of lead traces that have been transferred by the abrasive technique from
a piece of lead to a PIGE electrode. Figure 5.89 depicts the dependence of the
transition times on the number “rubbing circles” that have been performed to transfer
lead from the piece of metal onto the PIGE. The latter correlation is remarkably
good. From these experiments, one can conclude that such chronopotentiometric
measurements are suitable to study the amount of metals that are transferred in
mechanical friction experiments. The second example of a study of a chemical
conversion of immobilized microparticles concerns the enzymatic oxidation of
quinhydrone [B133]. Quinhydrone microcrystals have been immobilized onto a
gold electrode by evaporation of a solution in ethanol. Laccase, an enzyme isolated
from cultures of the fungus Pycnoporus cinnabarinus, is capable of catalyzing the
oxidation of hydroquinone and thus also that of quinhydrone to quinone. From the
potential of the quinhydrone-modified electrode, it is easy to calculate the amount of
hydroquinone. Figure 5.90 shows the dependence of the amount of hydroquinone on
the electrode surface as a function of time when the electrode is subjected to a laccase
solution that was oxygen saturated. This figure shows that the laccase concentration
clearly determines the rate of oxidation of hydroquinone. These two examples show
that chronopotentiometry is a powerful technique for monitoring chemical and
biochemical reactions of microparticles that are attached to the surface of electrodes.

5.9.2 Ex Situ Studies

The third example concerns a chemical reaction between dissolved ions
(hexacyanoferrate(Il) ions) and an oxide powder (goethite) and of a colloid (Prus-
sian blue) and an oxide (goethite) [B187]. These reactions are of some environ-
mental interest because there are many places in industrial areas where the soil is
contaminated with Prussian blue, esp. from coal gasification plants. To study these
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Fig. 5.90 The amount of hydroquinone at the electrode surface as a function of time of the enzymatic
oxidation of immobilized quinhydrone for different additions of a laccase solution (the laccase
solution had an activity of 0.012 U mL™ 1 [B133]. Copyright ©2000 with permission from Elsevier

reactions, suspensions of goethite have been exposed to hexacyanoferrate(Il) ions
or Prussian blue colloidal solutions in a well-defined way. The reaction products
were isolated and small amounts of the dry powders were immobilized on a PIGE.
The electrochemical response of the immobilized microparticles proved that
hexacyanoferrate(Il) ions are sorbed on goethite. Figure 5.91 shows that the goe-
thite particles that were exposed to a hexacyanoferrate(Il) solution exhibit a signal
of high-spin iron, but no signal of low-spin iron. This result is in line with
spectroscopic results and indicates that the hexacyanoferrate ions are surface
bound. The iron(IIl) ions on the goethite surface are not electroactive as they are
in Prussian blue. Figure 5.92 depicts cyclic voltammograms of goethite powder that
was exposed to a Prussian blue colloid. Clearly, the typical Prussian blue response
is visible; however, the response decreases upon cycling. This bears witness of a
rather low stability of the Prussian blue-goethite surface complex.

Recently, Sander et al. [B331] have introduced mediated electrochemical reduction
and oxidation techniques in order to determine the number of electrons transferred to
and from natural simples. Such techniques are based on the use of one-electron-
transfer mediating compounds to facilitate electron transfer between the sample of
interest and a working electrode. In this approach, an electrochemical cell is set to a
constant potential value while the current is measured over time. In the presence of a
mediator, known amounts of a sample are added to the electrolyte, resulting in current
responses whose integration yields the number of electrons transferred. This method-
ology has been applied to assess the redox properties of humic substances [B428,
B429] and quantify structural Fe in Fe-bearing smectite clays [B430, B431]. In this



5.9 Chemical and Enzymatic Conversion of Immobilized Particles 181

4.0x10°

3.0x10° -

2.0x10° -

1.0x10° |-

Current (A)

0.0

oot e T e e 1
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16

Potential (V vs. Ag/AgCl)

Fig. 5.91 Cyclic voltammogram of a goethite sample with a load of 6.05 g CN™ (as hexacya-
noferrate)/kg goethite. Electrolyte 0.1 mol L™ KClI, scan rate 0.05 V s~ [B187]. Copyright ©2001
with permission from Elsevier
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Fig. 5.92 Cyclic voltammogram of a goethite sample with a load of 36.7 g CN™ (as Prussian
blue)/kg goethite. Electrolyte 0.1 mol L™" KCI, scan rate 0.05 V s~ ' [B187]. Copyright 2001 with
permission from Elsevier
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last case, experiments were performed on suspensions of the clays optionally treated
with dithionite in an electrochemical cell using a cylindrical vitreous carbon working
electrode and diquat as a redox mediator. Mediated electrochemical oxidation/reduc-
tion techniques allow to directly quantify the electron-accepting and electron-donating
capacities of smectites and other clay minerals and discriminate between total Fe and
redox-active Fe contents in these minerals [B430] as well as assess redox properties
due to reversible and irreversible structural changes that occur as a result of reduction
and oxidation of structural Fe [B431].

5.10 The Screening of Electrocatalysts

Electrocatalysts facilitate the electrochemical reduction or oxidation of dissolved
compounds on electrodes by decreasing the overpotential, i.e., the activation
barrier. Voltammetry of immobilized particles lends itself for the screening of
potential electrocatalysts as it allows for a very quick comparison of their effec-
tiveness. Later, the mechanical immobilization of a chosen electrocatalyst may
even be used for the modification of working electrodes for analysis. Figure 5.93
shows the results of a search for the most effective electrocatalysts for hydrazine
oxidation among many metal hexacyanoferrates.

Table 5.5 gives an overview on the analytical application of electrodes modified
by immobilized particles for the sake of electrocatalytic determination of dissolved
substrates.

Kucernak et al. [B147, B208, B243] have used the mechanical attachment of
nanostructured platinum particles to study their catalytic activity for hydrogen
evolution and the electrooxidation of formic acid. They immobilized the particles
on highly oriented pyrolytic graphite and polished gold electrodes. Rolison
et al. [B223] assessed the electrocatalytic properties of several metal and metal
oxide particulate materials by immobilizing the compounds on the surface of
carbon-wax composite electrodes that consisted of 35 wt% carbon black (acetylene
black) and 65 wt% wax (eicosane, beeswax, or paraffin wax).

5.11 Theoretical Aspects of the Voltammetry
of Immobilized Particles

Parallel to the experimental studies, efforts have been made for a deeper under-
standing of the theoretical basis of electrochemical reactions of immobilized
particles. At the beginning of the mathematical modeling, the initial conditions
and the models have to be defined. Since crystals have finite dimensions, a finite
diffusion space has to be considered leading to voltammetric features that differ
from those for semi-infinite planar diffusion. For this reason, the following section
starts with a voltammetric theory for a thin-layer cell.
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Fig. 593 (A) Comparison of the catalytic activities of metal hexacyanoferrates for the
electrocatalytic oxidation of hydrazine at 700 mV versus Ag/AgCl (3 mol L~' KCI). Electrolyte
0.1 mol L™' KNO;, pH 6 (phosphate buffer), 1 mmol L™" hydrazine. The ratio of the catalytic to
the noncatalytic current is given for different scan rates. (B) Cyclic voltammograms for the
electrocatalytic oxidation of hydrazine (a) without and (b) with zinc hexacyanoferrate
[B113]. Copyright ©1999 with permission from Wiley-VCH

5.11.1 Staircase Voltammetry with Finite Diffusion Space

Due to the digital data processing implemented in all modern voltammetric instru-
mentation, it was necessary to model the theoretical response of a redox system
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Table 5.5 Electrocatalysts applied in the form of particles immobilized on electrodes and sub-
strates to be determined in analyses

Electrocatalyst Substrate References
Metal hexacyanoferrates Hydrazine [B13, B202, B253]
Ruthenium(III) diphenyldithiocarbamate Sulfhydryl compounds [B98]
Copper hexacyanoferrate Cysteine [B99]
Ruthenium(IIT) dithiocarbamate Ascorbic acid [B100]
Nickel hexacyanoferrate Thiosulfate [B130]
Copper hexacyanoferrate Sulfur dioxide [B120]
Copper hexacyanoferrate Ascorbic acid [B115]
Nickel hexacyanoferrate Sulfur dioxide [B160]
Copper hexacyanoferrate Glutathione [B199]
Nickel hexacyanoferrate Thiols [B201]
Cobalt hexacyanoferrate Glutathione [B212]

confined to a finite diffusion space in staircase voltammetry. For this purpose, a
simple redox reaction proceeding in a thin-layer cell has been considered [B64]:

A +ne eB (XXXI)

The diffusion of the reactant and the product of this redox reaction in the space
between two parallel planes is defined by the following differential equations:

o 2 o 2 o
with the initial and boundary conditions:
t=0,0<x<L:cp=cax*x,cg=0
(). (). e
5 = kexp(—an) [(ca) o, —exp(@)(cn), i ); 0 = — 77—

Here, ca, cg, and c,* are concentrations; ¢ and x are the time and space variables,
respectively; L is the distance between the parallel planes; D is the diffusion
coefficient; S is the electrode surface area; [ is the current; E is the applied potential;
E° is the standard redox potential of the couple A/B; k; is the standard rate constant;
and a is the electron transfer coefficient, while n, F, R, and T have their usual
meaning. If Reaction (XXXT) is fast and reversible, the dimensionless peak currents
of the cyclic staircase voltammograms are a function of the dimensionless thickness
parameter @ defined as @ = 5L/ /Dt with = AE/v, v being the scan rate and AE
being the potential increment. This dependence has a sigmoidal shape as shown in
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Fig. 5.77. A characteristic feature of the staircase voltammograms obtained in a cell
with log(w) < 1.5 is a decrease of the peak current followed by the vanishing of the
voltammetric response for a very thin film. This is a consequence of the current
sampling procedure in all staircase techniques. If all redox species inside the cell
acquire the Nernst equilibrium before the sampling time, there will be no current to
be measured at the end of the potential pulses, i.e., when the current is sampled.
When Reaction (XXXI) is controlled by the kinetics of charge transfer, the
voltammetric features are additionally controlled by the dimensionless kinetic
parameter A defined as 1 = ks/7/ V/D. The influence of the redox kinetics depends
on the cell thickness depicted in Fig. 5.94. For films with moderate thicknesses
(curves 2 and 3 in Fig. 5.95), there is a parabolic dependence of the dimensionless
peak currents on 4. This feature is well known for surface-confined redox reactions
as a so-called quasi-reversible maximum. It is used for determining the standard
rate constant k. The quasi-reversible maximum, together with the narrower peak-
to-peak separation, distinguishes the models of finite diffusion space from those
with semi-infinite planar diffusion.

5.11.2 The Propagation of a Redox Reaction Through
Microcrystals

A key issue for understanding the voltammetry of microparticles is the propagation
of a redox reaction through the microcrystals. It is reasonable to assume that the
Nernst equilibrium is initially established at the three-phase junction, where the
particle, the solution, and the electrode meet. The reaction starts at this junction
line, and from this locus, it may advance along the surface and into the particle.
Chronoamperometry has been considered in a first attempt to theoretically tackle
the question of the propagation of a redox reaction through a microcrystal [B69]. In
order to solve the problem of the coupled transport of electrons and ions, an infinite
crystal attached to an infinite electrode surface has been chosen (cf. Fig. 5.96). The
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Fig. 5.95 Dependence of
the dimensionless peak
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Fig. 5.96 Coordinate
system with a part of the
crystal-solution interface
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electrode graphite surface
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axis z coincides with the three-phase junction. The electrode surface is located in
the x—z plane, and its body lies in the space for y < 0. The remaining space (y > 0) is
divided between the crystal (x > 0) and the solution (x < 0). It is assumed that the
Nernst equilibrium of the insertion electrochemical reaction
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{CmAX}solid +ne + n[C+]soluti0nZ{Cm+nBX}solid (XXXII)

is initially established along the axis z, where both electrons and ions are immedi-
ately available. Thereafter, the current is conducted along the crystal surface. This
surface redox reaction creates a gradient of electrochemical potential and defines
the initial conditions for the diffusion of ions into the crystal. The fluxes of electrons
and ions inside the solid particle are perpendicular to each other. The surface
diffusion of the electrons is described by the differential equation of Eq. (5.34):

org oIy
——=D 5.34
ot ¢ 0y? (5:34)
with the following initial and boundary conditions:
t=0,y>0:Ig=0,Tpo=1I;t>0,y—>00:Ig—0,l'x—1T;
y>20:Ta+Tg=1T;y=0:Tay—0=18y-0exp(¢);
o (5.33)
nF(E—E) I <d1"3>
@ = ; =—\—75
RT nFbD, dy /),

where I' 5 and I'g are the surface concentrations of ions A and B and I" is the total
surface concentration. D, is a diffusion coefficient of the electrons, I is the surface
component of the current, and b is the length of the contact between the electrode,
the crystal, and the solution. In chronoamperometry the solution for the surface
current is given by

D
I, = nFbI'[1 4 exp(e)] " ”—: (5.36)

Equation (5.29) implies that the surface current depends on the diffusion coefficient
of the electrons and it decreases with the square root of time. Within the solid
particle, the diffusions of electrons (i.e., here the propagation of electrons by
hopping) and ions are coupled. The advancement of electrons is slower than at
the surface since they must wait for ions (supposed that ion diffusion is slower than
electron self-exchange). The diffusion of ions is described by the following differ-
ential equation:

(5.37)

which was solved for the following initial and boundary conditions:
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t=0,x>0:cg =0,ca = py;

t>0,x = 00:cg — 0,ca = pg; x>0:ca+cB=pg;
y=0:x=0: (CA)X:O,y:O = (CB)x:(),y:oeXP(Co)§
x=0:(cp),_o = pall +exp()] erfc [o.sy(Det)*O-S]

d[c aCB
— = —nFDc| —=— ;dS =
as n c( I )x—O’ dS = bdy

(5.38)

Here, D¢ is the diffusion coefficient of the ions, /. is a volume component of the
current, while S=by is the surface area of the crystal which is exposed to the
solution and py is a common density (mol cm ). The concentration of the product
B and the current within the crystal are obtained as follows:

g = ﬁ%erfe([O.Sx(Dct)wj} + [O-SJ’(Del‘)io'SD (5.39)

dl.  nFpy/De 1 ( y? )

ds  4D.t

= 5.40
ds 1 +exp(ep) \/ﬂ_texp (5.40)

Equation (5.39) shows that the product of Reaction (XXXII) appears primarily near
the two crystal surfaces: the one which faces the solution (x = 0) and the one which
is in contact with the electrode (y =0). In both planes, the concentration of the
product decreases with the distance from the three-phase boundary, i.e., it propa-
gates through the body of the crystal. Equation (5.33) shows that the current density
is highest at the contact line b, where y = 0, and decreases along the crystal surface.
Equations (5.34) and (5.37) have also been solved for conditions of single scan and
cyclic voltammetry. In both cases, the solutions give a steady-state current because
of the infinite volume of the crystal. Since Eq. (5.39) implies that Reaction (XXXII)
propagates through the crystal, a term of the advancing front has been introduced to
depict this propagation. In the case that both the surface and the bulk (volume)
reaction proceed at comparable rates, the reaction front expands from the three-
phase boundary as a space with exponential borderlines in the x and y directions.
Generally, the total current is the sum of the surface and the volume current. The
reaction will be surface confined when the diffusion of the ions inside the crystal is
hindered, and the surface current will be negligible when the volume reaction is
dominating. In any case, the three-phase junction is the starting point for the
reaction front independent of the geometry of the particle and its conductivity.
Qualitatively, the same results have been obtained by using a rigorous model for the
coupled diffusions of electrons and ions in two directions by using the lattice-gas
concept without interactions [B107]. By that model, it has been shown that the
surface and the volume currents depend on Wagner’s thermodynamic factor (W) of
electrons and ions. The Wagner factor is defined as W =1+ 0 In(y)/0 In(c) where y
is the activity coefficient and ¢ is the concentration. The transport in direction
perpendicular to the electrode surface depends on the Wagner factor of electrons,
while the transport parallel to the electrode surface depends on the Wagner factor of
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ions. The final mathematical solutions of both models under conditions of
chronoamperometry, single scan, and cyclic voltammetry are given elsewhere
[B69, B107] and can be applied directly in any appropriate mathematical program.

5.11.3 The Effect of the Electrolyte Concentration
on the Voltammetric Response of Insertion Electrodes

In the previous model of insertion electrochemical reactions with coupled ion and
electron transfer, the solution side has been neglected. However, under certain
conditions that may not be justified. Therefore, the following model has been
developed: a conductive cylinder of the solid compound is embedded in the surface
of the electrode in a way that only a circular surface of the cylinder is exposed to the
solution. This surface is positioned at x =0, x being positive inside the crystal and
negative inside the solution. Assuming the insertion electrode to be of the type
[B87]:

{Ox}solid +e + C+solution(_—){cred}solid (XXXIH)

in which cations can diffuse through the crystal surface along the longitudinal axis
of the cylinder, the mass transport can be described by planar semi-infinite diffusion
of cations in two media, the solution (x <0) and the crystal (x >0). This will be
valid only if the longitudinal axis in the crystal is longer than the diffusion layer in
the particle. By solving the differential equation

oc o

at_DW (5.41)

where D =D, and ¢ = [CTif x<0and D =D and ¢ = [Cyeq] if x > 0. D,qand Dy
are the diffusion coefficients of the cations in aqueous solution and in the crystal,
respectively. The starting and the boundary conditions for Eq. (5.41) are

t=0,x>0:[Cred] =0,[0x] =p; x<0:[C"] =[CT]*
t>0,x — —00: [CT] — [CT]*; x > 0: [Cred] + [Ox] = p;

x — 00 :[Cred] — 0;[Ox] — p; x=0: DSSIFS =- 5[Ca§:,d] ; (5.42)
[ 0[CT] s F(E—Eo)] . [Cred]
D,FS~  ox [0x] = [red ]eXp{ RT ] 0 T Tred ][CT]

where [C*]* is the concentration of cations in the bulk of the solution and the
meaning of the other symbols is as in the previous models. K is the equilibrium
constant for {red” }sq + C" 2 {Cred}ig. In the mathematical solution of the
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Fig. 5.97 Dependence of the anodic and cathodic peak potentials (E}), and (Ep)., respectively,
and their median E on the logarithm of the mass transfer parameter z [B87]. Copyright ©1998 with
permission from Springer

differential Eq. (5.34), two important parameters containing the term of [C*]*
appear, i.e., the formal potential E?’ and the mass transfer parameter z, defined as

RT RT

E =Ejea + N InK + = In [C*]* (5.43)
Dy p

_ s P 5.44

“ T\ DyglCT (5.44)

Cyclic voltammograms obtained from this model depend on the mass transfer
parameter z. The dependence of cathodic and anodic peak potentials and of their
median on log(z) are depicted in Fig. 5.97, while in Fig. 5.98 is given the depen-
dence of the cathodic and anodic peak currents as a function of the same parameter.

For z < 0.1, the voltammograms are independent of the mass transfer in solution.
In that case, the median of the peaks is equal to the formal potential, i.e.,

— RT RT
E :E%X/red +71HK+?1H [C+]* (545)

Under experimental conditions, such a situation exists if the concentration of the
cations in the aqueous solution exceeds 1 mol L™'. If z> 10, the median depends
linearly on log(z) with a slope of 59 mV and the intercept is equal to

, RT
E—EY =23 logz (5.46)
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Fig. 5.98 Dependence of the absolute values of dimensionless anodic peak currents (&), and
cathodic peak currents (&), on the logarithm of the mass transfer parameter z [B87]. Copyright
©1998 with permission from Springer

Then, the median does not depend on [C*]* and is given by

RT D
E= ng/redJr an+—1 np+-zln D::

(5.47)

Equation (5.47) has been obtained by combining the Egs. (5.43), (5.44), (5.45), and
(5.46). However, if z > 10, the voltammograms vanish. The dependencies given in
Fig. 5.81 can be used for the determination of D [B95]. The described theory has
been successfully applied to decide whether the diffusion of OH™ in solution or in a
Ru0,-PVC film electrode controls the rate of the electrode process.'’

5.11.4 Solid-State Voltammetry at a Three-Phase Junction

Oldham has mathematically modeled the processes occurring at microparticle-
modified electrodes [B88]. He developed a model to address such important issues,
as the possible magnitude of currents and the shape of voltammograms that can be

7 Dharuman V (2001) A study of reaction mechanisms at RuO,-PVC and RuO,-NAFION film
electrodes: electrooxidation of glucose, catechol and L-dopa. PhD thesis, University of Madras,
Madras
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expected when the electrochemical reaction is exclusively confined to the three-
phase junction. The author has not considered the intriguing and important question
of how the cations spread inside the crystal, once they have entered it via the three-
phase junction. This spreading has been assumed to be so rapid that their concen-
tration is always uniform throughout the crystal. This is more a limiting case than a
realistic description of real experiments. It is, however, of interest to determine the
extent to which diffusion can supply ions to or remove them from a three-phase
junction. The key question is whether the bottleneck three-phase junction will allow
obtaining measurable voltammetric responses.

For this, the insertion electrochemical Reaction (XXXII) has been considered.
The diffusion has been supposed to occur under cylindrical conditions, and there-
fore the cylindrical version of the differential equation of Fick’s second law

2
Eﬁ-lﬁ:lﬁ (5.48)
or2  ror DOt

has been solved for the two cases: (a) assuming a constant concentration of cations
at the three-phase junction and (b) assuming a variable concentration of cations at
the three-phase junction line. In both cases, qualitatively similar results have been
obtained.

