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Foreword 

Fundamental Electrode Kinetics is represented by treatments of reac­
tions such as O2 + 4H^ + 4e" ^ 2H2O, - 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 Pro­
fessor 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 1960's 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 non-
metallic materials, -immobilized particles and droplets, -and presents their 
electrochemistry. Much of this detailed work involves three phase bound­
ary 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 modem - to make sure of this 
the authors have a preliminary chapter in which they compress a descrip­
tion 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 spectro-electrochemistry. Chapter 
5 concerns immobilized particles and here we realize the full complexity 
of the systems treated, e.g., voltammograms are shown of systems contain­
ing several phases; and relevant data on the electrochemistry of minerals is 
described. The theory of such systems is presented with impressive clarity 
and detail. 

The last chapter (6) is about droplets and the electrochemistry of com­
pounds dissolved therein and includes a properly modem discussion of the 
electrochemistry of liquid-liquid interfaces. 
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Treatments of the thermodynamics of these systems is fully de­
scribed 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 position dependent. There is good opportunity 
for impedance spectroscopy in these systems. Descriptions of many elec­
trochemical events seldom met elsewhere is given, e.g., ion transfer from 
water to nitrobenzene, atom-force microscopy to study immobilized silver 
nano-crystals and their oxidation, which proceeds via an oversaturated sil­
ver halide solution. 

The book gives strong attention to quartz crystal micro-balance, able to 
record changes of nanograms. Impressive sensitivity of 10"̂  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 application, e.g., in rechargeable MnOa cells. 
Descriptions of the penetration of particles by redox reactions through mi­
cro-crystals typifies 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. 

Gainsville, Florida, November 2004 John O'M. Bockris 



Preface 

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 electro­
chemical techniques has always been on the how of making an electrode or 
a solution of a compound to be studied. This has set the most serious limi­
tations to general applications. An important step forward in the applicabil­
ity of electrochemistry has been achieved by showing that a mechanical 
immobilization of particles onto the surface of inert electrodes allows elec­
trochemical measurements on any compound or material, provided it does 
not dissolve in the electrolyte solution. Organic liquids and solutions im­
miscible with aqueous electrolyte solutions, can be immobilized on elec­
trode 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 char­
acterized by electron transfer and an ion transfer occurring simultaneously 
at one and the same electrode. As a result, the model of a three-phase elec­
trode 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: quantitative analysis of alloys; qualitative detection of alloy phases; 
study of the electrochemical corrosion of metal particles; identification of 
mineral phases; quantitative analysis of minerals and inorganic com­
pounds; determination of thermodynamic data of solid compounds and of 
the rate constants of electrochemically driven dissolution of solid com-
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pounds; qualitative and quantitative determination of the composition of 
solid solutions; elucidation of electrochemically driven isomerizations and 
other reactions of solid compounds; study of insertion electrochemical sys­
tems; elucidation of solid-to-solid electrochemical reactions and of struc­
ture-reactivity relations of solid compounds; understanding of the thermo-
djmamics 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 laboratories 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 co-authors having applied and developed it further 
within the past few years. We hope to provide a first-hand survey, to help 
others to make successful use of the new technique. Electrochemical 
measurements on immobilized particles and droplets are an attractive addi­
tion to spectroscopic, diffraction, and microscopic techniques, as used by 
inorganic, organic, physical, analytical, and material chemists, who face 
the task of characterizing solid compounds and materials as well as immis­
cible liquids and solutions. 