The current density i obtained by solving Eq. (5.48) has the form

. —aFD(c* — &)
where ¢ is the concentration of the cations at the three-phase junction line, c” is the
bulk concentration of cations in the solution, a is the distance of the three-phase
junction at which a diffusing species has reached the three-phase junction (a has a
magnitude of atomic dimensions), and # is defined as n=2 exp(—y)=1.123. .,
where y is the Euler constant, y =0.57722. The meaning of other symbols is as
usual. The weak inverse logarithmic dependence of the current density on time, for
all periods of voltammetric significance, implies that the current is almost steady-
state throughout any practicable experiment. In order to apply Eq. (5.49) to
voltammetric purposes, one needs to estimate the length of the three-phase junction.
If a total volume of the electroactive solid is V and if it consists of isolated,
uniformly sized cubes of edge length L, each cube resting on the electrode via
one of its faces, then the number of the cubes will be VL3 , while the total length of
the three-phase junction is 4VL 2. By multiplying this term with Eq. (5.49), one
obtains the following equation for the current as a function of the length of the cube
edges:

_ —2zFDV(c* — )
- L2ln{”—\/ﬁt}

(5.50)
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Table 5.6 Dependence of the /im # i foinS
current / on the edge length o
L of the crystal cubes 464 1 12 nA 3.4x10
215 10 5.6 nA 7.4 % 10°
100 100 26 nA 1.6 x 10°
46 10° 0.12 pA 3.4 x10*
22 10* 0.56 pA 74%10°
10 10° 2.6 pA 1.6 x 10°
4.6 10° 12 pA 340
22 107 56 pA 74
1.0 108 0.26 mA 16
0.46 10° 1.2 mA 3.4
0.22 10'° 5.6 mA 0.74
0.10 10" 26 mA 0.16

L is the edge length of cubes, # denotes the number of cubes, / is
the overall steady-state current, and f,,;, is the time necessary for
total reduction [B88]

This equation shows that after subdivision of the solid crystal, the three-phase
junction length is a predominant parameter determining the magnitude of the
total current. Using the constant values for the other parameters in Eq. (5.50), the
values of the current estimated for different values of L are given in Table 5.6. The
column headed by “#” represents the number of the cubes according to this model.
Table 5.6 confirms that significant currents can flow into an adherent electroactive
solid via the three-phase junction line, especially when the crystals are sufficiently
small and numerous.

The parameter f.,;, in Table 5.6 is very important since it represents the mini-
mum time in which total reduction can be achieved. Typical times corresponding to
voltammetric experiments are encountered for L being a few micrometers.

Applying the solution of Eq. (5.48) under conditions of cyclic voltammetry, the
scan rate is the major parameter that determines the shape of the cyclic
voltammograms. Two types of theoretical voltammograms obtained with slow
and fast scan rates are depicted in Figs. 5.99 and 5.100, respectively. Their shape
considerably differs from what is common in solution electrochemistry. At the
slowest scan rates (see Fig. 5.99), the cyclic voltammograms have inversion
symmetry about the origin and resemble their counterparts for reversible thin-
layer voltammetry. Another similarity to thin-layer cyclic voltammetry is in having
peak heights proportional to the scan rate. These similarities are expected since in
both cases there is a limited amount of material, which can exhaustively be reduced.
In the voltammograms obtained at rather low scan rates, the current is close to zero
at the right-hand side of each plot, since at these positive potentials the solid is
totally oxidized. When the dimensionless scan rate is as large as 10, the total
reduction is delayed until after reversal (cf. Fig. 5.100). At faster scan rates, the
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Fig. 5.99 Cyclic -
voltammograms obtained
for several rather slow scan
rates [B88]. Copyright
©1998 with permission from
Springer

Fig. 5.100 Cyclic
voltammograms obtained
for scan rates one range of
magnitude faster than that
presented in Fig. 5.82
[B88]. Copyright ©1998
with permission from
Springer

total reduction is never approached under CV conditions. Considerably higher
anodic currents are flowing, but for shorter periods. The reason for that is that the
junction concentration ¢ can decrease to zero upon reduction, but can exceed ¢”
manyfold during anodization. This is equivalent with the idea that the ions can
escape from the crystal through the three-phase junction much faster than they can
enter the crystal from solution. The model has been solved also for the conditions of
chronoamperometry (at constant potential). The main result obtained in this study is
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that the diffusion to a three-phase junction can provide an adequate supply of ions to
permit classical voltammetric techniques to be applied within the time and current
ranges traditionally used. The supply of ions to the three-phase junction seems to be
in a quasi-steady state during the electrochemical experiments. If the voltammetry
is reversible, the response is predicted to be very dependent on the degree of
subdivision of the crystals. Depending on the crystal size and scan rate, cyclic
voltammograms may mimic solution-phase voltammograms of classical thin-layer
experiments or typical stripping experiments. This model, despite of its limitations,
clearly demonstrates that the role of the three-phase junction must not be
overlooked in modeling the voltammetry of solids.

5.11.5 The Effect of Crystal Size and Shape
on Electrochemical Signals

The electrochemical reduction of a microcrystal attached to an electrode has been
theoretically described by the help of two- and three-dimensional models
[B142]. An electrochemically reversible reduction of redox centers in a crystal
followed by insertion of cations from the adjacent aqueous phase can be described
by Reaction (XXXIII) [B69]. The authors have considered a model where the
simultaneous uptake of electrons and cations starts at the three-phase junction
line. They have utilized two- and three-dimensional models to simulate the diffu-
sion of cations and electrons and the current flow in response to the applied
potential. A scheme of the two-dimensional matrix used in the simulations is
given in Fig. 5.101. The total flux of electrons and cations is a function of the
concentration gradients between each box (k, m) and its two neighbor boxes. Both
fluxes follow Fick’s first diffusion law [Eq. (5.51)], where AN represents the change
of the

N AX,  AX

E +

J C

-

I ) :
Fig. 5.101 Two- N C Je.
dimensional matrix of B
discrete boxes with AxAz 2 g Cc’ _
being the size of the bulk g = Jes
boxes, AxpAz and AxAz, o . [az
being the size of the surface A
boxes, and AxoAz LAz,
representing the three-phase Metal e e e e
junction [B142]. Copyright
©2000 with permission from k (with x = kAx+x,)

v

Springer
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1 AN

= 551

I = YAz Ar (5:51)
1 AN

oo o 52

Jeo = Yax A1 (5:52)

moles of cations or electrons and Y is the length of the infinite three-phase junction,
defined similarly as given in Fig. 5.101. Equations (5.51) and (5.52) imply that both
currents, i.e., the surface (due to the electron diffusion) and bulk (or volume)
currents (due to the cations diffusion) are considered separately in this model.
The two- and three-dimensional models have been solved for the conditions of
chronoamperometry by considering a semi-infinite diffusion space as well as a
finite diffusion space. The main feature of the chronoamperometric plot is for the
two-dimensional model and semi-infinite diffusion that the total current approaches
a steady-state value (see Fig. 5.102). The time dependence of the total current is

10 =7 o) [(Aw—zj%ﬁ“

)+ DCDe] (5.53)

Here, V,, is the molar volume, while ¢ is the dimensionless potential of the
Nernstian equation representing the thermodynamic equilibrium of Reaction
(XXXVI). D, and D¢+ are the diffusion coefficients of electrons and cations inside
the crystal. The increase of the bulk current in Fig. 5.102 is ascribed to the growth of
the reaction zone as shown in Fig. 5.103a.

The semi-infinite diffusion model applied to the three-dimensional model is
more realistic since for real cuboid crystals the three-phase junctions of these
objects include the edges of the rectangular base. The consequence of this is that
the cations in the real three-dimensional system can enter the crystal from different
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Fig. 5.102 Chronoamperogram for a potential step of a value 200 mV more negative than the
formal potential of Reaction (XXXIII). D =D+ =5 % 1078 cm?s™!: Axg=Azg= 107* Ax
[B142]. Copyright ©2000 with permission from Springer
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Fig. 5.103 Concentration profiles of a partially converted two-dimensional microcrystal at
different times after a potential step (a) 3 s, (b) 10 s, and (¢) 40s. D =5 X 10 %cm?s™!; Dc+
= 10"8cm?s~! [B142]. Copyright 2000 with permission from Springer

directions. The total current in this three-dimensional model has the following
form:

(5.54)

Compared to the expression of the current in the two-dimensional model
[Eq. (5.53)], the three-dimensional model [Eq. (5.54)] has an additional subtractive
term. This has been interpreted as an “edge effect” describing the overlapping of the
cation diffusion (which now proceeds in x and y directions) near the corner and
thereby its influence on the entire diffusion process. Equations (5.53) and (5.54) are
a consequence of the diffusion of electrons and cations into a semi-infinite space.
This diffusion is accompanied by the growth of the reaction zone, and it is not
exclusively confined to a real semi-infinite diffusion space, but can also be expected
to apply to the beginning of the conversion of a crystal of limited size. Since the
crystal considered in the simulation has a very small size (some pm) and a time
scale was assumed where total conversion of material may take place, an
unhindered diffusion is expected only for the initial period of the reaction. Now,
the most important question is: how do the diffusion barriers given with the crystal
size and shape determine the advancement of the electrochemical conversion
through the crystal? For a certain geometry (cube or cuboid) of the microcrystal,
the ratio D._/Dc+determines the spatial course of the development of the reaction
zone and thereby the resulting current-time functions. In Fig. 5.104, the
isoconcentration lines along the (x, y) plane at half height are depicted for two
differently shaped cuboids after a partial reduction of the particle. The progress of
the reaction zone in such situation follows different geometries, causing tremen-
dous changes in the chronoamperometric curve. This is also obvious from the
different shapes of the cyclic voltammograms given in Fig. 5.105. The
voltammograms are a result of a cyclic oxidation and reduction of differently
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Fig. 5.104 Concentration profile inside partially (10 %) converted crystals: cross section through
x—y plane at half height; (a) crystal of L=H =10 pm, B =40 pm and (b) L =B =H = 10 pm size
[B142]. Copyright ©2000 with permission from Springer
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Fig. 5.105 Cyclic voltammograms of differently shaped cuboid particles of constant volume with
a square base of different size. Concentration profile inside partially (10 %) converted crystals:
cross section through x—y plane at half height; D =Dc"=10"% cm?s™!, V,, = 153.8 cm® mol ™ ';
(A)crystal of L=B=28 pm, H=10 pm, (B) L=B=H =20 pm; (C) L=B =16 pm H=31 pm
[B142]. Copyright ©2000 with permission from Springer

shaped cuboids of a uniform volume. Depending on the ratio of crystal height to
length and width, different diffusion regimes dominate and determine the time for
the total conversion of the solid. The geometry of the spatial development of the
reaction zone additionally depends on the ratio of the diffusion coefficients of the
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electrons and cations. Due to the different values of diffusion coefficients of
electrons and cations, the reaction at the three-phase boundary only initially
determines the course of the reaction. During the initial three-phase reaction, the
faster process leads to an exhaustive conversion along the corresponding interface
either the crystal-electrode or the crystal-solution interface. The further course of
the conversion is determined by the slowest diffusion process. In principle, the
results of this study [B142] can be utilized to determine the diffusion coefficients
from experimental data and to derive the geometric parameters of the attached
crystals. This, however, would require experiments with single size and single-
shaped crystals. In reality there will always be a size and shape distribution for
which a theory still needs to be developed.

5.11.6 Redox Mixed Phases and Miscibility Gaps

In all previously considered reactions of type (XXXIII), it was assumed that the
solid phase transforms in a series of completely miscible solid solutions from {ox}
into the final form {C,red}. In fact, in intercalation electrochemistry there are
known many examples in which a continuous series of mixed crystals exist between
the oxidized and reduced forms. Several hexacyanometalates are discussed as
examples in Sect. 5.3. The phase transformation of {ox} to {C,red} via
{ox(C,red);_,} gives an opportunity to describe these processes on the basis of
mixed phase thermodynamics. The model of redox mixed phases (redox solid
solutions) allows treating also cases with miscibility gaps that frequently occur in
solid systems. Considering only the thermodynamic conditions in the solid phases,
Reaction (XXXIII) can be defined as follows:

nF ’
Cox + Cred = P; Cox = Cred exp((p)§ P = R_T(E - E? ) (555)
In the case of partial miscibility of {ox} and {C,red}, the formal concentrations ¢y
and c,q are linked to the molar fractions of the corresponding compounds via the
following relations:

Mox Mred

Cox = 5 Cred =
Mox + Mired Mox + Mied

(5.56)
where m,, and m,.q are mole numbers of {ox} and {red}, respectively. If the mutual
solubility is limited, the concentrations (or more precisely activities) of both
components can be changed only within a restricted range. Consequently, the
Nernst equilibrium [Eq. (5.55] will not be satisfied at all potentials. This will lead
to an immiscibility polarization as shown in Fig. 5.106. If {ox} is gradually reduced
to {C,red}, the activity of {C,red} may increase up to a certain limiting value Z,.q,
ox = Mrea/(Myeq + Moy), Which depends on the maximal solubility of {C,red} in {ox}.
In that case, the potential of the saturated mixed crystal is given by
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Fig. 5.106 Schematic plot B
of the logarithm of the By
activity ratiosof the |
oxidized to the reduced <
form in the solid state as a ',/"
function of the applied ’
potential [B79]. Copyright
1997 with permission from
Springer

miscibility gap
AN

N RT . (1= Zuegjox

red/ox

where Z..q0x 1S the maximal solubility of {C,red} in {ox}. The second critical
potential (Ec ) depends on Zoyjreq = Mox/(Myeq + Moy ), that is, the maximal solubility
of {ox} in {C,red}:

/ RT Zox/red
Ecr,=E% +23—1 —_— 5.58
ca =Y 23 Liop () (5.58)

The ratio aox)/@{cnreqd) in the crystal can be changed continuously for £ > E¢; and
E < Ec,, but between E¢ ; and E », it will remain constant as shown in Fig. 5.106.

The miscibility gap can be also explained in terms of differences in the Gibbs
energies of the two solid phases. Let us first assume that the reduction of {ox} to
{C,Red} forms mixed crystals of the type {ox,(C,red); .} until the maximum
solubility of {C,Red} in {ox} is reached. The mixed crystal with this maximum
concentration of {C,Red} may be written as {oxy(C,red);_,}. Then there might
exist a solubility gap between the composition {ox.(C,red);_y} and
{ox,(C,red);_y} (¥’ is much bigger than y’). The mixed crystal {ox,(C,red);_,}
can be further reduced until {C,Red} is reached. The mixed phase
{oxy(C,red);_y} has a structure o, and the mixed phase {ox,/(C,red);_y} a
structure f. o and f are so different that a miscibility gap arises. The difference in
the Gibbs free energies AGup of the two phases o and f§ is equivalent to the
difference in the formal potentials of both systems, and it can be split in two
terms, i.e., AGaB = AG eqjox + AGaices Where AGpice 1s the difference in the
free energies due to the different structures of the lattice of phases a and f.
Generally, AGy,ice may have very different values. If B is much more stable than
a, this will shift the formal potential of the redox system in this phase so much in
comparison to its value in phase o that within the miscibility gap the phase p will be
formed at the expense of a until o is converted into P (line 1 in Fig. 5.107). An
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Fig. 5.107 Plot of log(x/

1 —x) for a solid solution log £

system {ox(C,red); _} . . .

versus potential

[B158]. Copyright ©2000 oo 2 [

with permission from
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interesting situation arises when AGy,qice 1S much smaller than AG .q0x- In such a
case, we can say that AGa g = AGyeq/0x, Which would mean that the formal poten-
tials of the redox systems in o and  are the same (line 2 in Fig. 5.107). This leads to
the situation that, within the miscibility gap, there is no sufficient stabilization of 8
for phase segregation. In other words, within the miscibility gap, the potential
corresponds to the composition neither of o nor of 3. Thus, no net oxidation of a
to form f can take place. In that case, the miscibility gap is simply an inert zone
where no reaction can proceed. A third case is possible when the phase a is much
more stable than P. It follows that the formal potential of ox/red in a is more
negative than in p. This again will lead to a separation of the potential ranges in
which reduction of ox can occur. After completing the reduction of {ox} to the
composition {ox(C,red);_,}, there will appear an inert zone until the formation of
{ox,(C,red);_, } may take place. This inert zone is bigger than the miscibility gap
by the difference in formal potentials of ox/red in o and f (see line 3 in Fig. 5.107).

The mathematical modeling was considered identically as in [B87] using the
differential Eq. (5.41) under the initial and boundary conditions given in Eq. (5.42).
The numerical solution has been applied to cyclic staircase voltammetry and linear
scan voltammetry [B79]. The influence of the volume of the substance and of the
redox kinetics on the voltammetric features have been investigated, too. The
influence of the limited miscibility of redox components of the mixed crystal on
staircase cyclic voltammograms simulated for semi-infinite diffusion is depicted in
Fig. 5.108. Curve A is the voltammogram for complete miscibility, while curve B
shows the case of a miscibility gap assuming Z,cq/ox = Zox/rea = 0.3. It can be seen
that the miscibility gap causes a splitting of the voltammogram into two peaks. The
first peak appears when the surface of the crystal is charged to the first critical
potential Ec ;. Though the potential of the electrode is continuously changed, the
ratio of the oxidized to the reduced form remains constant and equal to the value of
Ec, until the value of the second critical potential Ec, is reached. When the
potential is equal to Ec», at this moment the composition of the crystal suddenly
changes from 30 % {C,red} and 70 % {ox} to 70 % {C,red} and 30 % {ox}. This
sudden reduction of 40 % of {ox} prompts a sharp peak to appear in the cathodic



202 5 Immobilized Particles
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branch of the voltammogram. Under anodic polarization, a second sharp peak
appears. The separation between these two peaks increases as the miscibility of
the components decreases (see Fig. 5.109).

The influence of the finite crystal volume on the staircase voltammogram is
shown in Fig. 5.110. The miscibility parameters are the same as those in Fig. 5.109,
but the results in Fig. 5.110 are calculated for a very small hemispherical particle
with the dimensionless radius 5rgv>>(DAE) ™% = 20. The major difference between
Figs. 5.109 and 5.110 is that such small particles can be electrolyzed completely
within a single potential scan. Thus, the peaks are narrower, containing no diffusion
“tails,” and the current between cathodic and anodic peaks tends to zero.

An integral study which contains also results for the influence of the charge
transfer kinetics can be found elsewhere [B79]. The outlined treatment of the effect
of a miscibility gap on voltammograms is a purely thermodynamic treatment.
However, when a phase transformation occurs due to a miscibility gap, a more or
less pronounced nucleation process must be observed. Therefore, it is not surprising
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Fig. 5.110 Staircase cyclic
voltammetry of
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that voltammograms that resemble very much those simulated for systems with
miscibility gaps have been observed experimentally for the reduction of TCNQ
(7,7,8,8-tetracyanoquinodimethane) [B56, B101] under conditions of immobilized
microparticles. Figure 5.111 shows cyclic voltammograms for the reduction of
TCNQ to different alkali salts Cat"(TCNQ) ™. The authors of these papers could
show that the electrochemical transformation of TCNQ to the salts exhibits the
typical features of nucleation—growth kinetics. The essential prerequisite for the
occurrence of the nucleation phenomenon is a miscibility gap, and the authors have
shown that the crystallographic structures of the educts and products are indeed
very different [B101].

In a further paper [B158] on the theoretical effects of miscibility gaps, the focus
was on the influence of the structure of the interface of the two immiscible solid
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Fig. 5.112 Cyclic voltammograms of partly immiscible solid redox compounds. Reversible redox
reaction. Miscibility limits: Zcreqjox = Zox/crea = 0.4, d =0.4, AE = 0.2 mV. No transition zone was
assumed [B158]. Copyright 2000 with permission from Springer

phases. When an interfacial interface is assumed to exist at the place where the two
structures transform, a smooth voltammetric response is expected. However, when
a rather sharp interface exists, concentration barriers are built up that lead to very
unusual voltammetric spikes as depicted in Fig. 5.112.

Shortly after the publication of these theoretical results [B158], Parkinson
et al. [B169] published voltammograms of electrodes covered with the solid
compound (4-dimethylamino-2-dihydroxyphenyl)squaraine that exhibit such curi-
ous spikes in addition to the typical feature of a miscibility gap (cf. Fig. 5.113).