Here I would like to acknowledge the contributions of many students, 
co-workers, co-operation partners, guest scientists, and Mends. I cannot 
list them all; their names can be found in the bibliography at the end of the 
book. However, I like to name just a few here: Lutz Nitschke was the stu­
dent who performed the first experiments with immobilized particles; 
Birgit Meyer intensively studied minerals and contributed significantly to 
the general methodology; Ales Dostal fi-om Prague started the work with 
metal hexacyanometalates that was continued by Uwe Schroder, Heike 
Kahlert, Michael Hermes, and Antje Widmann; Milivoj Lovric and his 
wife Sebojka Komorsky-Lovric (Croatia) contributed extensively to the 
theoretical and experimental studies with immobilized particles and drop­
lets and became very good friends of my group in Berlin at the Humboldt 
University and later at the University of Greifswald. Maximiliano Bar-
cena-Soto (Mexico) developed the in situ calorimetry, and Ulrich Hasse 
successfully uses in situ AFM. Thanks also go to Valentin Mirceski (Ma­
cedonia) and to Zbigniew Stojek (Poland). Uwe Schroder established the 
microscopic diffuse reflectance spectroscopy 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 (Ma­
cedonia), who performed most of the measurements in liquid-liquid ion 
transfer at Greifswald, and Uwe Schroder are thanked for agreeing to co-
authoring this monograph. I am especially indebted to Alan Bond (Austra-
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lia) who invited me to his lab and who became so much interested in this 
new field of electrochemistry that dozens of fascinating landmark papers 
have been published by his group. Keith Oldham (Canada) has been an in­
spiring cooperator and discussions with him are a pleasure to acknowl­
edge. Frank Marken (UK) and Tomas Grygar (Czech Rep.) are acknowl­
edged for frequent exchanges of ideas and manuscripts. Mikhail 
Vorotjmtsev (France) kindly discussed Chapter 2 with me. Finally I want 
to thank my family, Gudrun, Christiane, and Thilo for their patience. 

Greifswald, Germany, November 2004 Fritz Scholz 
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1 Earlier Developed Techniques 

The first electrochemical experiments were performed with solid materials, 
esp. metals. However, these experiments, conducted in the 18"* and 19"* 
centuries, were directed towards the elucidation of the basic features of the 
electrical 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 semi­
conducting 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 in its own and 
the subject of many thorough treatises ' " . 

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; 
the second direction being the application of electrochemical 
measurements to acquire information on the composition or structure of 
solids. The latter aspect is analytical, whereas the first one is synthetic. 
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 immiscible liquids. To obtain information on the 
electrochemistry of liquids or solutions that are immiscible with water 

Gellings PJ, Bouwmeester HJM (eds) (1996) The CRC Handbook of Solid 
State Electrochemistry. CRC Press, Boca Raton 
Bruce PG (ed) (1995) Solid State Electrochemistry. Cambridge University 
Press, Cambridge 
Rickert H (1985) Solid State Electrochemistry. An Introduction. Springer-
Verlag, Berlin Heidelberg New York 
Maier J (2000) Festkorper - Fehler und Funktion, Prinzipien der 
Physikalischen Festkorperchemie. Teubner, Stuttgart 
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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 inhomogeneity of the electrode surface has to be bom in 
mind. The use of well-characterized surfaces of single crystals has 
tremendously helped understanding the electrochemistry of metals '. Since 
the electrochemical literature abounds in detailed descriptions of electrode 
fabrications, we omit this subject area along with that on metal 
electrodeposition ^ "̂  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 problem. These are cells with a counter electrode 
and a reference electrode, but with a missing bottom ' " ". Instead of the 
bottom there is only a mbber 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 

Kolb D (2001) Angew Chem 113:1198-1220 
Fischer H (1954) Elektrokristallisation von Metallen. Springer-Verlag, Berlin 
Heidelberg New York 
Budevski E, Staikov G, Lorenz WJ (1996) Electrochemical Phase Formation 
and Growth. VCH, Weinheim 
Slepushkin W (1980) Zh Anal Khim 35:249-253 
Slepushkin W , Mykovnina GS (1985) Zashcita Metallov 21:280-282 
Slepushkin W (1987) Zh Anal Khim 42:606-616 
Slepushkin W , Stifatov BM, Neiman EYa (1994) Zh Anal Khim 49:911-919 
Slepushkin W , Stifatov BM (1996) Zh Anal Khim 51:553-511 
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expensive with respect to the obtainable information. In Chapter 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 ^̂ " ̂ '*. 

Electrography 

Electrography, introduced independently by A. Glazunov and H. Fritz, is 
an obsolete technique, however, it deserves reference, as it was a first 
direct electrochemical analysis of solid materials ^̂ . The principle is that a 
solid specimen is pressed on a paper which is soaked with an electrolj^e 
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(II) 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. Fig. 1.1 shows the experimental arrangement and 
Fig. 1.2 an electrographic print depicting the distribution of nickel in an 
ore. 