5.11.7 Electrochemically Driven Formation of Bilayered
Systems

In Sect. 5.5 the electrochemically initiated substitution of the high-spin iron ions of
Prussian blue by foreign metal ions has been discussed from an experimental point
of view (see Figs. 5.111, 5.112 and 5.113). This substitution reaction has been
simulated on the basis of a theoretical model considering semi-infinite planar
diffusion applied to a particle cylinder [B173]. In a solution containing K* as the
sole cation, Prussian blue microcrystals adhering to a graphite electrode (see
Fig. 5.114) can be both reduced and oxidized in cyclic voltammetry:
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Fig. 5.113 Staircase cyclic
voltammograms of 1-1
OHSQ/HOPG electrodes
(dipping mode) in

0.1 mol L™! aqueous
solution of LiCl. In each
panel, the first scan (dotted
line) and the eleventh (a) or
tenth (b) scan (solid line)
for two different samples
are shown. Scan rate
y=10mV s~

[B169]. Copyright ©2001
with permission from
Elsevier

Fig. 5.114 Model of the
semi-infinite planar
diffusion applied to a
particle cylinder attached to
a solid electrode and in
contact with an electrolyte
solution (a). Initiated at the
three-phase junction, the
new solid phase advances
into the bulk particle,
following the diffusion of
cations (b)

[B173]. Copyright ©2001
with permission from
Elsevier
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{KFe’*\Fe** c(CN) } g2 {Fe’ "NFe’ T c(CN)¢} o+ KT +e7  (XXXIV)
Prussian blue Berlin green

{KFe**\Fe?"¢(CN)s}. ., + K' + e 2{K,Fe* yFe* ¢(CN)¢}_ .. (XXXV)

solid solid
Prussian blue Berlin white

(Fe**y and Fe**¢ denote the N-coordinated high-spin and the C-coordinated
low-spin iron ions, respectively). If these reactions are reversible, the following

equations govern the concentration ratios:

F(E—-E
?:exp{% ;o x=0,t>0;
1
cr F(E—Ez) ) 01> 0 (5.59)
o PR YTRE

where ¢, ¢, and ¢, are the concentrations of Berlin green, Prussian blue, and Berlin
white, respectively. The sum of all three concentrations is equal to c*. Both, the
electron transfer and the mass transfer of the intercalated compounds by Reactions
(XXXIV) and (XXXYV) are given by the corresponding diffusion equations:

8c,» azci

—=D———; >0,t>0 5.60
o Do ¥2012 (5.60)
Equation 5.60 has been solved by the standard finite difference method for all
species in Reactions (XXXIV) and (XXXV).

When the electrochemical transformation of iron hexacyanoferrate into cad-
mium hexacyanoferrate takes place, the following reaction occurs:

2{Fe’* \Fe’*¢(CN)g }solia + 3Cd*" — VI
Cd**{ Cd*"yFe¥"(CN)g}, + 2 Fe*" ( )
This reaction is characterized by k¢, the rate constant of the electrochemical
transformation (or substitution). In order to quantify the progress of the reaction,
a parameter w is defined as @ = D&y, +/(PZyp ¢ + Phopes)- This is the ratio of the
oxidation currents of cadmium hexacyanoferrate to the sum of the oxidation
currents of cadmium hexacyanoferrate and iron hexacyanoferrate. The depen-
dences of the w on the number of the potential cycles for several simulations
assuming different values of kg, and the same plot with the experimental values
obtained under the same conditions as in the simulation, are given in Fig. 5.115.
Assuming a dimensionless rate constant ks = 0.5 of Reaction (XXXVI) provides the
best fit of the experimental results. Simulated cyclic voltammograms based on this
dimensionless rate constant are depicted in Fig. 5.116. Figure 5.117 depicts the
dependence of the rate of the substitution reaction on the number of potential
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Fig. 5.115 Dependence of the ratio @ on the number of potential cycles for a couple of
simulations assuming different values of the kinetic contribution k¢ and for the real experiment
[B173]. Copyright ©2001 with permission from Elsevier
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Fig. 5.116 Simulated multiple cyclic voltammograms for the solid-state conversion of Prussian
blue (first and third redox couple) to cadmium hexacyanoferrate (second redox couple).
v=100mV s~ k;=0.25, dE =2 mV [B173]. Copyright ©2001 with permission from Elsevier

cycles. As can be seen in Fig. 5.117, after an induction period of 4-6 potential
cycles, the rate of substitution is increasing to reach a maximum at around 15 cycles,
corresponding to the increased amount of inserted ions, and then it is decreasing due
to the decreasing concentration of starting material available for substitution.
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Chapter 6
Immobilized Droplets

In principle, the voltammetry of immobilized droplets is in many respects very
similar to the voltammetry of immobilized microparticles. However, the fluidity of
droplets in contrast to the rigidity of solids leads to specific features which have to
be discussed before the details of electrochemical studies can be presented.

Although the adhesion of a liquid droplet to a solid electrode surface in the
presence of a third liquid phase, usually the electrolyte solution, is, from a physical
point of view, not fundamentally different to that of solid particles, the magnitude
of forces keeping the droplet adhering is different. In addition, the fluidity of the
droplet allows a fast establishment of the equilibrium of forces, which is not the
case with solid particles.

Figure 6.1 depicts the situation when a three-phase electrode is composed of a
droplet of liquid, phase II, immobilized on a solid electrode surface (phase I) and
immersed in an electrolyte solution (phase III). The relation between the interfacial
tensions between the three phases and the contact angle is described by the Young'
equation:

O1-Tl — OI-11 (6.1)

cos @ =
OTI-111

From this equation follows that the shape of the droplet is a function of the
interfacial tensions between the phases I and II, II and III, and I and III. When
the contact angle is very small or even going to zero, the liquid II would form a film
on the solid, which is clearly not desirable in the experiments that we are discussing,
because the three-phase junction would be lost. On the other side, a too large
contact angle would destabilize the droplet or, for  approaching 180°, even detach
the droplet immediately. The consequences of electrode potentials for the adhesion

" Young Th (1805) Philos Trans 65-87
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Phase |

Fig. 6.1 Three-phase electrode with an immobilized droplet (phase II) attached to a solid
electrode (phase I) and in an electrolyte solution (phase III). € is the contact angle and o is the
interfacial tension between the phases indicated in the subscripts

of oil droplets” and of liposomes® suspended in an electrolyte solution have been
demonstrated with mercury electrodes.

In electrochemistry, another complication arises from the well-known relation
between the electrode potential and the interfacial tension:

1
o= _ECdEz + const. (6.2)

where C is the differential double layer capacity and E the electrode potential. This
means that changing the electrode potential will alter in any case the interfacial
tensions oy and op_y;. Consequently, as the interface between the two liquid
phases IT and III is in series with interface I/I1, the interfacial tension cy;_y;; changes
too, provided the droplet has a sufficient ionic conductivity. If the conductivity of
the droplet is high in all its volume elements, the entire interface II/III will be
affected by the electrode potential, whereas in case that only the edge of the droplet
acquired ionic conductivity (by natural partition of the electrolyte from phase III or
by an electrochemical reaction), there will even be an anisotropy of the interfacial
tension between II and III from the edge to the apex of the droplet (see Sect. 6.2).
Further complications may arise from the fact that the electrochemical reaction will
change the composition of the droplet phase and possibly also of the electrolyte
phase near the three-phase junction and near the droplet surface. A change of
composition will always affect the interfacial tension, and this parameter may
even become strongly anisotropic over the interface. This could deform the

2Ivosevié N, Zuti¢ V (1998) Langmuir 14:231-234
3 Hellberg D, Scholz F, Schauer F, Weitschies W (2002) Electrochem Commun 4:305-309
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interface, and it may induce the so-called Marangoni* streaming. The latter is an
effect of an induced flowing of a liquid along an interface from places with low
interfacial tension to places with a higher interfacial tension. This way a convective
mass transport may act at a three-phase electrode. The feedback effects between
electrode potential, interfacial tension, mass transport, and electrode reaction are
certainly very complicated. Fortunately, the changes of interfacial tensions caused
by the electrode potential are in many cases practically negligible, esp. when
lipophilic droplets are attached to rather lipophilic surfaces like that of graphite
electrodes or even better for the paraffin-impregnated electrode (PIGE). In these
cases, the value of the interfacial tension between the droplet and the underlying
base material is such that there is hardly any shape change detectable upon potential
variations. However, when an organic liquid droplet is attached to a metal elec-
trode, platinum, or gold perhaps, it is impossible to keep the droplet stable in
voltammetric experiments. The alteration of the interfacial tensions by potential
scanning leads to a rapid movement of the droplet on the surface and to spreading or
detachment, i.e., to irreproducible conditions at the electrode surface. The situation
is slightly better when an aqueous droplet is attached to a platinum electrode since
the latter is rather hydrophilic. Ulmeanu et al. [B180] reported experiments with a
very small aqueous electrolyte droplet attached to a platinum microelectrode in a
Teflon holder.

The mechanisms of electrode reactions observed at three-phase electrodes with
immobilized droplets resemble those observed with immobilized particles.
Table 6.1 gives an overview of some frequently observed cases. There are certainly
more possible cases, and especially catalytic reactions at such three-phase elec-
trodes are not considered here. Examples for these reactions are discussed in the
following chapters. The first case listed in Table 6.1 is when an oxidizable nonionic
compound X is dissolved in a polar organic solvent. The oxidation to X* may be
accompanied by the transfer of anions B~ from the aqueous to the organic phase
(case 1a) if the free energy for that transfer is smaller than that for the transfer of X*
to the aqueous phase (case 1b). When a nonpolar solvent is used, the transfer of X*
to the aqueous phase is the most probable reaction (case 2). When a reducible
nonionic compound X is dissolved in a polar organic solvent, the reaction to X~ may
be followed by the transfer of cations A* to the organic phase (case 3a) or by the
transfer of X to the aqueous phase (case 3b). Again, the free energies of the ion
transfer of X~ to the aqueous phase and of A" to the organic phase decide what will
happen. The case of a reducible compound in a nonpolar organic solvent is not
listed. Of course, the transfer of X  to the aqueous phase would be the most
probable reaction path. Case 4 in Table 6.1 concerns oxidizable organic liquids.
The oxidation can result as in case 1a to the transfer of anions B~ from the aqueous
to the organic phase; however, now the organic liquid is converted to an ionic liquid
(in principle, also a precipitation of the salt [0"B7] in the organic liquid may occur).
Alternatively, the cations O" can be transferred to the aqueous phase, where they

#Marangoni CGM (1871) Ann Phys Chem (Poggendorf) 143:337-354
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Table 6.1 Overview of possible reaction mechanisms at three-phase electrodes with immobilized
droplets

Phase IlI
Phase I
Phase |
Phase 11 Phase III | Mechanism References
1 |Polar organic solvent O with Aqueous la) X,+Byy S X"+ [B132]
dissolved nonionic oxidizable electrolyte |B, +e”
compound X A'B™ 1b) X, S Xoq + €
2 | Nonpolar organic solvent O with | Aqueous Xo S Xag + € [B132]
dissolved nonionic oxidizable electrolyte
compound X A'B”
3 | Polar organic solvent O with Aqueous 3a) X,+e + Aanr S X [B271]
dissolved nonionic reducible electrolyte | +A,"
compound X A"B” 3b) Xp+e S Xy~
4 | Organic oxidizable Aqueous 4a) O,+Byy S O,  + [B166]
liquid O electrolyte | B, +¢e (O," + B, form an
A'B” ionic liquid)
4b) 0, S O,4" + ¢~ (follow-
up precipitation of [O*B7] is
possible)
5 | Organic reducible Aqueous O,+e + H.‘“;r S OH, (the [B273]
liquid O electrolyte | organic liquid remains
A"B” nonionic)

remain dissolved or they may form a precipitate [O"B™] with the anions. Again the
free energies of ion transfer determine the pathway. Case 5 in Table 6.1 describes
the reduction of an organic liquid O to the organic liquid OH that results from a
transfer of electrons from phase I to phase II and a proton transfer from phase III to
phase II. Also this case has been verified experimentally to exist.

The very simplified Table 6.1 shows already the diversity of possible reaction
mechanisms, but it also suggests that the underlying principles are rather general. It
is hoped that this table gives an orientation for further investigations. Detailed
explanations are discussed on the following pages.
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6.1 The Electrochemistry of Redox Liquids

The first report that involved the voltammetry of immobilized redox liquids was a
study of the n-hexyldithiocarbamate complex of lead(IT) [B13]. It was found that
the voltammetry of the immobilized droplets of this compound was the same as that
of its microcrystals. Initiated by the idea of studying electrochemical processes in
biphasic media such as emulsions, Marken et al. has undertaken the first intentional
investigations involving immobilized microdroplets of redox-active liquids
[B74]. The immobilization of droplets was meant to provide a controlled environ-
ment to separately elucidate processes involving the direct and simultaneous
contact of immiscible liquids to an electrode surface and to an aqueous solution.
Since then a wealth of information regarding electron transfer and ion transfer
processes as well as chemical reactions of the deposited redox liquids has been
gathered. As it is presented in the latest review by Banks et al. [B285], the N,N,N/,
N'-tetraalkylphenylenediamines, TRPDs (R = alkyl), are the by far the most inves-
tigated redox liquids (see Fig. 6.2 and Table 6.2).

These compounds combine an extremely low miscibility with water, a suitable
oxidation potential, the formation of colored radical species, and the possibility to
tailor their physical and chemical properties by changing the length and the nature
of the alkyl chains. In contrast to the solid, water-soluble tetramethylphenyle-
nediamine, TMPD, the long-chain compounds are liquids that remain extremely
insoluble in water even after oxidation and the formation of the radical cationic
form. The long alkyl chains not only ensure the low solubility and the highly
lipophilic character of the compound, they also hinder regular packing of the
molecules and thus prevent crystallization. That all makes the TRPDs very well
suited as model compounds for the study of the voltammetry of immobilized redox
liquids.

The tetra-N-alkylated phenylenediamine backbone can be reversibly oxidized in
two one-electron transfer steps, the first, which involves the formation of the radical
cation, being by far the most intensively studied reaction:

NR, NR,

Fig. 6.2 Structure of the N,

N,N' N'-tetraalkyl-para- NR2 NEt

phenylenediamines (p- R =n-butyl BPD) R =n-butyl (DEDBPD)

1?15 ?c)lizrlll?ytll}; é"’ 5" ~diethyl- n-hexyl (THPD) n-hexyl (DEDHPD)
’ n-heptyl (THepPD) n-heptyl (DEDHePD)

phenylenediamines (p-
DEDRPD) n-nonyl (TNPD)
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Table 6.2 Redox liquids that have been studied voltammetrically as microdroplets immobilized
on basal plane pyrolytic carbon electrodes (Reproduced from [B285])

Redox liquid References
N.N,N',N'-Tetrahexyl-para- [B74, B97, B149, B150, B166, B168, B171,
phenylenediamine B182, B230, B254, B284, B287, B288]
(p-THPD)

N,N,N',N'-Tetrahexyl-meta- [B166]
phenylenediamine

(m-THPD)

N,N.N' ,N'-Tetrabutyl-para-phenylenediamine | [B230, B254, B284]
(p-TBPD)

N,N,N',N'-Tetraheptyl-para- [B230, B254, B284]
phenylenediamine

(p-THePD)

N.N,N',N'-Tetraoctyl-para-phenylenediamine | [B213, B214, B254]
(p-TOPD)

N,N,N',N'-Tetranonyl-para- [B230, B284]
phenylenediamine

N,N-Diethyl-N',N'-dibutyl-para- [B284]
phenylenediamine

(p-DEDBPD)

N,N-Diethyl-N',N'-dihexyl-para- [B284]
phenylenediamine

(p-DEDHPD)

N,N-Diethyl-N' ,N'-diheptyl-para- [B284]
phenylenediamine

(p-DEDHePD)

N.N.,N'-Trihexyl-para-phenylenediamine [B171]

(p-TriHPD)

N,N,N' ,N'-Tetrakis(6-methoxyhexyl)-para- [B166]
phenylenediamine (p-TMHPD)

N'-[4-(Dihexylamino)phenyl]-N' N* N*- [B289]
trihexyl-1,4-phenylenediamine (DPTPD)

3-Methylthiophene® [B197]
n-Butylferrocene [B241]
4-Nitrophenyl nonyl ether [B286]

Vitamin K1 [B273, B287]

Studied as single millimetric drop immobilized on a PIGE

TRPD == TRPD*" + e~ (1)
TRPD*" <= TRPD*" + e~ (10)

The electrochemical oxidation of TRPD in the biphasic system of the immobilized
microdroplets has been studied from very different viewpoints including the elec-
trochemically and chemically facilitated ion transfer reactions, reactive chemistry,
photochemistry, and catalysis. In the following sections, these different aspects will
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be appreciated, demonstrating the potential of the voltammetry of immobilized
microdroplets as a simple and yet powerful electrochemical tool.

6.1.1 Electrochemically Driven Ion Transfer Reactions

N,N,N' ,N'-tetrahexyl-para-phenylenediamine, THPD, was the first compound of
the phenylenediamine family to be studied in detail [B74, B97]. The authors have
compared the electrochemistry of THPD, dissolved in acetonitrile, and the electro-
chemistry of immobilized microdroplets of the compound in contact to an aqueous
electrolyte solution. They have found that the oxidation of the immobilized droplets
was essentially connected with the uptake of anions from the surrounding electro-
lyte solution in order to maintain electroneutrality within the droplets:

THPD(,) + X == THPD( + X, + e (1)
The authors also observed that the mid-peak potential of this reaction and the shape
of the voltammetric signals (see Fig. 6.3) depend on the nature of the electrolyte
anion, whereas the nature of the cations did not contribute significantly. As a
consequence, the authors suggested utilizing this effect, which they attributed to
specific interactions between the phenylenediamine cation and the inserted anion,
for the detection of anions in aqueous solutions [B74].

Initiated by these studies, a series of papers have appeared dedicated to the
systematic investigation of the voltammetry of differently substituted phenylene-
diamines. Thus, the anion insertion and chemical reactions in microdroplets of
para-tetrakis(6-methoxyhexyl)phenylenediamine and para- and meta-tetrahexyl-
phenylenediamine (Fig. 6.4) have been compared [B166]. In this study, the effects

Fig. 6.3 Multicycle
voltammograms for the
oxidation of 1.24 ug THPD
deposited on a 4.9-mm
diameter basal plane
pyrolytic carbon electrode
and immersed in aqueous
solutions of different
electrolyte salts (electrolyte
concentration 0.1 mol L™},
6 cycles, 22 °C, scan rate
10mVs™

[B74]. Copyright ©1997
with permission from -02 05 -02 +05

Elsevier E/V vs. SCE E/V vs. SCE

NaOH
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Fig. 6.4 Structures of para-N, N, N',N' tetrahexylphenylenediamine (p-THPD), meta-N, N, N',.N'
tetrahexylphenylenediamine (m-THPD) and para-tetrakis(6-methoxyhexyl) phenylenediamine
(p-TMHPD) [B166]

of the altered molecular structures of the liquid precursors were investigated. The
authors observed dramatic changes in the voltammetric behavior of the liquids,
which they interpreted in terms of changes in the interaction between the TRPD
radical cation and the transferred anion within the organic liquid as a function of the
chain length of the phenylenediamine and the position of the amine groups at the
benzene unit. Due to the high density of the redox centers within the redox liquids,
very much in contrast to the electrochemistry of compounds dissolved in droplets of
inert solvents, such specific and nonspecific interactions between the constituents in
the liquids are very likely. The very narrow peak shape that was found for the
oxidation of THPD microdroplets [B74] supports this assumption. Very interesting
voltammetric features have been reported for the insertion of halides into the redox
liquids (Fig. 6.5). Upon oxidation in the presence of bromide and iodide ions,
THPD showed an additional reduction signal connected with a large peak-to-peak
separation. The occurrence of this reduction signal was found to be fully chemically
reversible, and in the case of bromide, it disappeared at elevated temperature
(40 °C). To interpret this behavior, the authors have presented a number of possible
explanations that comprise (i) possible crystallization processes upon oxidation and
(i) the co-insertion of water into the organic liquid.

The search for the relationship between the nature of the electrolyte ions
transferred across the phenylenediamine—water interface and the characteristics of
the voltammetric signals has always been a key issue in the published studies.
Generally, the authors have found correlations between the measured formal
potential, the lipophilicity of the inserted ions, and the lipophilicity of the redox
liquid (see Table 6.3). Thus, increasing the number of carbon units in the alkyl
chains of the TRPD, for a given anion, leads to a shift of the midpoint potentials
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Fig. 6.5 Cyclic voltammograms (first three scans) recorded at 100 mV s~ for the oxidation of
5.3 x 10™ mol p-THPD deposited by solvent evaporation onto a 4.9-mm diameter basal plane
pyrolytic carbon electrode immersed in (a) 0.1 mol L' NaBr and (b) 0.1 mol L™! KI
[B166]. Copyright 2001 with permission from Springer

Table 6.3 E,,;o/mV data® obtained from cyclic voltarnmogramsb for the oxidation of DEDRPD
and TRPD oils® [B284]

DEDBPD |TBPDY |DEDHPD |DEDHePD |THPDY |THePD® |TNPD?