Fig. 1.1. Experimental arrangement in electrography: A anode, AL cathode, N 
mineral, p paper soaked with a reagent solution ^̂  

Canturija VA, Vigdergauz VE (1993) Elektrokhimija sulfidov, teorija i 
praktika flotacii. Nauka, Moskva 
Holliday RI, Richmond WR (1990) J Electroanal Chem 288:83-98 
Jirkovsky R (1934) Mikrochemie (N.F. 9) 15:331-342 
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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 ^̂  

1.1.2 Electrochemistry of Suspensions and Colloids 

Non-Colloidal 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 ^̂ " *̂'. Micka has performed a series of systematic 
studies on the behavior of particles suspended in electrolyte solutions ^^'^. 
He has used the dropping mercury electrode in quite and in stirred 

Laitinen HA, Kolthoff IM (1941) J Phys Chem 45:1079-1093 
Laitinen HA, Jennings WP, Parks TD (1946) Ind Eng Chem, Anal Ed 18:355-
358 
Laitinen HA, Jennings WP, Parks TD (1946) Md Eng Chem, Anal Ed 18:358-
359 
Kolthoff IM, Kuroda PK (1951) Anal Chem 23:1306-1309 
Kolthoff IM, Stock JT (1955) Analyst 80:860-870 
Micka K (1956) Coll Czech Chem Comm 21:647-651 
Micka K (1957) Coll Czech Chem Comm 22:1400-1410 
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J 
Fig. 1.3. Polarogram of a suspension of 40 mg charcoal in 10 ml 0.1 M KCl 
solution. Recording of the polarograms was started at 0 V in a Heyrovsky cell, i.e., 
the potential refers to that of the bottom mercury 23 

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 " have discussed the stability of the electrolj^e 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(I) iodide particles strongly adhere at a mercury electrode only 
in the vicinity of the pzc 2̂ . Certainly, the surface charge of the particles 
has to be taken into account to imderstand the interaction of suspended 
particles with a charged electrode surface. 

Micka K (1960) Depolarisation of the dropping mercury electrode by 
suspensions of insoluble substances. In: Advances in Polarography, 
Proceedings of the second international congress. Longmuir IS (ed), Vol, 3, 
Pergamon Press, Oxford, pp 1182-1190 
Micka K (1965) Coll Czech Chem Comm 30:235-245 
Micka K, Kadlec O (1966) Coll Czech Chem Comm 31:3837-3844 
Micka K (1968) Fresenius' Z Analyt Chem 234:119-121 
Dausheva MR, Songina OA (1973) Uspekhi Khim 42:323-342 
Songina OA, Dausheva MR (1965) Elektrokhim 1:1464-1468 

24 
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Franklin et al. have pioneered work using electrodes covered with a 
polymer film in-situ formed in suspensions of mineral particles ^̂ " ^'^. The 
authors have used cationic surfactant-st5Tene-aqueous sodium hydroxide 
emulsions and have observed specific signals of the suspended mineral 
particles. However, no detailed analysis 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. 

Colloidal Solutions 

Majer has been the first to observing a signal in colloidal iron(III) 
hydroxide solutions " 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 20* century do not refer to any work 
in this field. Perhaps the paradigmatic statement of J. Heyrovsky that only 
"really dissolved compounds" give polarograms '" 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 Valko 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" ". 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 

Franklin TC, Nnodimele R, Adeniyi WK, Hunt D (1987) J Electrochem Soc 
134:2150-2153 
Franklin TC, Nnodimele R, Adeniyi WK, Hunt D (1988) J Electrochem Soc 
135: 1944-1946 
Franklin TC, Adeniyi WK (1988) Anal Chim Acta 207:311-317 
Franklin TC, Darlington J, Nnodimele R, Duty RC (1992) Heterogeneous 
Catalysts for Use in Anodic Electrosyntheses and Electrodestruction of 
Organic Compounds in Aqueous Surfactant Systems. In: Electrochemistry in 
Colloids and Dispersions. Mackay RA, Texter J (eds) VCH, New York, pp 
319-329 
Majer V (1943) Chem listy 37:202-204 
Heyrovky J (1941) Polarographie. Theoretische Grundlagen, praktische 
AusfUhrung und Anwendungen der Elektrolyse mit der tropfenden 
Quecksilberelektrode. Springer, Wien, p 273 
Pauli W, Valko E (1929) Elektrochemie der KoUoide. Springer, Wien, p 296 
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of colloidal particles on electrode surfaces has made advancements '*, 
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. "" ' ' . 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 semi­
conducting particles and dissolved species '"', 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 be regarded as a way to 
access the electrochemistry of solid substances. 