PFs~ -30' -20' 3 18! 26! 41 641

Clo,~ |45' 63! 86' 91! 109° 126' 146'
SCN™ | 105" 1291 141 153 178 188! 2011
Br~ 125 185" 2591 269" 296' 318! 324!
NO;~ | 1171 1801t 245" 253" 298! 313! 327
OCN~ | 1171 1881 2651 290 3651 381t 385
cr 1261 193 266'* 310 3711 383t 3831
S0~ | 135" 2031 2811 318 4447 4677 481"
F 113 198 2741 3301 465" 4897 513t
105 1341 238 268! 3361 4701 4811 5011

#All data are reported in mV vs SCE; error =5 mV

°0il (5 nmol) was deposited as microdroplets on a 4.9-mm diameter basal plane pyrolytic carbon
electrode and immersed into 0.1 mol L™" aqueous electrolyte

“The superscript i or ii identifies the particular oil/anion pair as behaving as either case () or
case (“). The data were obtained using a san rate of 100 mV s

9Data taken from [B230 and B254]. Case (\): lipophilic anions, case : lipophobic anions
‘Indicates that the oxidation follows Reaction I

fIndicates that the oxidation follows Reaction III

“Indicates that the voltammetric behavior is case (\) at fast scan rates but case (') at slow scan rates
Indicates this case is effectively type () behavior, only with very fast kinetics

*Indicates those systems that give rise to split waves at slow scan rates

toward more positive values, viz., DEDBPD < TBPD < DEDHPD < DEDHePD
< THPD < THePD < TOPD < TNPD [B284]. Also, increasing the hydrophilicity
of the supporting electrolyte anion leads to more positive midpoint potentials.
Inspired by a new approach to access thermodynamic quantities of electrochemi-
cally driven ion transfer reactions at nitrobenzene droplets ([B132], see Sect. 6.2),
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the voltammetry of immobilized redox liquids has been compared with experimen-
tal data achieved when droplets of TRPD dissolved in nitrobenzene were used
instead of the pure redox liquid.

Although the basic methodology of both approaches, the voltammetry of com-
pounds dissolved in inert solvents and the voltammetry of unsupported redox
liquids, is practically identical and it can be expected that their basic features are
comparable, there are fundamental differences: performing voltammetric measure-
ments at droplets of inert solvents that contain an electroactive species generally
means that the concentration of the electroactive species within the droplet is
significantly lower than the concentration of the solvent. Due to the low concen-
tration, interactions between the molecules of the active compound are very often
insignificant. Oxidation or reduction processes of the dissolved species, connected
with an ion transfer between the droplet and the adjacent aqueous solution, gener-
ally do not completely change the physical and chemical phase characteristics of
the organic droplet. An exception is the change of the ionic conductivity due to the
formation or consumption of ionic species and their transfer into or out of the
organic phase. However, increasing the concentration of the redox-active species at
the expense of the solvent gradually raises the impact of the reaction at the droplet
phase. The end of this line is marked by the voltammetry of redox liquids or, if the
target compound is solid, by the voltammetry of immobilized microparticles. Here,
chemical or electrochemical reactions will not only cause changes on the molecular
level, but they will also alter the properties of the entire organic phase. Thus, an
entirely new phase evolves, in some cases even accompanied by a crystallization or
precipitation [B213]. Additionally to the phase transition, the high density of redox
centers increases the impact of intermolecular interactions on the electrochemical
behavior [B74].

In a comparative study, the electrochemically driven ion transfer processes
across liquid-liquid interfaces of droplets of para-N, N, N',N' tetraalkylphenylene-
diamines and of the same compounds diluted in droplets of nitrobenzene have been
elucidated [B254]. As expected, the voltammetric responses of the two redox steps
of the diluted compound are electrochemically fully reversible: peak shape and
virtually zero peak separation showing ideal thin-film behavior (Fig. 6.6b). The
voltammograms of the undiluted compound deviate from that behavior. Besides the
narrow peak shape of the first oxidation process, additional voltammetric features
are found for the THPD*/THPD?* redox couple. At slow scan rates, the reduction of
THPD? in the pure redox liquid is characterized by a large overpotential (peak P»,
Fig. 6.6a). At elevated temperature, however, and at high scan rates (above
100 mV s, this peak vanishes and is replaced by a new signal, P,. This signal
can be assigned to the reversible reaction

[THPD* CIO; |

+ ClO; (aq) =s [THPD*" (CIOy ), + e~ (IV)

(0) (0)

as it has been observed for the THPD" oxidation in nitrobenzene droplets
(Fig. 6.6b). The authors attributed the occurrence of the two chemically reversible
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Fig. 6.6 (a) Cyclic voltammogram for the oxidation of 3.5 nmol THPD deposited on a 4.9-mm
diameter basal plane pyrolytic graphite electrode and immersed in a 0.1 mol L™' NaClO,
electrolyte solution, 6 =42 °C; (b) cyclic voltammogram for the oxidation of THPD dissolved
in microdroplets of nitrobenzene (ctypp =25 mmol L™, deposited at a basal plane pyrolytic
graphite electrode, and immersed in a 0.1 mol L™' NaClO, electrolyte solution; scan
rate =100 mV s~' [B254]. Copyright ©2002 with permission from American Chemical Society

reduction processes Py and P, to a phase transition of the [THPD2 +(CIOZ ),] ionic
liquid phase toward a higher packing density caused by geometrical configuration
changes of the THPD scaffold upon oxidation. Naturally, such a reorientation
would not be expected to take place in the diluted system.

Apart from these differences, however, the thermodynamics of the voltammetric
reactions of the immobilized tetraalkylphenylenediamines has been found to be
very similar to that of the compounds dissolved in nitrobenzene. The authors have
shown that for lipophilic anions (section (i) in Fig. 6.7), the formal potentials of
Reaction (III) is strongly correlated to the Gibbs free energy of the ion transfer
across the water—nitrobenzene interface. So, despite of the differences in the
appearance of the voltammetric signals, the redox processes are predominately
ruled by the Gibbs free energy of the transfer of the electrolyte anions across the

water—redox liquid interface, Aqﬁgz‘){)e «- (see Eq. 6.3).

RT RT_ 9TRPD X,
E=E°+Ap° . —“lnax +-—In— @ " 6.3
(), X=Xy TR atrep,, (6.3)

The extremely high hydrophilicity (high values of the Gibbs energy of transfer)
of small anions like F~ or highly charged ions like sulfate makes the transfer of these
ions energetically unfavorable. Instead, upon oxidation, the transfer of the
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Fig. 6.7 Plot of the formal potentials of the first oxidation step (Reaction III) for THPD dissolved
in nitrobenzene and for the pure redox liquid measured in the presence of different electrolyte
anions versus the standard membrane potentials of the electrolyte anions at the water—nitrobenzene
interface; pH = 9; oxidation of THPD in section (i) follows Reaction (III); in section (ii), it follows
Reaction (V) [B254]. Copyright ©2002 with permission from American Chemical Society

oxidation product, the radical cation TRPD& a0 takes place from the organic phase

into the aqueous solution [Reaction (V); see also section (ii) in Fig. 6.3]:

TRPD(,) == TRPD{,, + e~ (V)

a ot

e (0)o RT TRPD(m)
E=E" = Adq Trepe T N — (6.4)

ATRPD

According to Eq. 6.4, the redox potential does not anymore depend on the Gibbs

free energy of transfer of the electrolyte anions, A¢EZC>DG «-» but on that of the TRPD

=)
), TRPD***

dissolution of the redox liquid.

In order to electrochemically drive the transfer of strongly hydrophilic anions
from the aqueous into the organic phase by means of the voltammetry of
immobilized microdroplets, the redox liquid is required to be extremely hydropho-
bic even in its cationic form. Marken et al. have been the first to report the transfer
of sulfate into droplets of para-tetrakis(6-methoxyhexyl)phenylenediamine
(TMHPD), which, however, was accompanied by dimerization and oligomerization
reactions of the formed TMHPD' * radical cation [B166]. In a later study, the same
authors have reported the reversible insertion of sulfate, chromate, and dichromate
into microdroplets of para-N,N,N',N'-tetraoctylphenylenediamine, TOPD [B214],
following Reaction (VI):

radical cation, Aqbggé This process is chemically irreversible. It leads to the
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2TOPD(,) + X{,) == 2TOPD(, + X{, + 2e~ (VI)
The authors determined the mid-peak potential of the TOPD oxidation in the presence
ofa0.1 mol L™! Na,SOy solution with E ;s =0.428 V (vs. Ag/AgCl). However, in a
similar study, Wadhawan et al. could not confirm these results [B230]. They system-
atically examined the electrochemically induced ion insertion and expulsion processes
at microdroplets of TRPDs with R = n-butyl, n-hexyl, n-heptyl, and n-nonyl. In
contrast to the n-octyl-substituted compound examined by Marken, they interpreted
the voltammetric response, recorded for the oxidation of the long-chain TRPDs in the
presence of sulfate, by means of Reaction (V), the expulsion of the radical cation from
the organic phase into the aqueous solution. This assumption seems very reasonable
since due to the high value of the Gibbs energy of transfer between water and nonpolar

solvents (AGEZ‘)])e so- = 88 kI mol~!, for the water to acetonitrile transfers), the

02~
oxidation of the TRPDs, connected with the uptake of sulfate, would have to be
expected to proceed at considerably higher potential values than those found
for TOPD.

Recently, Marken et al. have also claimed the insertion of extremely hydrophilic
anions such as phosphate and arsenate into microdroplets of para-N, N, N',N'
tetraoctylphenylenediamines [B213]. Upon oxidation, the redox liquid transformed
into a crystalline compound, forming needle structures on the electrode surface
(Fig. 6.8). It can be supposed that again a transfer of TOPD cations to the aqueous
phase takes place with a follow-up precipitation of the salts at the electrode surface.

Fig. 6.8 Field emission
gun scanning electron
microscopic image of a
deposit of 6.5 pg TOPD on a
1-cm? basal plane pyrolytic
graphite electrode after 30-s
immersion in aqueous

2.0 mol L' phosphate
buffer at pH 2.3 with a
potential of 0.5 V versus
SCE applied

[B213]. Copyright ©2002
with permission from
Elsevier

5Marcus Y (1997) Ion properties. Marcel Dekker, New York
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6.1.2 Voltammetric Study of Chemically Facilitated Ion
Transfer Processes Across the Liquid-Liquid Interface

Due to the generally very low solubility of inorganic salts in the studied redox
liquids, the extent of the partitioning of ionic species from water into the organic
phase can be considered to be extremely low. The partitioning can, however, be
facilitated by chemical processes like acid—base reactions of the organic compound.

Theoretically, due to their basicity, it should be possible to protonate both amine
groups of the phenylenediamine backbone of a TRPD. However, the delocalization
of charge via the conjugated m-system of the phenylene ring leads to a decreased
electron density, hence to a considerably decreased basicity of the second amine
group after the protonation of the first amine group. That means that under mild pH
conditions, i.e., pH > 0, generally only one amine group can be protonated.

Being performed in the biphasic oil-water system, the protonation reaction
requires the uptake of protons from the surrounding aqueous into the organic
phase. In order to maintain charge neutrality, the transfer is accompanied by the
transfer of an equivalent number of anions (Reaction VII).

TRPD(,) + H(, + ClO;, = TRPDH(,, + CIO; (VII)

As expected, the protonation has a tremendous effect on the voltammetry of the
redox liquid [B97]. The voltammetric redox system I/I,.q (see Fig. 6.9), recorded

60

40 4
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-0.2 0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 6.9 Cyclic voltammograms for the oxidation of 3.5 nmol THPD deposited on a 4.9-mm
diameter basal plane pyrolytic graphite electrode and immersed in a 1 mol L™' NaClO, electrolyte
solution; a pH=28, b pH=15.9, ¢ pH=3.7; scan rate = 10 mV s [B254]. Copyright ©2002 with
permission from American Chemical Society
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at neutral pH and based upon Reaction (III), in Sect. 6.1.1, disappears with
increasing proton concentration for a new voltammetric system, I, /Il.q. The
oxidation of the immobilized redox liquid, which under neutral and basic pH
proceeds under anion uptake, at low pH takes place under expulsion of protons
from the redox liquid into the aqueous phase:

[TRPDH"CIO, |

= [TRPD*CIO; |, + H}, + e~ (VIII)

(0) (0) (aq)

The second oxidation step (signals II,,/IIl,.q, Fig. 6.9) remains unaffected, show-
ing that only one amine group is involved in the protonation. As depicted in
Fig. 6.10, the new voltammetric signal shows different voltammetric behavior.

A first attempt to determine the acidity constant pKa, for THPD from
voltammetric data has been made by Schroder and coworkers [B171]. The authors
have derived pK,, from the extent of ionic (protonated) liquid formation, as a
function of the pH of the electrolyte solution, and determined from the analysis of
the voltammetric responses process Ly /l;eq and I, /Ilq (Fig. 6.9). This approach,
however, is oversimplified since it does not include the Gibbs free energy of the
transfer of the accompanying anions. This quantity needs to be taken into account in
order to appropriately regard the influence of the electrolyte anion co-inserted into
the redox liquid in the process of protonation.

As an important side effect, the chemically facilitated ion transfer into the redox
liquid considerably changes the phase properties of the redox liquid. Originally
being ionically nonconducting, the liquid now turns into an ionic liquid with the
consequence that electrochemical reactions are not anymore initially confined to

o

Emiq In V vs SCE

E/V (vs. SCE) pH

Fig. 6.10 (a) Cyclic voltammograms for the oxidation and re-reduction of 0.5 pg THPD deposited
onto a 4.9-mm diameter basal plane pyrolytic graphite electrode and immersed in aqueous
0.1 mol L~" KNOj solution. The pH was adjusted by addition of 0.1 mol L™! HNO;. Scan rate
10 mV s7'. (b) Plot of the mid-peak potential, Emidzl/z(E,,m+E§,,red), for the oxidation and
re-reduction of 0.5 pg THPD, immersed in aqueous 0.1 mol L™ KNOj (pH adjusted with
HNO3), 0.1 mol L~! KSCN (pH adjusted with HNO3), 0.1 mol L~ ! NaClO, (pH adjusted with
HCIO,), 0.1 mol L™" KPF, (pH adjusted with HNO3) [B97]. Copyright ©1998 with permission
from Wiley-VCH
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Fig. 6.11 Photographic image of a stamp imprint of the interface layer of TriHPD at a graphite
electrode. The electrode was modified with a continuous layer of the redox liquid and electrolyzed
at a potential of +500 mV for 60 s in order to form the colored radical cation. (a) the neutral redox
liquid and (b) the protonated, ionic liquid [B171]. Copyright ©2001 with permission from
American Chemical Society
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Fig. 6.12 Schematic drawing of the mechanism of the oxidation of deposits of TRPDs of the

unprotonated form (a), and of the protonated form (b) [B171]. Copyright 2001 with permission
from American Chemical Society

Graphite Electrode

the three-phase junction but can start at the entire droplet—electrode interface
(Figs. 6.11 and 6.12).

6.1.3 Photochemical and Chemical Reactions at Immobilized
Microdroplets of Redox Liquids

The known ability of TMPD"*, Wiirster’s blue, to mediate the homogeneous
solution oxidation of biological redox compound, like ascorbic acid, NADH, or
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Fig. 6.13 Cyclic voltammograms (scan rate 10 mV s™") illustrating the electrocatalytic oxidation
of ascorbate; 5.4 nmol of THPD deposited on the surface of a 4.9-mm diameter bppg electrode
immersed into aqueous 0.1 mol L~ sodium perchlorate solution, in the presence (solid line) and
absence (dotted line) of 50 mmol L™ ascorbic acid at pH 7. The insert illustrates the charge
difference inferred from cyclic voltammogram (scan rate 5 mV s™') variation with ascorbic acid
concentration for the oxidation of 5.4 nmol of THPD; 0.1 mol L™" potassium hexafluorophosphate
containing 0.1 mol L' phosphate buffer solution at pH 7 [B284]. Copyright €2003 with permis-
sion from American Chemical Society

ferrocytochromes, inspired researchers in the lab of R. Compton to study the
heterogeneous catalysis of immobilized microdroplets of long-chain TRPDs.
Thus, Wadhawan et al. [B284] reported on the electrocatalytic oxidation of L-
ascorbate at the electrode—oil-electrolyte triple-phase junction of THPD
microdroplets. They demonstrate that the presence of ascorbate ions in 0.1 mol L™
perchlorate or hexafluorophosphate electrolyte solutions has a dramatic effect on
the voltammetry (Fig. 6.13). During the oxidation scan, more charge is passed
compared to the case when ascorbic acid is not present. Second, on reverse scan, the
magnitude of the back peak is considerably diminished in the presence of ascorbate
ions. The authors suggest that the oxidation of ascorbate takes place at the liquid—
liquid interface (see Fig. 6.14). A transfer of ascorbate into the oil droplet seems
unlikely since the ascorbate ion is more hydrophilic than perchlorate and hexafluor-
ophosphate. The voltammetry that is established in the presence of ascorbate ions is
characterized by the competition of the catalytic oxidation of ascorbate [AH,
Reaction (IXa)] and the electrochemical reduction of THPD™.
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Fig. 6.14 Schematic diagram illustrating the electrocatalysis of L-ascorbate oxidation by
THPDCIO;. For simplicity, only one microdroplet is considered. Reproduced from
[B284]. Copyright ©2003 with permission from American Chemical Society

kcat
[THPD**CIO; |, + AH(,, — THPD(, + AHj, + ClOy,,  (IXa)
[THPD*CIO; ], + ¢~ <= THPD(, + ClOj, (IXb)

From their observations the authors have derived a kinetic model describing the
electrocatalytic oxidation of ascorbate at immobilized droplets of TRPD. The
model is based on the assumptions that (i) TRPD" is electrochemically generated
at the three-phase junction electrode-redox liquid—electrolyte; however, for sim-
plicity reasons, the electrochemical oxidation is considered as in a “thin-film”
regime; (ii) the catalytic oxidation of ascorbate proceeds at the droplet—electrolyte
interface, and no transfer of ascorbate into the droplet takes place; and (iii) the
microdroplet-modified electrode consists of a monodispersed set of N femtoliter,
each of radius R,. The increase in the charge passed in the presence of ascorbate
(bulk concentration in the aqueous phase [AH Jyui), AQops, 18 then expressed by
Eq. 6.5:

6d _
AQ s = R—OkcatFTNO [AH }bulk (6.5)

where d represents the spherical thickness of a THPD"* ion, and 7 is the time, in
which the electron transfer across the oil-water interface can take place. It is
defined by the scan rate of the voltammetric experiment, v, and the difference
between the starting and finishing potentials of the sweep, AE, with 7= AEv™'; N,
is the number of moles TRPD immobilized at the electrode surface.

Based on these assumptions, the rate constants of the electrocatalytic oxidation
of ascorbate by different TRPDs are given in Table 6.4. The table shows that the
reactivity generally increases with decreasing length of the substituent, viz., in the
order DEDBPD > DEDHPD > TBPD = THPD > DEDHePD = THePD > TNPD.
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Table 6.4 Reaction-on-a-drop analysis (Eq. 6.5) of the reaction between DEDRPD and TRPD
radical cations and L-ascorbate® (Reproduced from [B284])

Gradient of plot/C M 6dkea/R/M ™" 571 kea?/M ! 571
DEDBPD® 0.2373 £0.012 109405 7,237 £366
DEDHPD* 0.1298 +£0.012 58+0.5 3,876 + 358
TBPD® 0.0798 +0.012 23403 1,257 4230
THPD' 0.0553 +0.012 32407 2,139 + 464
DEDHePD?® 0.0289 +0.012 13405 866 + 360
THePD" 0.0245 +0.012 1.84+0.9 1,184+ 580
TNPD! 0.0232+0.012 3.0+1.6 2,005 + 1,039

Data obtained from cyclic voltammograms recorded at a scan rate of 5 mV s, in 0.1 mol L™
phosphate buffer solution containing 0.1 mol L™" potassium hexafluorophosphate, using a mod-
ified 4.9-mm diameter bppg electrode

PAssuming d =5 A and Ry =2 um

“Electrode modified with 5.7 nmol of DEDBPD, 7=40 s

9Electrode modified with 5.8 nmol of DEDHPD, r =40 s

°Electrode modified with 6.0 nmol of TBPD, 7=60 s

‘Electrode modified with 6.0 nmol of THPD, 7=30s

2Electrode modified with 5.8 nmol of DEDHePD, 7 =40 s

"Electrode modified with 6.0 nmol of THePD, 7 =24 s

iElectrode modified with 5.7 nmol of TNPD, t=14s

The authors attribute this order to the greater number of cations per unit surface area
for lower homologous.

For electrodes modified with tetrahexylphenylenediamines, Wadhawan
et al. have reported photoelectrochemically induced catalytic processes
[B284]. The authors made use of the property of THPD to undergo facile photoex-
citation coupled to redox conversion when exposed to light of ca. 300-nm wave-
length. This behavior, which was already known for the tetramethyl-substituted
phenylenediamine, TMPD®, has been investigated by Wadhawan with respect to
(i) its occurrence at THPD microdroplet-modified electrodes, (ii) the role of the
three-phase junction, and the effects introduced by anion insertion processes asso-
ciated with the redox processes [B182]. As Fig. 6.15 demonstrates, both significant
photoreduction and photooxidation currents are observed. From the dependence of
the magnitude of the photocurrent on the coverage of the electrode surface, the
authors have concluded that, as depicted in Fig. 6.16, the photoelectrochemical
processes are confined to the triple-phase interface THPD—electrode—electrolyte.

In a later communication [B284], the authors have demonstrated that this
photoactivity can be utilized for the photochemically induced catalytic reduction

SRichtol HH, Fitzgerald EA Jr, Wuelfing P Jr (1971) J Phys Chem. 75: 2737-2741; Avdievich NI,
Jeevariajan AS, Forbes MDE (1996) J Phys Chem 100: 5334-5342
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of the lipophilic anesthetic halothane (2-bromo-2chloro-1,1,1-trifluoroethane),
Fig. 6.17. The mechanism of this process is proposed as follows:

THPD(,) + hv == THPD(, (Xa)
THPD(;) + CF;CHCIBr(,q) —> THPD{; + CF;CHCIBr{  (Xb)
CF;CHCIBr(,,) — CF;CHCI},,, + Bry,, (Xe)

Noteworthy, under similar conditions, photoinduced electron transfer from excited
chlorophyll a to vitamin K; has been observed [B287], which bears possible
potential in the development of solar cells based on photosynthesis.