1.1.3 Paste and Composite Electrodes 

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, as, 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 towards the electrolyte solution. The 
paste can be thick enough to be kept in a holder even when the outlet is 
turned downwards. However, organic binders, e.g., paraffin oil, may 

'* Mackay RA, Texter J (eds) (1992) Electrochemistry in Colloids and 
Dispersions. VCH, New York 

" Heyrovsky M, Jirkovsky J, Miiller B (1995) Langmuir 11:4293-4299 
'* Heyrovsky M, Jirkovsky J, Struplova-Bartackova M (1995) Langmuir 

11:4300-4308 
'̂ Heyrovsky M, Jirkovsky J, Struplova-Bartackova M (1995) Langmuir 

11:4309-4312 
"" Mulvaney P (1998) Zeta Potential and Colloid Reaction Kinetics, in: 

Nanoparticles and Nanostructured Films. Fendler JH (ed) Wiley-VCH 
Weinheim, pp 275-306 

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

"̂  Brainina KhZ, Neyman EJa, Slepushkin W (1988) Inversionnye 
elektroanaliticheskie metody. Khimija, Moskva 

"' Brainina Kh, Neyman E (1993) Electroanalytical stripping methods. Wiley & 
Sons, New York 
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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 binders is preferable '^. 
However, they can prompt chemical reactions with the solid, e.g., 
dissolutions. In some studies, such pre-dissolutions have been deliberately 
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 electrochemistry, 
esp. at elevated temperatures ' " ̂ . 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 
conductivity. 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 electrochemical 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. 

Alonso Sedano A, Tascon Garcia LM, Vazquez Barbado DM, Sanchez 
Batanero P (2003) J Solid State Electrochem 7:301-308 
Kulesza P, Malik A (1999) Solid-State Voltammetry. In: Interfacial 
Electrochemistry, Theory, Experiment, and Applications. Wieckowski A (ed) 
Marcel Dekker, New York pp 673-688 
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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 the presence of an aqueous electrolj^e 
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 ̂ *. 

At the interface of two immiscible liquid phases ions partition and thus a 
galvanic potential difference is established. Hence, by applying a potential 
difference 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 ''* " ''̂ . 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 Chapter 6 of this monograph, the 
electrochemistry of immobilized droplets will be discussed. In this case, 
ion transfer reactions occur across the liquid-liquid interface accompanied 
by electron transfer reactions across the liquid (nonaqueous)-solid 
interface. 

Girault HH, Schiffrin DJ (1989) Electrochemistry of liquid-liquid interfaces. 
In: Electroanalytical Chemistry. Bard AJ (ed) vol 15, Marcel Dekker, New 
York 
Vanysek P (1996) Modem Techniques in Electroanalysis. Wiley, New York 
Volkov AG (ed) (2001) Liquid Interfaces in Chemical, Biological, and 
Pharmaceutical Applications. Marcel Dekker, New York 



2 Electrodes with Immobilized Partlcies and 
Dropiets - Tliree-Pliase Eiectrodes 

It is a common feature of electrodes with immobilized particles and drop­
lets 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 fiiel cell electrodes, electrodes of the second kind, etc. In fact, the ma­
jority of surface-modified electrodes consist of arrays of particles that par­
tially 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 par­
ticles or droplets have been mechanically attached with the aim of studying 
their electrochemistry. Before going into the details in the Chapters 5 and 
6, we now want to outline the specificity oi 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 mole­
cules 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 ni. The ion transfer is an indispen-

CountGr 

electrode 
Reference 

electrode 

Electrolyte solution 
[ptiase III) 

Fig. 2.1. Schematic drawing of a three-electrode cell with a working electrode on 
the surface of which a particle or a droplet is attached 
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Phase II Phase 111 

Ions 

Phase I 

Fig. 2.2. Scheme of the simultaneous electron and ion transfer at a three-phase 
electrode 

sable 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 happen in systems where the particles exhibit 
electrocatalytic activity. 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 '. 