Recently, the same group interrogated the electrochemistry of vitamin Kj,
deposited as an array of microdroplets onto the surface of a pyrolytic carbon
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No halothane

= 10 mM halothane
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Fig. 6.17 Phototransients (2 mW cm™2 illumination at 320 nm) observed for 5.4 nmol of THPD
deposited on the 3 x 3 mm? basal plane pyrolytic carbon electrode potentiostated at 0.0 V versus
SCE, immersed 0.1 mol L™' NaClO4 containing 10 mmol L™' halothane (solution flow rate
0.003 cm®s™") [B284]. Copyright ©2003 with permission from American Chemical Society
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Fig. 6.18 Structure of vitamin K;, phylloquinone [B273]

electrode. The results of this study [B273] are highly interesting from several
viewpoints. The electrochemical reduction of vitamin K; at low pH (Reaction XI)
is accompanied by a proton uptake and the protonation of the reduced
phylloquinone (Fig. 6.18).

VK1) + 2H[,, + 2¢” = VKIHy (XI)

That means that very much in contrast to most other examples of electrochemical
reactions of immobilized microdroplets or particles, both the precursor liquid and
the product are ionically nonconducting. Hence, it must be assumed that there
cannot be a spatial proceeding of the reaction zone into the droplets. The electron
and ion transfer remains confined to the three-phase junction. Most likely based on
diffusion and convection processes, however, a conversion of the femtoliter drop-

lets is achieved. When in the presence of acidic solutions alkali-metal cations are
added to the electrolyte, the authors find a profound change in the voltammetric
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Fig. 6.19 Cyclic 65 7
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response. The voltammogram (see Fig. 6.19) now shows an additional peak in the
reductive scan. The appearance of two well-defined reductive signals was also
connected with extra charge in the reductive scan, which can be explained only
on the basis of an additional Faradaic process. After a thorough analysis of the
occurring phenomena, Wain and coworkers conclude the following mechanism:
initially, vitamin K is reduced in a two-electron two-proton wave to yield quinole
as in process III. The second Faradaic process is likely due to further reduction
within the redox liquid. The authors suggest that, due to the strong naphthoquinole-
potassium ion pair bonding and the formation of the strong H-H bond process XII
occurs, leading to hydrogen evolution:

VKiHyo + 2Kj, + 2¢° <= [(VKl)Z* (K*)z] o H (XI1)

In the presence of strongly alkaline solutions, the electrochemical reduction again
takes place in a two-electron two-cation reaction that is sensitive to the nature of the
transferred cation (Reaction XIII).

VK1) + 2Mj,) + 2¢° = [(VKl)z_(M+)2 o (XIII)

Apart from a study of the redox switching of 4-nitrophenyl nonyl ether by Wain
et al. [B286], this is the first time that alkali-metal uptake has been demonstrated in
such environments.

A different kind of “reactive electrochemistry” has been presented by Gergely
and Inzelt [B197]. In their communication, the authors report on the electropoly-
merization that takes place when droplets of 3-methylthiophene are oxidized in the
presence of aqueous solutions of LiClO,.

As Fig. 6.20 shows, during the first redox cycles, only the oxidation of the
starting material can be seen. During repetitive voltammetric cycling, additional
redox systems in the potential range between 0.3 and 0.8 V appear and start
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Fig. 6.21 Consecutive
cyclic voltammetric curves
obtained for
3-methylthiophene droplets
attached to a paraffin-
impregnated graphite
electrode, PIGE, in the
presence of an aqueous
solution containing
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[B197]. Copyright ©2001
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growing. This growing process goes on with further cycling (Fig. 6.21). It shows the
formation of poly(3-methylthiophene) at the electrode surface. The evaluation of
the growth of the polymer film by integration of the electric charge of the redox
process caused by polymethylthiophene, however, showed that only about 1 % of
the monomer was electropolymerized up to the 35th cycle.

Reactive chemistry in deposited redox liquid microdroplets can be interesting
also from the analytical point of view. Thus, a reaction mechanism has been
proposed that can be utilized for the accumulation and detection of sulfide. The
approach makes use of the reaction of the oxidized N'-[4-(dihexylamino)phenyl]-
N',N* N*-trihexyl-1,4-phenylenediamine (DPTPD) with HS" leading to the forma-
tion of a methylene blue derivative [B289].
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6.2 The Electrochemistry of Compounds Dissolved
in Droplets

The electrochemistry of electroactive compounds dissolved in water-immiscible
solvents and attached to the surface of solid electrodes in the form of droplets is an
interesting topic. This chapter will be focused on one feature of such electrodes,
namely, the ion transfer between the adjacent liquid phases, which always accom-
panies the electron transfer between the solid electrode and the electroactive
compound. Figure 6.22 schematically depicts the situation at the electrode when
a droplet of a solution of an electroactive compound is attached to an electrode
surface. Very similar to the situation of immobilized solid particles that are
undergoing insertion electrochemical reactions (see, e.g., the electrochemistry of
metal hexacyanoferrates in previous chapters) and even more similar to the situa-
tion of immobilized electroactive droplets (Sect. 6.1), one can observe a reaction
scenario that could be called “insertion electrochemistry with droplets.” This
approach offers a unique access to the standard Gibbs energy of ion transfer across
a liquid-liquid interface [B132].

The standard Gibbs energy of ion transfer between two solvents is an important
thermodynamic quantity since its value portrays the difference between the free
energies of solvation of an ion in two solvents a and p. The standard Gibbs energy

of ion transfer from phase o to phase 3 (—AGEﬁ) is related to the standard potential

of ion transfer (A¢§ﬁ) and to the standard partition coefficient (P;) through the
following equations:

reference counter
electrode electrode

% i

graphite three-phase

ii| three-phase : TP

§ junction (working electrode) ) junction

\ | : |

M

aqueous electrolyte
(Cat*, X)

Fig. 6.22 Three-phase electrode consisting of a droplet of an organic solvent containing an
electrochemically oxidizable compound Red. The droplet adheres to a solid electrode (graphite)
and it is immersed in an aqueous electrolyte solution. The oxidation of Red at the graphite—organic
liquid interface is accompanied by a transfer of X~ from aqueous to the organic phase
[B280]. Copyright ©2004 with permission from Elsevier
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Agh S =—21 6.6
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P =exp| —->t 6.7
exp| —pr (6.7)

The logarithm of the partition coefficient (logP) is a measure of the lipophilicity of
compounds. It helps in understanding a variety of biological phenomena, such as
passive transfer through membranes, enzyme-receptor interactions, drug activities,
etc., and it is a major parameter in quantitative structure activities relationships
(QSAR) and quantitative structure properties relationships (QSPR)’. While logP of
neutral compounds is relatively easily accessible by different partition techniques,
such as shake-flask methods, partition chromatography, high-performance liquid
chromatography, extraction (see footnote 7), etc., logP of single ions was accessible
until recently only by four-electrode voltammetry at the interface of two immiscible
electrolyte solutions (ITIES)® . The inevitable presence of electrolytes in the two
immiscible solvents, as well as the nonpolarizability of some important water—
organic solvent interfaces’, severely restricts the use of that technique.

In this chapter, the applicability of the three-phase electrode approach for
determining standard Gibbs energies of transfer of ions will be discussed. To
achieve an ion transfer across the organic droplet—aqueous solution interface, a
small amount of a neutral electroactive compound is dissolved in an organic and
water-immiscible solvent that is devoid of any electrolyte. A droplet (e.g., 1 pL) of
that solution is attached to the surface of a suitable electrode. Graphite electrodes
(e.g., PIGE) are superior compared to metal electrodes because the stability of the
attachment of a nonaqueous droplet is very good. The electrode with the attached
droplet is immersed in an aqueous electrolyte solution of the salt Cat*A™. In this
solution, the reference and counter electrodes are placed as in a conventional
voltammetric cell. A prerequisite for the proper operation of the experiment is the
existence of the three-phase junction line where the three-phase working electrode,
organic solution, and aqueous solution boarder to each other. Since no electrolyte is
added to the organic solvent, the initial conductivity in the region near the edge of
the droplet results only from free partition of the salt present in the aqueous
solution. The applied potential between the working and the reference electrode
can initially act in a restricted area only, i.e., at the three-phase junction where all
three phases meet. Figure 6.23 depicts the potential drops at such a three-phase
electrode.

7 Testa B, van de Waterbeemd H, Folkers G, Gay R (2001) Pharmacokinetic optimization in drug
research. Wiley-VCH, Weinheim

8 Girault HHJ, Schiffrin DJ (1989) Electrochemistry of liquid-liquid interfaces. In: Bard, AJ
(ed) Electroanalytical chemistry, a series of advances, vol 15. Dekker, New York, pp 1-141

®Marcus Y (1997) Ion properties. Dekker, New York
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Fig. 6.23 Potential drops at three-phase electrode (details see text) [B280]. Copyright 2004 with
permission from Elsevier

The potential drop at the graphite—organic phase interface is given by the
following expression:
A¢

A(»b - Aljohmic - A¢q’ (68)

graph‘org - graph‘aq aq|org
The potential drop A¢graphiag at the interface graphite electrode—aqueous solution in
Eq. 6.8 is controlled potentiostatically. However, the potential drop A¢graphiorg at
the interface graphite—organic solution is in fact the applied potential difference
(Adgraphiag) diminished (i) by the value of the ohmic drop AUgpmic inside the
organic phase and (ii) by the value of the potential drop A¢,qior, (i-€., the potential
drop due to the partition of ionic species) at the interface aqueous solution—organic
solution. Indeed, the value of A¢,qore Will be different for different ions that are
initially present in the aqueous phase. Consequently, the potential A@graphiorg Will
be altered in the same way as the nature of the ions in the aqueous phase is changed.
When the organic droplet does not contain any deliberately added electrolyte,
AU gnmic Will be very large all over the graphite—droplet interface with the only
exception of the very edge, i.e., the three-phase junction region. A thin layer that is
situated at the droplet—water interface will acquire a higher ionic conductivity due
to salt partition from the aqueous phase. Therefore, an electrochemical oxidation of
Red (see Fig. 6.22) can start without ohmic impediment only in that three-phase
junction region. The ohmic drop will decrease within the droplet with progressing
of the electrode reaction because Ox* and X are ions that provide ionic conduc-
tivity (the concentration of Red is usually rather high, e.g., higher than
1072 mol LY.

The electron transfer process occurring at the electrode—organic phase interface
is necessarily coupled to a transfer of ions across the aqueous phase—organic phase
interface in order to maintain the electroneutrality of the organic phase. In
voltammetric experiments, both the electron and ion transfer processes are recorded
together. The nature of the ion transfer takes place, i.e., the transfer of anions from
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water to the organic phase or the transfer of electrochemically created cations from
the organic phase to water depends primarily on the ratio of the standard Gibbs
energies of ion transfer of both candidates. Generally, if the solvation of the
electrochemically created cations Ox* in the organic phase is stronger than the
hydration of the anions in the aqueous phase X, then a transfer of anions from the
aqueous phase to the organic phase will take place, as depicted in the Fig. 6.22.

A transfer of cations from aqueous phase to the organic phase can be achieved if
the solvation of electrochemically generated anions in the organic phase, created by
reduction of a neutral electroreducible compound present in the organic phase, is
stronger than the hydration of the cations in the aqueous phase.

In both cases, the standard Gibbs energies of ion transfer can be deduced from
the formal potentials of cyclic or square-wave voltammograms (or of any other
voltammetric technique), following the algorithm described next.

According to Fig. 6.22, the overall reaction proceeding at a microdroplet-
modified electrode can be written as follows:

RED(,) + Ay == Ox(,) + A + e~ (XIV)
If no kinetic constraints exist with respect to the electron and ion transfer, the
thermodynamic treatment applied to Reaction (XIV) leads to the following form of
the Nernst equation:

_ o (0)o RT —“ox 94
E= EOX@)/Re% +tAbag at F In

aRed<(,) aA(:‘q)

(6.9)

In Eq. 6.9, E is the applied potential between the working and the reference

electrode, ES% /Red) is the standard potential of the redox couple Ox*/Red in the

organic solvent, Agbgggi A- 1s the standard potential of transfer of anions from the
aqueous phase to the organic phase, dox/, and dgeq,, are the activities of the oxidized
and reduced forms of the electroactive compound in the organic phase, while an,
and aa, are the activities of anions in the organic phase and aqueous solutions,

respectively. In a first approximation, the activities in the Nernst equation have
been replaced by concentrations. Since the concentration of the anions in the
aqueous phase does not change significantly during the experiment, Eq. 6.9 can
be rewritten as

RT RT Cox* CA-
F—E°. ApO° e 4w e 6.10
Ox(,, /Redo) + ¢(aq), A F NCAG + F f CRed(, ( )

The electroneutrality principle requires that
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Coxt = €A, (6.11)

The mass conservation law in respect to the organic phase leads to
*
CRediy) F COx; = CRedyy) (6.12)

where cf;ed(  Is the initial concentration of the oxidizable compound in the organic
o,

phase. When the applied potential equals the formal potential of the redox pair, it
follows that

CRed(l,) = cOx(t)) (613)

Substitution of Egs. 6.11, 6.12, and 6.13 in Eq. 6.10 allows calculating the formal
potential (ECQI) of the system:

, . RT RT . CRed,,
EY = ES jreay T A - 5 Inea I (6.14)

aq 2
Since the voltammetric systems obtained by these experiments, at least with the
used redox probes, possess all features of electrochemical reversibility and the
transfer coefficients are obviously near to 0.5, it is reasonable to take the mid-peak
potentials of cyclic voltammograms as the formal potential of the system.

The last equation shows that the formal potential of the voltammograms depends

on the nature of the anions in aqueous phase (via the values of A(ﬁEZ}l)@ A

Generally, the more lipophilic the anions are, the more negative is the value of
A(/’)E;’C)l)e -~ Consequently, the oxidation of the compound Red in the organic phase

will occur at more negative potentials (i.e., it will be easier oxidized) as the
lipophilicity of the transferable anions increases. Further, the formal potential
should shift by about 59 mV in negative direction for a tenfold increase of the
concentration of the transferable anions in aqueous phase. This criterion, taken
together with the stability of the voltammograms recorded during consecutive
cycling, serves as an important indicator for the reversibility of the processes
occurring at the droplet-modified electrodes.

When an electroreducible compound is dissolved in the organic phase, then its
reduction at a three-phase electrode can provoke the transfer of cations from water
to the organic phase. This can be described by the following reaction:

Ox(o) + Cat(th) + e = Red, + Catz;) (XV)

Analogously to the previous case, the thermodynamic treatment of Reaction
(XV) leads to the following Nernst equation, which is valid when cations are
transferred from the aqueous to the organic phase:
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o _ o (0)e RT RT 2
Ec - EOx(t))/Red(o) + A¢(aq), Cat™ + F lnCCatE;q) + F In Czk)x“ (615)

The more lipophilic the cations present in the aqueous phase are, the more positive
will be Ag ) o
oil phase will occur at more positive potentials as the lipophilicity of the cations in
the aqueous phase increases. The formal potential of the coupled electron—ion
reaction at the three-phase electrode will shift by 59 mV in positive direction for
a tenfold increase of the concentration of the transferable cations in the aqueous
solution.

Subsequently, the reduction of the organic compound Ox in the

6.2.1 The Determination of Standard Gibbs Energies
of Transfer of Anions

The oxidation of a neutral lipophilic organic compound dissolved in an organic
solvent is a precondition for transferring anions across the aqueous—organic inter-
face. The compound decamethylferrocene (dmfc) [bis(pentamethylcyclopen-
tadienyl)iron(I)] possesses that ability (see Fig. 6.24). It is a lipophilic
compound, soluble in various organic solvents, but almost insoluble in water'”. It
exhibits an electrochemically reversible one-electron redox reaction in organic
solvents, and it is commonly used as a reference standard for potential in measure-
ments in nonaqueous media (see footnote 4). The oxidation of dmfc in a droplet of
nitrobenzene (NB) attached to an electrode and immersed in aqueous solutions of
different sodium salts gives rise to well-defined square-wave voltammograms, the
formal potentials of which are sensitive to the nature and concentrations of the
anions present in the aqueous solutions (see Fig. 6.25). Of course, in principle, any
voltammetric measuring technique can be applied; however, square-wave
voltammograms offer a simple way to measure the formal potential as it is the
peak potential of the signals. The overall electrode process proceeding at the three-
phase electrode can be written as follows:

dmfeuy) + Ay, = dmfcly, + Ay, + e (XVI)
The dependence of the formal potentials of the square-wave voltammograms
(Fig. 6.25) on the standard potentials of transfer of the anions from water
to nitrobenzene is linear and characterized by a slope of 0.95 and an intercept

19 Noviandri I, Brown KN, Fleming DS, Gulyas PT, Lay PA, Masters AF, Philips L (1999) J Phys
Chem B, 103:6713-6722
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Fig. 6.24 Structure of decamethylferrocene (dmfc)
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Fig. 6.25 Normalized square-wave voltammograms recorded at electrodes modified with droplets
of a dmfc solution in nitrobenzene (0.1 mol L’l) and immersed in 1 mol L™} aqueous solutions of
different sodium salts. The instrumental parameters were frequency (f) of 100 Hz, amplitude
(Egw) of 50 mV, and scan increment (dE) of 0.15 mV [B240]. Copyright ©2002 with permission
from American Chemical Society

of —0.259 mV (cf. Fig. 6.26). The slope of this dependence is near to 1, just as
predicted by Eq. 6.14. From the intercept of this dependence, one can evaluate the
standard potential of the couple dmfc*/dmfc in nitrobenzene which reads —0.184 V
(vs. Ag/AgCl, saturated KCI). This value can be also determined by common
measurements in the nonaqueous phase in the presence of a reference standard.
Knowing the value of the standard potential of dmfc*/dmfc in nitrobenzene, and
studying the oxidation of nitrobenzene solution of dmfc at a droplet-modified
electrode which is immersed in aqueous solutions containing different anions,
one can estimate the standard potentials of transfer (and thus the standard Gibbs
energies of transfer) of the anions from water to nitrobenzene using Eq. 6.14. To
identify the electrode system to follow Reaction (XVI), one can use the dependence
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Fig. 6.26 Dependence of the formal potentials of the square-wave voltammograms depicted in
Fig. 6.25 on the standard potentials of transfer of anions across the water—nitrobenzene interface
[B240]. Copyright ©2002 with permission from American Chemical Society

of the formal potentials on the logarithm of concentration of anions in the aqueous
phase and the stability of the voltammetric responses during consecutive cycling.

The electrochemical reversibility of the electrode process should be checked by
studying the dependence of the formal potentials on the frequency (in square-wave
voltammetry) or on the scan rate (in cyclic voltammetry). Representative square-
wave voltammogram of all current components of the electrode process of dmfc
obtained at a three-phase electrode with coupled transfer of thiocyanate anions is
given in Fig. 6.27.

This approach has been utilized for the determination of the standard Gibbs
energies of transfer of a large number of inorganic anions [B132, B206, B240,
B259] as well as of various organic anions, such as the anions of aliphatic and
aromatic carboxylic acids [B240, B259], substituted phenols [B240, B269], drugs
[B269], and amino acids and peptides [B262, B266]. As organic phases, the
common solvents nitrobenzene and dichloroethane [B132, B240, B259, B262,
B266] have been used. Remarkably, also n-octanol [B206, B269], nitrophenyl
octyl ether [B282], and p- and L-menthol [B221] have been exploited as organic
solvents. Some of the data of lipophilicities of anions are given in Table 6.5.

It was an important achievement in the field of ion transfer studies that the
determination of lipophilicities of ions across the water—n-octanol interface became
feasible with the help of the three-phase electrode approach [B206, B269]. This is
so important because the traditional measure of lipophilicity as a predictor of solute
membrane partitioning is the partition coefficient in the n-octanol-water system log
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Fig. 6.27 Forward (/¢), backward (/},), and net (/,.;) components of a square-wave voltammetric
response of a nitrobenzene droplet containing 0.1 mol L™' dmfc attached to the surface of the
working electrode and immersed in 1 M aqueous solution containing SCN™ anions. The experi-
mental conditions were frequency f= 100 Hz, amplitude AEsw =50 mV, and scan increment
dE=0.15 mV [B240]. Copyright 2002 with permission from American Chemical Society

(P °ct), The lipophilic chain of n-octanol together with the hydrophilic hydroxyl

group makes n-octanol a good mimic for the major constituents of biological
membranes (i.e., phospholipids). However, due to the nonpolarizability of the
water—n-octanol interface in the 4-electrode ITIES technique, no lipophilicity
data of ions measured in that system were accessible until now. The nonpolar-
izability of that interface is a result of not having yet found an appropriate lipophilic
electrolyte for n-octanol to perform the necessary 4-electrode ITES measurements.
Using the three-phase electrode approach, the determination of standard Gibbs
energies of ion transfer across the water—n-octanol interface is quite easy [B206,
B269].

The knowledge of the lipophilicities of amino acids and peptides [B262, B266]
is of essential importance to understand their biological activity, peptide interac-
tions, and peptide folding. Studying the transfer of monoanionic forms of various
oligopeptides was performed to determine the individual contributions of the amino
acid residues to the overall lipophilicity of the oligopeptides [B266]. The effect of
the position of an amino acid residue in the chain of a peptide is in some cases very
pronounced, especially when an aromatic amino acid residue is placed next to the
terminal amino acid at which the negative charge is located in the anionic form.
Therefore, it is unreasonable to approximate the entire lipophilicity of peptide
anions as additive functions of the contributions of their amino acid residues, as it
has been proposed in all theoretical models for neutral peptides. A first study of the
lipophilicities of various peptide anions and amino acid anions has been published
[B262, B266]. A part of the data is given here in Table 6.6.
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Table 6.5 Formal potentials ECQ’ , slope of the formal potentials versus concentration of anions in
aqueous phase, standard deviation of formal potentials, and standard Gibbs energies of ion transfer
of some anions across the water—-NB (NB = nitrobenzene) interface [B259]

slope ES' versus AG®
Anion E®' jmV log (¢)/mV S(ES)y/mV /kJ mol™!
ClO3y 2 -55.3 6.43 25.40
BrO; 60 -58.7 7.17 30.90
105 74 -54.3 8.08 32.40
10, -132 -56.4 2.00 12.50
OCN™ 45 -50.5 2.45 29.50
SeCN™ -136 -43.0 5.30 11.80
CN™ 41 -58.1 4.43 29.60
Ny 14 -52.1 3.44 26.80
Monofluoroacetate 44 -54.4 5.48 29.90
Difluoroacetate 34 —48.5 3.90 28.90
Trifluoroacetate -2 -60.1 1.79 25.30
Monochloroacetate 36 -51.5 4.73 29.10
Dichloroacetate 9 -58.0 1.15 26.40
Trichloroacetate -66 -60.1 1.97 18.80
Monobromoacetate 12 -39.3 3.44 26.70
Dibromoacetate -7 -59.0 2.00 24.80
Tribromoacetate -94 -59.8 1.03 16.00
Monoiodoacetate 0 -54.6 1.20 25.10
Formate 58 -56.4 2.40 30.60
Acetate 52 -58.0 1.50 30.10
Propionate 29 -54.6 0.80 27.98
Butyrate 11 -53.1 2.20 26.25
Valeriate =31 —63.5 2.80 22.30
Capronate =75 -60.3 1.40 18.10
Oenanthate 115 -55.2 1.80 14.20
Caprylate —-125 -57.4 4.20 12.64
Pelargonate -120 -52.9 3.20 13.40
Caprinate —118 -58.4 2.50 13.60
Cyclopropane carboxylate —20 —60.0 1.10 23.25
Cyclobutane carboxylate —61 -57.8 1.40 19.30
Cyclopentane carboxylate —100 —63.2 1.60 15.54
Cyclohexane carboxylate —131 -56.8 2.80 12.54
Cycloheptane carboxylate 155 -55.4 2.00 10.22

“This is the standard deviation of the measured formal potentials

The Transfer of Chiral Ions Across the Water—Chiral Organic Liquid

Interface

It has been shown that the transfer of ions from water to a chiral organic solvent can
be studied with three-phase electrodes [B450]. Thus, it was possible to measure the
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Table 6.6 The standard Gibbs energies of transfer, the standard potential of transfer, and the
logarithm of the partition coefficients of monoanionic forms of amino acids and peptides as
determined by three-phase electrode approach [B266]

Al a | AG(H logP{ly)°x | slope EZ' versus log (¢)/

Peptide anions \% kJ mol ™! mV
Trp~ 0.115 10.80 -1.90 —64
Trp-Ala™ 0.165 15.75 -2.75 -80
Trp-Gly™ 0.162 15.60 -2.73 =73
Trp-Val™ 0.120 11.60 -2.05 =75
Trp-Leu™ 0.100 9.50 -1.66 -73
Trp-Tyr~ 0.075 7.40 -1.30 -65
Trp-Phe” 0.055 5.30 -0.93 =77
Trp-Trp~ 0.050 4.80 -0.85 -70
Trp-Gly-Gly™ 0.165 15.80 -2.75 =75
Trp-Gly-Tyr~ 0.165 15.00 -2.65 74
Trp-Gly-Gly- 0.160 15.50 -2.70 74
Tyr~

Leu-Leu™ 0.245 23.70 —4.15 -71
Leu-Leu-Ala™ 0.293 28.20 -4.95 -57
Leu-Leu-Gly™ 0.290 28.00 -4.91 -80
Leu-Leu-Leu™ 0.240 23.20 -4.05 -80
Leu-Leu-Tyr™ 0.205 19.70 -3.45 —56
Leu-Leu-Phe™ 0.180 17.50 -3.05 —64
Gly-Gly-Val™ 0.275 26.40 —4.60 -57
Gly-Gly-Leu™ 0.280 26.80 -4.70 -56
Gly-Gly-Phe™ 0.270 26.00 —4.55 -58
Gly-Trp-Gly~ 0.165 15.80 -2.75 48
Gly-Gly-Trp~ 0.195 19.00 -3.35 -56
Lys-Tyr-Thr™ 0.310 30.00 -5.25 —58
Tyr-Ala-Gly™ 0.260 24.90 —4.40 —48

differences in Gibbs energies of transfer for chiral ions from water to chiral liquids.
By attaching a single droplet of a chiral liquid containing decamethylferrocene on a
paraffin-impregnated graphite electrode and immersing that electrode in an aqueous
solution containing chiral anions, the Gibbs energies of all four ion—solvent com-
binations can be determined (see Fig. 6.28).

For symmetry reasons, it is expected that the Gibbs energies of transfer of a
D-ion from water to the D-liquid is the same as that of the L-ion to the L-liquid. The
same holds true for the combinations D-ion/L-liquid and L-ion/D-liquid. Square-
wave voltammetric experiments conducted in aqueous solutions containing D- or
L-anionic forms of some amino acids (phenylalanine, tyrosine, and lysine)
performed with dmfc solutions in D- and L-2-octanol droplets allowed to determine
these Gibbs energies of transfers relative to each other, i.e., the differences between

o, woDli o, wol—lig - o, w—D~lig; D~i
AGRY7PTM and AGRLY TR de,  AAGRL Y TP PTH D and  between

D-ion D-ion D-ion
o, w—L-liq o, w—D-liq . o, w—L—liq; D—liq .
AG s and AG_ ., , e, AAG . . In all studied
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Fig. 6.28 Accessible Gibbs energies of transfer of D- and L-ions between water and D- and
L-liquid [B450]. Copyright “2005 with permission from Royal Soc. Chem.
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Fig. 6.29 Relations between the Gibbs energies of transfer of the anions of p- and L-phenylalanine
from water to p- and L-2-octanol. The values for p-Phe™ and L-Phe™ have been set arbitrarily to
zero. The values following the signs “+”denote to standard deviations [B450]. Copyright 2005
with permission from Royal Soc. Chem.

combinations, symmetrical solvation behavior has been observed, which is in
complete agreement with theory [B450]. Thus, the energy of interactions between
D-anions and D-2-octanol was identical with those between L-anions and L-2-
octanol. The same holds true for the combinations D-anions and L-2-octanol and
L-anions and D-2-octanol (see the example in Fig. 6.29). This figure illustrates that
the three-phase electrodes with immobilized droplets allow a reproducible mea-
surement of the rather small energetic differences caused by the chirality of
solvents and dissolved ions, which have not yet been determined by other
techniques.

When the transfer of D- and L-monoanionic forms of the amino acid tryptophan
was followed across the water—b-menthol and water—L-menthol interface, an
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Fig. 6.30 Processes occurring at a three-phase electrode when an electroreducible compound is
dissolved in the organic phase and cations are transferred across the interface water | organic liquid
[B271]. Copyright ©2003 with permission from Elsevier

Fig. 6.31 Fe(IIl) tetraphenylporphyrine chloride

apparent asymmetrical solvation behavior was observed [B221]. The reasons for
this asymmetry may be adsorption or precipitation at the liquid-liquid interface or
even different kinetics.

6.2.2 The Determination of Standard Gibbs Energies
of Transfer of Cations

Following the principles outlined for anion transfer with three-phase electrodes, the
reduction of an electroreducible compound dissolved in an organic liquid is
required to transfer cations from water to an organic liquid. Figure 6.30 visualizes
the electrode system. The reduction of Fe(Ill) tetraphenylporphyrine chloride
[Fe(IHTPP-C1] (Fig. 6.31) in a nitrobenzene microdroplet in a three-phase
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Fig. 6.32 Normalized square-wave voltammograms of the redox reaction of Fe(III)TPP-CI in

nitrobenzene droplets accompanied by the transfer of cations from aqueous solution to NB
[B271]. Copyright ©2003 with permission from Elsevier

Table 6.7 Standard Gibbs AG nb) °
energies of transfer of cations ) lcm
across the water—NB interface _Cations kJ mol
determined from the formal K* 22.65
po;tentials of the - Rb* 19.80
voltammograms of Fe -
TPP-CI at three-phase Tl — 19.30
electrode [B271] Cs 17.80
TMA* 9.60
TEA* -0.50
TBA* -8.20
THxA* -8.21
THpA* -8.78
TOA™ -10.10

arrangement gives rise to well-developed square-wave voltammetric signals with a
peak potential depending on the nature of the cations present in the aqueous phase
[B271]. The more lipophilic the cations in the aqueous phase are, i.e., the more
positive the standard potentials of cation transfer from water to the organic liquid
are, the easier is the reduction of [Fe(Il)TPP-CI]. As predicted by Eq. 6.15, this
shifts the reduction to more positive potentials. Representative voltammograms
showing the transfer of cations across the water—NB interface are shown in
Fig. 6.32.

The standard Gibbs energies of transfer of several common inorganic cations as
well as of some tetraalkyl ammonium cations across the water—NB interface have
been determined using this approach. The data are given in Table 6.7.
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Fig. 6.33 The net (1), forward (2), and backward (3) components of the square-wave
voltammetric response of a nitrobenzene droplet containing 0.1 mol L™' jodine attached to the
paraffin-impregnated graphite electrode and immersed in 0.25 M aqueous solution of NaCl:
frequency f= 50 Hz, SW amplitude E, =50 mV, scan increment dE=0.15 mV, and starting
potential £, =+0.90 V [B234]. Copyright 2002 with permission from Elsevier

Standard Gibbs Energies of Transfer of Cations Determined by Utilizing
the Reduction of Iodine

The reduction of iodine dissolved in the organic droplet of a three-phase electrode is
a reversible process, characterized by well-defined square-wave voltammograms.
With aqueous solutions that do not contain any halide anions but different cations,
the electrode reaction of iodine is accompanied by the expulsion of created iodide
anions from the nitrobenzene to the aqueous phase [B215]:

L) + 267 = 2l (XVII)
Loy = I (XVIII)

An interesting effect is observed when the electrode with the attached NB
droplet containing dissolved iodine is immersed in aqueous solutions of chlorides
of different cations [B234]. Additionally to the previous peak [Reactions (XVII)
and (XVIID); peak I in Fig. 6.33], a new reversible process is observed at more
positive potentials (peak II in Fig. 6.33). The last peak shifts about 60 mV in
negative direction per decade increase of chloride concentration in the aqueous
phase [B215, B234], and it is attributed to the reduction of iodine in the nitroben-
zene droplet followed by expulsion of chloride ions from nitrobenzene into the
aqueous phase.

The electrochemical behavior of the system can be explained by assuming a
preceding chemical reaction, i.e., the partition of the chloride salt between the
aqueous and the nitrobenzene phases, mainly driven by the formation of I,CI™ ions
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Fig. 6.34 Correlation of the peak currents ratio with the standard Gibbs energies of transfer of
cations across the water—nitrobenzene interface. The other conditions are the same as in Fig. 6.33
[B234]. Copyright ©2002 with permission from Elsevier

in nitrobenzene [B234]. The ratio of currents of peaks II and I, i.e., I,(ID/I,(D),
increases linearly with increasing chloride concentration in the water phase. This is
mainly due to the absolute increase of I,(I). In chloride solutions with different
cations, the peak current ratio depends linearly on the standard Gibbs energies of
transfer of the cations across the water—nitrobenzene interface (Fig. 6.34). The
overall reaction associated with peak II is of CE type (electrochemical reaction
coupled to a preceding chemical reaction) [B234] and can be formulated as follows:

Ly + Clig + Cat&n = LCly,, + Catjﬂb) (IXX)
L) + 267 = 20y (XX)
Clyy) = Cly, (XXI)

The equation corresponding to the calibration line given in Fig. 6.34 can be used
to determine the standard Gibbs energies of transfer of cations present in aqueous
chloride solutions. This approach has been used to determine these data of several
amino acid cations for the transfer across the water—nitrobenzene interface [B234,
B262]. The application of the iodine method is limited by the high reactivity of
iodine toward organic compounds as well as by the complexity of the entire
mechanism.
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Fig. 6.35 Schematic situation for the determination of free energies of ion transfer between
miscible solutions (here the phases A and B) by using a third phase C which is either a solid
phase insoluble in A and B or a liquid phase immiscible with A and B

6.2.3 The Determination of Standard Gibbs Energies
of Transfer of Anions and Cations Between Miscible
Solvents: The “Third Phase Strategy”

In Sect. 5.6.1, the insertion electrochemistry of solid hexacyanometalates is
explained, where charge compensating cations are transferred between the solid
and the adjacent solution. Sections 6.2.1 and 6.2.2 present the basics of ion transfer
between immiscible solutions. Here it will be shown that electrochemical measure-
ments with immobilized particles and droplets can be also applied for the determi-
nation of ion transfer energies between miscible solutions: Figure 6.35 explains
schematically the approach used in such determinations.

When the two liquid phases A and B are miscible, it is impossible to transfer ions
between these phases following the simple strategy outlined in Sects. 6.2.1 and
6.2.2. However, it is easy to solve that problem by using a third phase (C), which,
when liquid, needs to be immiscible with A and B and, when solid, needs to be
insoluble in A and B. This may be called the “third phase strategy,” and it can be
well illustrated by the determination of ion transfer energies between water and
heavy water, two miscible phases: Figure 6.36 shows the scheme of experiments.

Figure 6.37 shows the application of the “third phase strategy” for cases where
the third phase is solid. Doménech-Carb6 et al. [B360, B361, B420] have discov-
ered that the solid heterotrimetallic Au(I)-Cu(l) compound
[{ Au3Cu,(C,CgH4Fc)g } Aus(PPh,CgH4PPh,)3](PFg), (=L) exhibits a well-defined
insertion electrochemistry using anions for the charge compensating ion transfer
between a solution and the solid. The cationic unit [{AuzCu,(C,CcHyFc)g}
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Fig. 6.36 Scheme of the experiments to determine the free energies of ion transfer between water
(w) and heavy water (hw) using nitrobenzene as third phase, which is immiscible both with water
and heavy water [B277]
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Fig. 6.37 Scheme of the experiments to determine the free energies of ion transfer between
miscible solvents A and B using a solid compound as third phase

Aus(PPh,CgH,PPh,);]*" consists of the alkynyl clusters [Au;Cu,(CrCeHyFe)g]™
surrounded by the cationic [Au; (PPh,CeH4PPh,);]** “belt” (cf. Fig. 6.38). The
electrochemistry of L dissolved in nonaqueous solvents is dominated by the oxi-
dation of ferrocenyl units. By using the solid compound [{Au;Cu,(C,CgH4Fc)g}
Auz(PPh,CgH4PPh,)3](PF¢),, it has been possible to determine the Gibbs free
energies of ion transfer from water to methanol and acetonitrile [B421].

In Table 6.8, a compilation of ion transfer energies is given, and the comparison
with literature data indicates the reliability of the “third phase strategy.”
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Fig. 6.38 Structure of the dication [{Au3Cu2(C2C6H4FC)6}Au3(PPh2C6H4PPh2)3]2+. Phenyl rings
omitted for clarity [B360]. Copyright ©2010 with permission from Elsevier

The “third phase strategy” has also been applied for the determination of the free
energies of cation transfer (see Table 6.9) between miscible solvents like water,
methanol, DMSO, and acetonitrile by using Prussian blue as third phase [B422]. Of
course it is also possible to determine the free energies of ion transfer between the
pure solvents and solvent mixtures, as well as between different solvent mixtures.
Further, solvation energies can be determined for all these systems. Figure 6.39
shows the excess free energies of ion solvation of sodium and potassium ions in
water—-DMSO mixtures.

The “third phase strategy” opens also a road to estimate solvent-independent
redox potentials. On the basis of a theoretical modeling of the diffusion processes
taking place under the conditions of voltammetry of immobilized particles,
voltammetric and chronoamperometric data can be combined to obtain solvent-
independent electrode potentials for the K*-assisted one-electron reduction of
Prussian blue to Berlin white [B423, B424, B425].
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Table 6.8 Comparison of

267

; P ! Anion AG?(w — MeOH) AG?2(w — MeCN)
Gibbs free energies of anion — a "
transfer from water to F 26+2 65+5
methanol (MeOH) and cr- 135412 (125" 13.7% |36 £2° (37.6" 31.49
acetonitrile (MeCN) from Br~ 11.5+£1.5%(104° 11.4% | 3642 (37.6" 31.4%)
voltammetric experiments at NO; 2.04+0.5° 12.0 & 0.6
alkynyl-diphosphine Clo; 5.8+0.2° (5.7% 7.2+ 04 (4.09
dinuclear Au(I) complexes o a a
and heterometallic Au(I)— S04 - 36+ 23 52+ 33
Cu(T) cluster complexes® HCO3 211 32+2
[B421] with literature®™ € data  CO53>~ 41 +£3° 126 +12°
H,PO;  [29+3°
PO; - 158 +£ 122
B421]
"Kelly CP, Cramer, CJ, Truhlar DG (2007) J Phys Chem B
111:408-422

“Cox BG, Waghorne WE (1980) Chem Soc Rev 9:381-411

Table 6.9 Gibbs free energy of cation transfer from water to MeOH, MeCN, and DMSO
AG;, g kJ/mol) obtained for Li*, Na¥, and K ions using Prussian blue-modified electrodes

immersed into different electrolytes [B422]. In parentheses are those theoretically calculated by
Tissandier et al.*

Ton | AGS yeouMY) (J/mol) | AGZ oy (K/mol) | AGS s (M) (kJ/mol)
Li* 52404 9.1+0.6 —19.0+0.4

Na*  |87+0.4(8.8) 8.6+0.8 (8.8) —21.4+1.0(~23.8)

K" 115406 (113) 7.1+0.8 (2.1) —21.9+0.4 (~25.9)

“Tissandier, MD, Cowen KA, Feng WY, Gundlach E, Cohen MH, Earhart AD, Coe JV (1998)
The Protons Absolute Aqueous Enthalpy and Gibbs Free Energy of Solvation from Cluster-Ion
Solvation Data. J Phys Chem A 102:7787-7794

3.0
I=] 1 =1L ™,
£ e /%/ AN
o] ’ o,
<= ] / IRy
% il +/ i \
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[B422]. Copyright ©2011
with permission from
Elsevier
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6.3 Theoretical Models for the Voltammetry
of Immobilized Droplets

The modeling of the processes occurring at the droplet-modified electrodes is not a
simple task since several effects have to be taken into account. The mass transfer is
for sure achieved by diffusion and migration. Convection may play a role, perhaps
as Marangoni convection. Due to the absence of supporting electrolyte in the
organic phase at the start of the experiments, the ohmic drop can play a role.
These effects have been studied theoretically by different groups and some progress
has been achieved.

6.3.1 Droplets of Organic Solvents with Dissolved
Electroactive Compound

Semi-infinitive Planar Diffusion Model
Considering the reaction
dmfe) + Ay = dmfc(, + Ag + e (XXII)

and following the analogy with the theoretical model for electron transfer across the
liquid-liquid interface developed by Stewart et al."’, a theoretical model has been
developed taking into account the diffusion of all species [B174, B188]. The model
considers a mass transfer through semi-infinite planar diffusion and was solved
under the following initial and boundary conditions:

— 0 . Lk
t=0; x> 0; Camicipy = Cmfey,,
*
CA— = CA-
Aw — ‘AL (6.16)
CA = Camfcr —

(0) (o)

—0- RN 3k
= O? X — OO, (/dme(o) - (’dme(o)
*
- = Cir-
(aq) A(aq) (6 17)
CA- = Cgmict — 0

Al dmtc(t‘)

CA

' Stewart AA, Campbell JA, Girault HH, Eddowes M (1990) Ber Bunsen Ges Phys Chem 94:83—
87
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t>0 5
2 oc 07¢c

acdmﬁ;@ _D 0 Cdmfc ) ) dmfc;;) _D. . dmfczg)

ot dmlew 32 T O dmci) " Dx2 (6.18)

2 2
8cA(—a 5 CA— aCA* 8 CA~
q) =Da- (aq) (o) =Da- (o)
ot @ oxz ' Ot ©  0x2

For x =0, the fluxes are given by

acdmfc(o) _ acdmfc:;) _ I
5 ox  0x  nFSD
CA—
w 1 (6.19)
Ox nFSDA(—aq)
aCA(*n) I
Ox  nFSD

(it is assumed that the diffusion coefficients of A~ and dmfc* in the organic phase
are the same, i.e., D). In this model, the distance x represents a distance to the three-
phase junction, i.e., the position where the reaction can start.

The integral solutions for all species involved in Reaction (XXII), which were
obtained by means of Laplace transformation, read

t

1 1(7) -0.5
Cmicy (v=0) = Clmfe, ﬁj nFSv/'D U

0

t
1 1(7) 0.5
N - = — —_ ) d
Cdmf% (x=0) ‘/El WFSVD (t—1) T
. (6.20)

1 I(r) -0.5
B ok _ .5
CAGy(=0) = CAgy \/i_TJ nFSv/'D (f—7) e

0

t
1 1(z) -0.5
CA- (y=0) = —= t—1) Tdr
Ao x=0) ﬁj arsyb P

0

The solutions given in Eq. 6.20 were substituted in the below Nernst equation:

c A (x=0) C dmfe ) (x=0)

= exp(¢), where
€A, (x=0)Cdmfc ) (x=0) (6.21)

_(p_pe _ag@e V(£
d) - <E Edmfc::,)/dmfc((,) A¢(aq), A> <RT)

Equation 6.21 was solved under conditions of cyclic [B188] and square-wave
voltammetry [B174]. The concentration gradients of all species involved in the
redox process are given in Fig. 6.40.
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Fig. 6.40 A scheme of 1
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The formal potentials (i.e., the mid-peak potentials of the cyclic voltammograms
or the peak potentials of the net square-wave voltammograms) of the simulated
voltammograms depend on one dimensionless parameter p, defined as a ratio
between the initial concentrations of anions in the aqueous phase and dmfc in the

organic phase, i.e., p = C;\k( ) / c;kmfc(o). If c:( )\/5 > cé‘mfc(o) VD, then the depen-
aq aq

dence of the formal potential on the logarithm of the dimensionless parameter p is

linear, with a slope of dE®' /dlog(p) = —60 mV (at 25 °C), which is identical with

the slope in Equation 6.14, i.e., in an equation derived on a purely thermodynamic

basis. This behavior has also been experimentally observed [B132, B174, B206,
B240, B259, B262, B266].

However, when cj:( : D A < c;kmfc(o) \/5, then the slope of the dependence d
aq a
ECQI /dlog(p) = +60 mV (see Fig. 6.41). This behavior has not been observed in the

experiments, which suggests that the experiments are more complicated and
affected by additional effects.
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Fig. 6.42 Schematic drawing of the time dependence of all overpotentials affecting the
voltammetric response in the Oldham model [B237]. Copyright ©2002 with permission from
Elsevier

A Convolutive Model for Cyclic Voltammetry in a Thin Organic Layer
Considering the reaction
Ny + Apgy =S P + A + e (XXIIT)

occurring in an insulating organic layer with surface area A and thickness Z, that is,
sandwiched between the working electrode and an aqueous electrolyte solution,
Oldham et al. [B237] have developed a rather robust model, comprising several
effects which affect the voltammetric features of Reaction (XXIII). By assuming
that the ion and electron transfer in Reaction (XXIII) occurs without kinetic
constraints, i.e., there is no activation polarization, the flow of current in such a
setup may induce at least three different kinds of polarization: the concentration
polarization, the ohmic polarization (in both organic and aqueous phase), and an
asymmetry polarization due to the different diffusivities in the organic and aqueous
phases. Each polarization can generate an overvoltage which will be reflected
throughout the features of the obtained theoretical responses. A schematic drawing
of all the overpotentials considered in the model [B237] is given in Fig. 6.42.

It is a complicate task to predict the behavior of such complex systems under
potentiodynamic conditions. The transport of four species, i.e., N(O)vA(;q)’PZB)’
and A@), must be modeled, three of them migrating and all of them diffusing.
Another major problem is the existence of a significant time-dependent resistance
in the organic layer and the likely existence of a diffusion potential difference
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Fig. 6.43 Cyclic voltammograms simulated for the thin-film voltammetry obtained by varying the
starting potentials of E;,, = —200 mV (dotted line), —250 mV (solid line), —300 mV (dashed line),
and —350 mV (chained line). The other simulation conditions are E°=0 V, E cverse = 300 mV,
v=50mVs"',A=10">m? Z=20 pm, c;g'ql) = 0.0 molL™", ex, =0.001 mol L™', Dy = Dp+ =
107 m? s, Dy, = 8x 107" m? s, Dy, = 107" m? s~! [B237]. Copyright ©2002 with

permission from Elsevier

(asymmetry overvoltage) across the organic layer. By developing a rather compli-
cated algorithm, the authors succeeded to elucidate all these effects theoretically.
On the contrary to common cyclic voltammetry experiments, where the choice
of the rest (starting) potential that is imposed on the working electrode is innocuous,
in this theoretical model the choice of the rest potential is the most important
parameter. It determines the initial ionic content in the organic layer and hence
strongly affects the ohmic polarization. For example, the concentration of P*A™ in
the organic phase, created by choosing a rest potential of —250 mV more negative

than Eﬁ /P will be about 5 mm (if CNyy = 0.05 M and c?gg) = 0.5 M), which is far

from being negligible. Indeed, the question whether the center of the thin film will
be active or not depends on the time of electrolysis as well as of the film thickness.
Several theoretical voltammograms simulated for different values of the starting
potential are depicted in Fig. 6.43. Obviously, the obtained theoretical
voltammograms differ from the conventional ones. The separation of the peak
potentials is much greater than the 59 mV typical for reversible systems in cyclic
voltammetry under semi-infinite planar diffusion. This is attributed mainly to the
ohmic resistance in the organic layer. Figure 6.43 shows that the more positive the
starting potential is, the lower will be the resistance in the organic phase due to the
higher ionic content there, and consequently the simulated voltammograms are
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Fig. 6.44 Theoretical cyclic voltammograms obtained in thin-film voltammetry by varying the
thickness of the organic film: Z= 10 pm (dotted line), 20 pm (solid line), and 40 pm (dashed line).
The rest potential was Ej, =—250 mV. All other conditions were the same as in Fig. 6.38
[B237]. Copyright ©2002 with permission from Elsevier

getting closer to the conventional forms. The curve in Fig. 6.43 corresponding to an
electrolysis potential of 350 mV more negative than E° shows such high resistance
that the voltammogram is dominated by ohmic polarization.

Voltammograms simulated for conditions that differ only in the width of the
organic layer are shown in Fig. 6.44. As expected, the distortion due to the
resistance becomes more pronounced as the layer becomes thicker. The features
of the simulated voltammograms are additionally affected by the scan rate, by the
concentration of the electroactive compound N in the organic phase, as well as by
the concentration of the salt in the aqueous solutions. A detailed overview of all
contributing overvoltages is given in reference [B237]. The interplay of the various
factors makes the result of this type of experiment complicate. In such an experi-
mental setup, without an existing three-phase junction line, caution is needed in
drawing conclusions from CV data.

Modeling Cyclic Voltammograms at a Conic Drop Three-Phase
Electrode

A model that more closely approaches the processes occurring at a three-phase
electrode has been developed using the geometry of a conic “drop” (cf. Fig. 6.45)
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Fig. 6.45 Scheme of a |
conic drop of an organic
solvent (nitrobenzene)
attached to a graphite
electrode surface and
immersed in an aqueous
electrolyte (a) and a radial
section of the conic drop | nb
electrode in the Cartesian
plane (b). The axis of radial
symmetry passing through

the top of the cone is graphite
denoted by

s [B257]. Copyright ©2003

with permission from y
Elsevier
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[B257]. Considering Reaction (XVI), i.e.,

dmfen) + Ay, = dmfc(tlb) + Ay +e
occurring at a three-phase electrode (where dmfc is dissolved in nitrobenzene that is
devoid of any electrolyte), the major obstacle is the origin of the initial conductivity
in the organic phase, which is needed for initiating the reaction. Contrary to the
model of Oldham et al. [B237], where the authors have assumed that the initial
conductivity of the organic film is established as a result of the electrode Reaction
(XVI) proceeding at potentials below the formal potential, the authors of [B257]
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have recognized in their model the natural partition of the salt between the aqueous
solution and the organic drop as the reason for supplying the initial conductivity in
the organic phase.

Before the onset of the CV experiments, when the nitrobenzene-modified elec-
trode is immersed in the aqueous solution, the partition of the salt can occur under
open circuit conditions. Certainly, the delay time before applying the potential will
be a major factor determining how far the partitioned ions can penetrate the
nitrobenzene phase. Assuming that concentrations of the salts in the aqueous
solution are 1 M, from the partition constant across the water—nitrobenzene inter-
face, one can estimate that in some cases the concentration of partitioned salts in
nitrobenzene phase can exceed some mmol L. This gives the model creditability.

The second parameter that affects the voltammetric features of Reaction (XVI)
in this model is certainly the resistance in the organic phase. In this model, the
ohmic overvoltage has been calculated as a product of the dimensionless current
and the equivalent of the resistance p, defined as

n
p==xL (I/CA(NB))’ where d =D %5, n =4 At and Ax are the time and
i=1
space increments, respectively; L is the thickness of the film; and D is the diffusion
coefficient (assumed to be equal for all species in the organic film).

The effect of the thickness of the conic film on the shape of the simulated CV
curves and on the equivalents of the resistance is shown in Figs. 6.46a—c. The
components of Fig. 6.46b correspond to an increase of the thickness of the conic
film from 10 to 40 space increments in the direction parallel to the axis of symmetry
s. Obviously, for higher space increments (which correspond to higher values of the
equivalent resistance), the ohmic effect is dominating the shape of the simulated
voltammograms (see curve 4 in Fig. 6.46b). Moreover, this also influences the
mid-peak potentials of the square-wave voltammograms. The equivalence of the
resistance p corresponding to the same parts of the organic film as the currents in
Fig. 6.46b as a function of the applied potential is given in Fig. 6.46c. The
dependence of p on the electrode potential shows that the ingress of anions from
water starts at the edge of the cone. During the anodic polarization (forward scan),
the equivalence of the resistance p decreases with increasing applied potential. In
the reverse scan of the cyclic voltammograms, the equivalence of the resistance
does not reach the initial value (see Fig. 6.46c). This is probably caused by the
lateral diffusion of the created decamethylferrocenium cations from the center of
the cone toward its edge. After the first cycle of the potential, the conductivity of the
cone is significantly enhanced. Consequently, the second and further cyclic
voltammograms should be less affected by the ohmic drop than the first scan.
Three successive cyclic voltammograms of the conic drop simulated under
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Fig. 6.46 (a) Cyclic
voltammogram of Reaction
(XVI) in a conic drop of
nitrobenzene, (b) the
components of the average
current, and (c) the
equivalents of the resistance
that correspond to the parts
of the conic drop with a
thickness of 10 (1), 20 (2),
30 (3), and 40 (4) space
increments in the direction
of x axis. The duration of
the initial contact was 1,000
time increments, and the
partition constant of the salt
MX was Kz ™ =2 x 107
[B257]. Copyright ©2003
with permission from
Elsevier
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conditions of Fig. 6.46 are depicted in Fig. 6.47. The second and third cycles in
Fig. 6.42 are identical, which confirms the former statement. The anodic peak
potential of the first scan is more positive than that of the 2nd and 3rd scans due
to the influence of the ohmic drop in the first cycle. This is a very important
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Fig. 6.47 Three
consecutive cyclic
voltammograms of the
redox Reaction (XVI)
considering a conic drop of
nitrobenzene simulated with
10 space increments. All
other conditions are the
same as in Fig. 6.46
[B257]. Copyright ©2003
with permission from
Elsevier
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observation since it shows that the ohmic overvoltage does not have an influence on
the mid-peak potential of the second and all other subsequent cycles in multiple
cyclic voltammograms of reaction XVI. This influence was significantly pro-
nounced in the model of Oldham et al. [B237].

Uncompensated Resistance and Charge Transfer Kinetics

The theoretical model of a conic drop three-phase electrode as described above
implies that the electrode process is not confined to the three-phase junction line,
where it starts, but that it advances into the droplet. Depending on the contact time
of the two adjacent liquid phases under open circuit condition, as well as depending
on the scan rate, the thickness of the reaction zone in the organic droplet will vary.
An immobilized droplet can be regarded as a film with a thickness varying from
zero to rather large values. The fact that the droplet has zero thickness at the three-
phase junction line enables the electron transfer reaction to be started even with
lowest conductivities of the organic phase, which is a big advantage over the
conventional thin-film techniques'>'?. The droplet can be treated theoretically as
a thin-film electrode with a low conductivity of the film. When a fast technique like
square-wave voltammetry (SWYV) is used, the reaction will be restricted to a “thin-
film” adjacent to the three-phase junction line. With this in mind, the effect of the
uncompensated resistance on the voltammetric properties of a simple electrode
reaction occurring in a limited diffusion space under conditions of SWV has been
studied theoretically as well as experimentally [B281].

128hi C, Anson FC (1999) J Phys Chem B 103:6283-6289
13Shi C, Anson FC (1998) Anal Chem 70:3114-3118
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Table 6.10 Minimal values of the resistance parameter p,,, that affect the SW voltammetric
response of a reversible electrode reaction for different thicknesses of the film. The conditions of
the simulations were diffusion coefficient D =10"> cm? s~!, SW frequency f=100 Hz, SW
amplitude E,, =50 mV, and scan increment dE'= 10 mV [B281]

L/pm Pmin
1 0.1
2 0.03
5 0.04
10 2
50 3
500 4

Considering the reaction
Ox + ne” == Red (XXIV)

proceeding in a limited diffusion space (0 < x <L), the voltammetric properties of a
reversible redox reaction in the absence of ohmic polarization are a function of one

dimensionless thickness parameter A, defined as A = L\/(f/D), where L is the
thickness of the film, f is the SW frequency, and D is the common diffusion
coefficient. The dimensionless peak current is a sigmoid function of A, while the
peak potential does not depend on A.

In the presence of a resistance in the thin film, the ohmic overvoltage of the
system, owing to the low conductivity of the film, is represented by a complex
dimensionless resistance parameter p, defined as p = Rq(n*F?/RT)Scé, /Df.
where Rg, the resistance in the film, S is the electrode surface area, and the meaning
of other symbols is as usual. The influence of the resistance parameter p upon the
voltammetric features of the reaction depends on the thickness of the film. The
thicker the film, the smaller is the effect of the resistance parameter.

The minimal values of the resistance parameter that exhibit an influence on the
voltammetric response of Reaction (XXIV) in the thin film are given in Table 6.10.
For films with lower thicknesses, the increase of the resistance parameter p influ-
ences all the components of the SW voltammetric response (see Fig. 6.48).

By increasing the resistance parameter p, the symmetry of forward and back-
ward components is lost, and the forward (cathodic) branch of the SW
voltammograms shifts toward more positive potentials, whereas the backward
(anodic) branch shifts toward more negative potentials. In this range of the values
of p, the overall net current increases. This is due to the specific chronoam-
perometric properties of a thin-film electrode reaction. During each potential
pulse of the SW voltammetric excitation signal, the current diminishes severely
with time, as the equilibrium of Reaction (XXIV) is rapidly established between the
species of the reversible couple that diffuse in a limiting space. Consequently, a low
current remains for measuring at the end of each potential pulse. However, when a
significant resistance is present in the thin film, the equilibrium cannot be
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Fig. 6.48 The effect of the uncompensated resistance on the dimensionless SW response of a
reversible electrode reaction. The resistance parameter was: p =0 (a), 1 (b), and 3 (c¢). The other
conditions of the simulations were: A =0.362, E,,, =50 mV, D =10 cm?®s™ !, dE=10 mV. ¥,
Y, and ¥, are symbols for forward, backward and net components of the SW voltammetric
responses, respectively [B281]. Copyright ©2004 with permission from Elsevier

established so rapidly, causing the redox reaction to proceed to a large extent even
at the end of the pulse and thus increasing the current compared with the situation
without resistance (compare the net currents of Fig. 6.48c and b with that of a). In
other words, the observed feature in the presence of uncompensated resistance is a
consequence of the coupled properties of the studied reaction, of the chronoam-
perometric properties of the used technique (SWV), and of the delay of the mass
transfer (caused by increased resistance of the thin film). The shifting of the
cathodic branch toward positive potentials and of the anodic branch toward nega-
tive potentials with increasing p is opposite to the influence of the resistance
parameter on the voltammetric features of the same reaction occurring under
semi-infinite planar diffusion'®. The effect of p on the dimensionless net-peak
currents studied for films with different thicknesses is given in Fig. 6.49. For thicker
films, a parabolic dependence exists between the dimensionless net-peak currents
AY, and the logarithm of p. In the same direction, increasing p causes a growing of
the half-peak width of the net square-wave voltammograms; however, the peak
potentials remain unaltered. This effect of p in a reversible reaction occurring in
thin-film voltammetry resembles completely the effect of charge transfer kinetics in
a thin film without resistance (see Fig. 6.50). The kinetic parameter & in Fig. 6.50 is
defined as k = k;/+/Df, where k, (cm sfl) is the standard rate constant of electron
transfer. Considering a quasireversible reaction in a thin film under conditions of
SWYV, the so-called quasireversible maximum (see curves a, b, and c in Fig. 6.50)
appears in films with a thickness parameter A < 0.949. Within the same range of A
values (A < 0.949), a parabolic dependence of A%, on logp appears (see Fig. 6.49).
Since, in thin-film voltammetric experiments, the frequency of the SW
voltammetric signal simultaneously influences both p and k, criteria must be

% Mir&eski V, Lovri¢ M (2001) J Electroanal Chem 497:114-124
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Fig. 6.49 Influence of the
resistance parameter p on
the dimensionless net-peak
current A%}, of a reversible
electrode reaction for
different thickness
parameters. The thickness
parameter was A = 0.632
(a), 0.948 (b), 1.581 (c), and
15.811 (d). The other
conditions of the
simulations were the same
as in Fig. 6.48

[B281]. Copyright ©2004
with permission from
Elsevier

Fig. 6.50 Influence of the
kinetic parameter k on the
dimensionless net-peak
current A%, of a
quasireversible electrode
reaction for different
thickness parameters. The
thickness parameter was
A=0.316 (a), 0.632 (b),
0.948 (c), and 1.581 (d). The
other conditions of the
simulations were the same
as in Fig. 6.48

[B281]. Copyright ©2004
with permission from
Elsevier
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found to distinguish between the effect of ohmic overvoltage and that of the kinetics
of charge transfer. The shape of the net voltammograms and the half-peak width can
serve as simple and safe criteria for this purpose. The uncompensated resistance
effect is associated with an increase of the half-peak width [B281] and, under
extreme conditions, by a strong distortion of the SW voltammograms. On the
contrary, the effect of charge transfer kinetics does not influence the half-peak
width significantly. Both effects have been experimentally observed for two differ-
ent types of reactions proceeding at three-phase electrodes [B281].
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Fig. 6.51 (a) The dimensionless concentration of the electrolyte MX in the film at the end of the
initial contact with aqueous solution and (b) a simulated cyclic voltammogram of decamethyl-
ferrocene in the film electrode cf,[X‘(NB)/c;nfC =10° (see footnote 15). Copyright ©2003 with

permission from Elsevier
The Effect of Migration

Studying Reaction (XVI), i.e., dmfcgp) + A(;q) = dmfcz:1b> + A(’O) + e, in a thin-
film arrangement, one fundamental question concerns the type of involved mass
transfer. In the models described before, the diffusion was considered to be the
major mass transport process (except in the model of Oldham et al. [B237] where
migration was also taken into account). However, since, in thin-film experiments,
the flux of dmfc™ cations at the electrode surface and the flux of the anions at the
liquid-liquid interface are separated by the thickness of the film, it must be
migration of ionic species through the film that ensures the electroneutrality in
the film. Recently, the effect of migration and distribution of all active species in the
thin film have been theoretically analyzed'>. Two models of thin-film voltammetry
have been considered, one for the presence of a supporting electrolyte and one for
the absence of supporting electrolyte in the organic film. Here, the second one is
described since it is closer to the reality of the experiments considered in this book.
In the model, the initial ionic conductivity of the film is achieved by free partition of
the aqueous electrolyte MX between water and the film. The concentration of the
partitioned salt in the film is rather small, since the partition constant is taken to be
Ky ™ =4 x 10 *. Figure 6.51a shows the profile of the dimensionless concentra-
tion of the electrolyte MX in the thin film after a short contact with the aqueous
electrolyte. Figure 6.51b is a theoretical cyclic voltammogram of dmfc obtained in
this setup. Dimensionless concentrations of dmfc, dmfc*, X', and M" in the thin
film, estimated at four different potentials corresponding to the Fig. 6.51b are
shown in Fig. 6.52a—d. Contrary to the situation shown in Fig. 6.51a, where cx-
= ¢+ in the organic film under the conditions of open circuit, when a potential is
applied, the oxidation of dmfc to dmfc* at a potential of E versus Ece/ =-030V

15T ovrié M, Komorsky-Lovri¢ S (2003) Electrochem Commun 5:637-643



282 6 Immobilized Droplets

o]
g
o

alions

Dimensioniess concentr

v}
o

n
5 100

ess concentrations
|
|
|

Dimension

Fig. 6.52 Dimensionless concentrations of decamethylferrocene (1), dmfc* (2), X~ anion (3), and
M cation (4) in the film at the potentials £ = —0.3 V (a) and —0.2 (b) on the anodic branch and 0.1
(¢) and —0.3 (d) on the cathodic branch of cyclic voltammogram shown in Fig. 6.51b (see footnote
15). Copyright ©2003 with permission from Elsevier

(see Fig. 6.52a) causes a change of distributions of M* and X~ ions in order to
compensate the charge of dmfc* cations. However, at higher potentials, the current
is carried almost completely by dmfc* and X~ ions due to the low concentrations of
M* ions. Thus, the concentrations of dmfc™ and X~ are almost equal (see
Fig. 6.52b). The curves in Fig. 6.52c correspond to the cathodic (backward) branch
of the cyclic voltammogram in Fig. 6.51b estimated at a potential of 0.1 V. At this
potential, the film is rapidly exhausted of dmfc. As the current approaches zero in
this potential range (see Fig. 6.51b), the gradients of concentrations of ionic species
in the thin film are very small. However, the reduction of dmfc™ at potential of
—0.3 V in the cathodic branch of the cyclic voltammogram causes migration of M*
ions toward the electrode surface and the flux of X anions from the film toward the
water, as can be seen in Fig. 6.52d.

The present model shows that in simple thin-film voltammetry, the current of the
redox Reaction (XVI) mainly depends on the diffusion and migration of
decamethylferrocenium cations and anions of the aqueous electrolyte, although
the separation of charges appearing in the very beginning of the oxidation of dmfc
can be compensated only by the migration of cations of the electrolyte in the film.
The single contributions of the migration and diffusion currents of all species can be
found in reference (see footnote 15).
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Fig. 6.53 Scheme of three a X@
mechanistic models for v
processes occurring at a
three-phase electrode with
immobilized droplets
[B149]. Copyright ©2000
with permission from
Wiley-VCH
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6.3.2 Droplets of Electroactive Liquids
Numerical Modeling of Three Possible Mechanisms

The mathematical modeling of the processes occurring in microdroplet experiments
conducted with electroactive liquids is similar to the theoretical considerations
described previously in this chapter. Considering the reaction of the type

B(droplet) + X(_aq) = A(droplet) + e (XXV)

Compton et al. [B149] have developed theoretical models for three different types
of three-phase electrode voltammetry with droplets, considering different geome-
tries and corresponding to different electroactive regions (see Fig. 6.53):

(a) The electrochemical reactions start from the oil—electrode surface interface.

(b) A rapid charge conduction over the droplet surface is assumed so that ion
insertion occurs from the droplet—aqueous electrolyte interface.

(c) The electrochemical reaction occurs only at the three-phase junction
electrode-electroactive droplet—aqueous electrolyte.
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Fig. 6.54 Superimposed linear sweep voltammograms for the three models shown in Fig. 6.48
obtained with intermediate scan rates [B149]. Copyright ©2000 with permission from Wiley-VCH

In all cases, the diffusion is taken as the only way of mass transport and the
solutions of Fick’s equations corresponding to each separate case were solved numer-
ically using the dual reciprocity finite element method. In model A, the planar
diffusion is considered, while in the models B and C, concave and convex diffusions
have been taken into account, respectively. The influence of the scan rate on the shape
of the linear sweep voltammograms, on the potential separations, as well as on the
normalized peak currents for all three geometries has been examined theoretically.

At low scan rates, identical linear sweep voltammograms are obtained in all
cases. This behavior is due to the complete conversion to the product during the
time scale of the potential sweep so that no effect of mass transport or geometry is
evident. Unlike in the case of low scan rates, three different types of
voltammograms are obtained by faster scan rates (see Fig. 6.54). While the
voltammograms corresponding to the models A and B have conventional diffusion
forms, the result for model C exhibit an entirely different feature. A steady-state
voltammogram was obtained similar to that known for microelectrodes.

The dimensionless peak currents for all considered models depend linearly on
the scan rates (with slope of 1) in the regions of low scan rates (see Fig. 6.55). Such
behavior is typical for thin-film voltammetry. For the faster scan rates, the peak
currents for models A and B increase in proportion to the square root of the scan
rate, with a slope of 0.5. However, the normalized peak currents corresponding to
the model C are almost independent on the scan rate for faster scan rates, like for
microband electrodes.

The potential separation between the peak potentials and the formal potential of
Reaction (XXV) for all three models is characterized by sigmoid dependences
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Fig. 6.56 Dependence of the separation between the peak potential and the formal potential on
dimensionless scan rate [B149]. Copyright 2000 with permission from Wiley-VCH

(see Fig. 6.56). By increasing the scan rates, the magnitude of the peak-to-peak
separation of the model A converges to the value of 56 mV as typical for planar
diffusion. The hemispherical model B gives a smaller potential separation converg-
ing to 49 mV. The most pronounced peak-to-peak separation was observed in
model C, where that value converges toward 140 mV (at 298 K).

Conducting the experiments with electroactive liquid para-tetrahexylendiamine
(THPD) microdroplets deposited on a pyrolytic graphite electrode and immersed in
SCN™ solution, Compton et al. [B150] have shown that the obtained experimental
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Fig. 6.57 The cylindrical
polar coordinate system
used to model the blocked
electrode surface

[B288]. Copyright ©2003
with permission from
American Chemical Society

results fit best the theoretical results obtained with model C, i.e., for convex
diffusion. However, the authors have determined experimentally the values for
the diffusion coefficient of SCN™ that are three orders of magnitude lower than that
estimated theoretically. It means that the mass transport process under fast scan rate
conditions is orders of magnitude faster than possible by diffusion! This feature was
ascribed to additional convection processes like that of Marangoni type. Probably,
the neglecting of migration in the modeling is a major reason for the poor fit of
experimental results.

Cyclic Voltammetry Response of Partially Blocked Electrodes

In the last few decades, significant attempts have been undertaken to quantify the
electrochemistry of partially blocked electrodes, primarily to produce a reliable
method for interrogating the characteristics of surface blocking. Compton
et al. [B288] have recently developed a theoretical model in order to characterize
the voltammetric responses of a partially blocked electrode (PBE) for which the
blocks are distributed at random intervals.

The first mathematical model considers a circular inert disk of radius Ry, situated
at the bottom of a cylinder of radius R, (see Fig. 6.57) and the following electrode
reaction A== B+e .

The authors developed a protocol that allowed calculating the dimensionless peak
current, ¥ ,.x, from the dimensionless scan rate, v4;; microscopic coverage, @ icro;
and dimensionless rate constant, kgl, using the relation ¥ ,.x =f(Vai, Omicros kgl). The
three variables on which the dimensionless peak current depends are given by
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Yo = prr”
2
@micro - (%) (622)
R
kgl = :
D

where v is the scan rate, K is the heterogeneous rate constant for the redox reaction,
while the other symbols have their usual meaning. In the theoretical model, random
distribution of inert disks and inert microdroplets has been considered. Here we
shall consider the model of randomly distributed inert microdroplets.

For modeling a random distribution of inert microdroplets, it has been assumed
that each droplet is hemispherical and that it is attached to the electrode surface with
a circular base of surface radius Ry,. The diffusion around each droplet is symmetric
and the volume of the blocking material, Vo, 1S given by

2
Vilock = §N block TR (6.23)

where Npjock is the number of the droplet locks. The global coverage, Ogiopal, is
given by

2
Nyjock TR},

6.24
Aelec ( )

@global =

In the model of a monodisperse distribution of diffusion domains (model A), it is
assumed that all droplets are regularly dispersed on the electrode surface, i.e., every
diffusion domain is identical. Consequently, R is constant for a certain value Ry,
and the dimensionless peak current for one diffusion domain will be equal to that
for the whole electrode (Opmicro = Ggiobal)- In this model, no overlap of the droplets
occurs. In such a case, one needs to calculate a value of R, for particular value of Ry,
This can be done by using the relation Ry =Ry/+/ Oglobal, Where the global
coverage @,qba 1S given by Eq. 6.24. However, in the case of microdroplets, one
has no prior knowledge of Ogjopar O Npjock, SO there is an equation with two
unknowns. Thus, rearranging Eq. 6.23 to obtain an expression for Nyjock, One can
use Eq. 6.24 to obtain an expression for @y, - The resulting equations contain just
one unknown (Vo can be measured experimentally, and it is assumed a certain
value of Ry):

3Vblock

Nblock = 271'R03 (625)
b
3Vbloc

leobal = 2ijefc (626)

For a certain volume of blocking material, using Eq. 6.26 with the relationship
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Ro = Ry /+/Oglobai, one can calculate values of vgj, Omicro. and kgl for a given Ry,
Hence, ¥ ,,.x can be determined for a range of R, values assuming that Vo 1S
known.

In the model of a polydisperse distribution of diffusion domains (model By), it is
assumed that when the droplets overlap, their geometry at the surface does not
change, whereas their shape above the surface is undefined. Thus, one can use the
following equation for calculating the ¥ .. for a range of R}, values:

3Rn
N,
Ylmax = ﬂ:AbIOCk J R%Wmax(RO)P(RO)dRO (627)
elec 0

where P(Ry) is the probability of domains with radii greater than 3R,,.

In the additional model B,, the authors [B288] have approximated overlapping
droplets of model B as larger droplets that do not overlap. These larger droplets
have a surface radius of R,’. Ry, is related to the real coverage ©,.,, in exactly the
same way as Ry, is related to @gjpal , i.€.,

3Vblock

Oreal = o
! 2RbAelec

(6.28)

The relation between the real coverage, .., and the total coverage, Ogiobai, 18
given by Oy =1 — e @i For each value of Ry, one can calculate an average
radius that accounts for overlapping, Ry,’, by using Eq. 6.28. Because the value of
Oreal 1s always less than Ogopal, Ry’ is always larger than R,,.

Figures 6.58a—f illustrate the dependence of the dimensionless peak current on
the droplet size, Ry, for the models A, By, and B, over a range of six block volumes
at a scan rate of 50 mV s™'. The effect of taking an overlapping into account is
apparent in the differences between the models A and B. As R}, increases, there is a
decrease in both @gopa and Nyjock. Thus, the spread of probable R, values in models
B, and B, increases, and one observes a gentle increase to the limiting value of
¥ max- At large values of Ry, models A and B converge to one limiting peak
dimensionless current. These theoretical models have been applied to experimental
systems with electrodes modified by THPD in order to deduce the most “realistic
case” [B288].

Conclusions

The theoretical modeling of the processes occurring at three-phase electrodes
is an extraordinarily difficult task since the mathematical models have to take
into account various effects. A major issue is the influence of the time-
dependent ohmic resistance in the organic phase on the voltammetric prop-
erties of the studied systems. The origin of the initial conductivity in the

(continued)
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Fig. 6.58 Simulation of the dimensionless peak current response over a range of Ry, values to
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organic phase that enables the start of the electrochemical reaction is another
important point. Further, the modeling of the mass transfer through the
organic phase is difficult because of its geometry.

The influence of the ohmic overvoltage on the voltammetric characteris-
tics has been considered theoretically by several groups. It could be shown
that the ohmic overvoltage influences mainly the current and shape of the
voltammograms, but not the formal potentials, which is of importance for
using these data to determine thermodynamic quantities. The ohmic drop
effect in square-wave voltammetry resembles the effect of electron transfer
kinetics, and criteria for distinguishing both effects in SWV have been
proposed [B281]. All the features owing to the ohmic overvoltage have
been experimentally confirmed [B281]. It has been also confirmed that the
initial conductivity in the organic phase which is necessary for initiating the
electrochemical reaction can be provided by the natural partition of the
electrolyte from the adjoined aqueous phase. The mass transfer in the organic
phase has been shown to be achieved by diffusion and migration. The effect
of the migration on the overall current should not be underestimated, as
shown in a recent publication (see footnote 15).

The question of the three-phase junction line is probably the most exciting
one. In order to follow the development of the reaction zone inside the
organic droplets, experiments have been performed to probe the dmfc or
ferrocene (fc) concentration in the immobilized NB droplets with a Pt
microdisk electrode [B207]. The authors have shown that in the three-phase
electrode arrangement, the oxidation of dmfc and fc starts at the electrode—
NB droplet—aqueous electrolyte three-phase junction line, where the anions
from the aqueous phase can balance the excess charge of the electrochemi-
cally created cations in the organic phase. From that three-phase junction line,
the ferrocenium and decamethylferrocenium cations diffuse into the bulk of
the NB droplet, and they can be detected at the Pt microelectrode. The delay
in detecting these cations was longer as the distance between the microdisk
surface and the three-phase junction line increases [B207]. The detection time
of these cations at a Pt microelectrode depends additionally on the droplet
volume, as well as on the electrolyte concentration in the aqueous phase.
Placing the microelectrode in the center of the NB droplet at a distance of
some 25 pm from the carbon surface, the authors observed delay times for
ferrocenium and decamethylferrocenium cations ranging from 10 to 30 s,
depending on the experimental conditions (see Fig. 6.59). However, one can
easily estimate that the time necessary to pass a distance of 25 pm by taking
into account the diffusion only is more than 100 s. Similar results regarding
the progress of the reaction zone have been obtained also by conducting
experiments in a specially designed spectroelectrochemical cell [B280]. By
an in situ spectroelectrochemical study of the simultaneous transfer of

(continued)
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Fig. 6.59 Chronoamperometric oxidation of ferrocene at GC electrode-top, and reduction of Fc*
at Pt microelectrode in NB drop-bottom. nitrobenzene droplets contain 0.1 mol L™" ferrocene.
Volume of nitrobenzene drops: 1 pL (1, 1”), 2 pL (2, 2°), 4 pL (3, 3’), and 8 pL (4, 4’). Water phase
contains LiCl0, at 0.01 mol L™" (a), 0.1 mol L™ (b), and 1 M (c) [B207]. Copyright ©2002 with
permission from Elsevier

electrons and ions at a three-phase electrode, the authors [B280] observed a
rather fast propagation of the reaction of dmfc oxidation that cannot be
explained by a simple diffusion only. These results imply that the diffusion
is not the only way of mass transport through the NB droplet. Indeed,
migration and/or the Marangoni effect [B150] may play a role in the mass
transport, too. These studies clearly showed that the reactions occurring at

(continued)
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three-phase droplet-modified electrodes are not exclusively confined to the
three-phase junction line, but they advance toward the center of the droplet.

The questions addressing to the structure of the liquid-liquid interface are
also attractive owing to the importance of such interfaces in organic synthe-
sis, chemical separations, and ion transfer processes. An issue of particular
interest is whether the interfacial region is molecularly sharp or whether the
interface is comprised of a diffuse mixed interfacial region. By using the
vibrational sum-frequency spectroscopy as a probe of the structure, orienta-
tion, and bonding of the interfacial water, Richmond et al.'*171% have
recently shown that the interfaces between water and nonpolar organic
liquids, like alkanes (C¢—Cg) or CCly, are very sharp on a molecular level.
Beside these interfaces, the interface of water and polar 1,2-dichlorethane
was proven to be molecularly disordered with properties similar to a mixed-
phase interfacial region'’.
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Decamethylferrocene (dmfc), 44, 48, 132, 151,
253, 282
Decaphenylferrocene, 151
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2,2-Diphenyl-1-picrylhydrazyl (DPPH), 151
Dissolution reactions, 168—173
Dithiocarbamate, 151
Dithiocarbamate complexes, 165-168
Droplets, 24-28
attachment of, 24-28
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E
EDX. See Energy dispersive X-ray detector
(EDX)
Effect of the uncompensated resistance, 279
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Electroactive liquids, 283-292
Electrocatalysis, 242
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boron doped diamond, 20
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Electrolytes, 19-29
Electron transfer, 250
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Energy dispersive X-ray detector (EDX), 160
Entropies, 76
Enzymatic conversion, 177-182
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F
Facilitated ion transfer, 238-240
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Fe(n’-CsPhs)((n°-C¢Hs)CsPhy, 150
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B-FeOOH, 171

6-FeOOH, 171
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Ferrihydrite, 171

Ferrocene (fc), 109, 132, 151, 290
Ferrocytochrome, 241

Fe(III) tetraphenylporphyrine chloride, 260
Formal potentials, 162, 236, 255, 257
Four-phase system electrode, 142
Fullerenes, 63, 142, 151

Gibbs energies of ion transfer, 248, 257
Gibbs energies of transfer of cations, 261
Gibbs free energy, 235

Glutathione, 184

Goethite (a-FeOOH), 50, 170, 179
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Hemoglobin, 136

HER. See Hydrogen evolution reaction (HER)
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Hexacyanocobaltates(III), 124
Hexacyanoferrates, 156-159, 164
Hexacyanomanganate, 164
Hexacyanometalates, 162—165
Hg(Et,dtc),, 166

HgS/HgO, 107

High-temperature superconductor, 113
Hydrazine, 183, 184

Hydrogen evolution reaction (HER), 91
Hydroquinone, 180

Hyphenated techniques, 33-77
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Immiscibility polarization, 199

Immiscible liquids, 10

Indigo, 35, 56, 109, 147, 151

Inner standard, 107

In situ calorimetry, 66—77

In situ X-ray diffraction, 64—66

Interface of two immiscible electrolyte
solutions (ITIES), 249

Interfacial tension, 226

Todine, 262-264

Todopentacarbonyl chromium(0), 63

Ion exchange, 155

Ion potential, 164

Ion transfer, 248

Iron(II) hexacyanochromate(III), 152

Iron(IIl) hexacyanoferrate, 76

Iron(II) hexacyanomanganate(III), 153

Iron(Ill) hydroxide, 6

Iron oxide pigments, 105

Iron(III)-oxides, 168

Isomerization, 152

ITIES. See Interface of two immiscible
electrolyte solutions (ITIES)

K
Kubelka—Munk function, 39

L
Laccase, 180
LaNis, 175
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Lead oxide, 17

LiCoO,, 175

Li—-Fe-Mn-O spinels, 128
LiMn,Oy, 175

Li-Mn-O spinels, 170
Liphophilicity, 249
Liquid-liquid interface, 248
Litharge, 89

M
Maghemite, 170
Magnetite, 170, 176
Malachite, 103
Manganates(V), 173
Manganese(Il) hexacyanoferrate, 153
Marangoni convection, 268
Marangoni effect, 291
Marangoni streaming, 227
Mars black, 106
Mass transfer parameter, 190
Maya blue, 147
Maya green, 147
Maya yellow, 147
Medieval glazes, 103
Menthol, 255
Mercury(I) iodide, 5
Metal hexacyanometalates, 121-126
Metal-organic frameworks (MOFs), 136-137
Metals, 84-95
3-Methylthiophene, 230, 246
Microdroplets, 167
Microelectrode, 290
Microscopy, 3644
atomic force, 48—-59
scanning tunnelling, 48-59
in situ incident light, 3742
in situ transmission light, 42-44
Migration, 281-283
Minerals, 95-115, 117
Miscibility gaps, 199-204
Mixing entropy, 118
Mn(CO),(3-P,P)Br, 154
[Mn(CO),(#3-PsP")Br]|BF4, 154
MnO,, 108, 173
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MOFs. See Metal-organic frameworks (MOFs)
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NADH, 240-241
Nickel hexacyanoferrate, 157, 184
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Nitrobenzene (NB), 253, 255

4-Nitrophenyl nonyl ether, 230

Nitrophenyl octyl ether, 255

N,N,N’ N’ -tetraalkylphenylenediamines, 229

N,N,N’,N’-tetrahexylphenylenediamine
(THPD), 42

Nucleation—growth, 14, 141

(0]

Octacyanomolybdates, 79
Octacyanotungstates, 79

n-Octanol, 255-256

Ohmic drop, 250

“One-touch” methodology, 90

Organic compounds, 126-151

Organic pigments, 145-150
Organometallics, 126—151

ORR. See Oxygen reduction reaction (ORR)
Osmium bis(bipyridyl)tetrazine chloride, 150
Osmium trisdimetoxybipyridyl, 134, 150
Oxides, 126—-128

Oxygen reduction reaction (ORR), 91

P

Palygorskite, 147

Paraloid B72, 103

Para-N,N,N’ N’ -tetrahexylphenylenediamine
(THPD), 27

Para-phenylenediamine, 27

Particles, 22-24

immobilization of, 22-24

Pb(i-Pr,dtc),, 166

Pb(OH)CI, 64

PbO, 14, 49, 64, 103

PbO,, 103

Pb30y4, 103

PbO/HgO, 107

Peltier heat, 74

Pencil-leads, 30

Peptides, 256

Perovskites, 174

Phase identification, 95-106

Phase mixture, 106-112

Phase segregation, 201

Phase transition, 115

Phosphorus, 15

Photoactivity, 130

Photooxidation, 243

Photoreduction, 243

Photosynthesis, 244
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Phthalocyanines, 151

Phthalocynine, 30

Phylloquinone, 245

Pigments, 88-95, 197-117

Platinum particles, 182

Platinum phthalocyanine, 133

Point of zero charge, 5

Poly(3-Methylthiophene), 247

Polynuclear copper complexes, 135

Porphyrins, 159-161

Pressed cells, 3

Proustite, 115

Prussian blue, 48, 61, 109, 121, 156, 157,
179, 204

Pyrargyrite, 115

Pyrostilpnite, 115

Q

Quartz crystal microbalance, 30
Quinhydrone, 151, 179, 180

R

Redox liquids, 229-247

Redox mixed phases, 199

Redox solid solutions, 199

Robinson type, 135

RuO2-PVC film, 191

Ruthenium(III), 184

Ruthenium(III) diphenyldithiocarbamate, 150
Ruthenium(III) dithiocarbamate, 150

S

Scanning electron microscopy (SEM), 136

Scanning electron microscopy—energy
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