Thermodjmamically 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 2). The formal thermody­
namic analysis of a three-phase electrode is rather simple; however, there 

When a metal particle, e.g. Ag, attached to a gold electrode is anodically oxi­
dized, 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 ter­
minal. It should be remembered that the interfacial potentials that build up be­
tween the electrodes and its terminal conducting connectors are responsible for 
the inaccessibility of single electrode potentials. 
Lange E, Gohr H (1962) Thermodynamische Elektrochemie. Hiithig Verlag, 
Heidelberg 
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are general problems involved that have not been solved until today: For­
mally, one can split an overall equilibrium equation 

phasell phasel phasein ^ phasell phasell 

with the Nemst equation 

DT- a „ a ^̂  
W — F * J . I n ^"p t "^ ^ilmasi 

nF a ,(,-.,+ 0 + 

(2-1) 

into two equilibria, one involving the transfer of electrons 

and one involving the transfer of ions 

phasein ^ 

with the following Nemst equations 

'^•^phasen ^ "*^phasel <— ^*^"phasen '̂  ^ 

C^ T± C^ (lb) 
phasein ^ phasell 

nt a , 
Red 

E•^m^ = E„ -\ hi 

(2.3) 

F a 

The standard potentials are interrelated by the following equation: 

F« = £ • * , £ • * (2.4) 
^Ox/Red/C -^Chi/Red ^ ^C 

Both equilibria la and lb 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 la and lb in the case of solids. When phase II is a solution 
phase, the activities of Ox, Red, and Cat^ are in principle accessible, how­
ever, it remains the problem that an extrathermodynamic assumption is 
necessary for quantifying the free energy of ion transfer between the liquid 
phases II and III. Despite these inherent and still unresolved problems, pro­
gress has been made by rather simple models, e.g., assuming for solids that 
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that the activities of Ox and Red can be approximated by their molar ratios 
(Chapter 5), and by assuming that ions like tetraphenylarsomium cations 
and tetraphenylborate anions have the same free energy of ion transfer in 
systems like water-nitrobenzol (see Chapter 6). 

The kinetic description of a three-phase electrode is much more com­
plex since several aspects must be taken into account: (i) the kinetics of the 
electron transfer, (ii) the kinetics of the ion transfer, (iii) the electron and 
ion conductivity of the immobilized phase, and (iv) the size and shape of 
the immobilized phase. Thus it is not surprising that compared to the ther-
modjmamics, the kinetics of three-phase electrodes with immobilized par­
ticles and droplets have been much less studied. Of course, most systems 
are even more complex than illustrated in Fig. 2.2. For example, the reac­
tions 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 transfor­
mation 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 for­
mation 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 discussed in Sect. 4.2 [B 184]. 
The model depicted in Fig. 2.3 was derived from the AFM results that 
show a reactions front proceeding through the PbO crystal. It was postu­
lated that a reaction zone forms as an interphase between the PbO and Pb 
phases. 

Fig. 2.3. Schematic model for the processes at a three-phase electrode 
gold/PbO/solution when PbO is reduced to Pb as a fourth phase [B 184] 
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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. Paral­
lel to this electron transfer, the ion fransfer may take place across the inter­
face between the phases II and III. Examples are the insertion electro­
chemical reactions of metal hexacyanoferrates (see examples in Sects. 5.3, 
5.5, 5.6), and many other insertion electrochemical reactions, e.g., the re­
duction of "MnOa". 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 elec­
trons, like white phosphorus [B 157]. 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 elecfrochemical behav­
ior of white phosphorus that the 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 

Electrolyte Solution 

\ P* 
^ T - pa. \ 

i H,0 

P'* 

1 
P"* 

H * '• 

White Phosphorus 

Fig. 2.4. Model for the electrochemical oxidation of white phosphorus at the 
three-phase junction electrolyte solution | phosphorus | graphite. The surface of the 
phosphorus will bend up due to the ingress of water and the expanding volume of 
the reaction products. The boarders between the different phosphorus oxides, 
symbolized by the oxidation state of phosphorus, are certainly diffuse [B 154] 
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reference 
electrode 

counter 
electrode 

three-phase 
junction 

graphite 
(working electrode) 

three-phase 
junction 

Red ̂  Ox* 

graphite 

organic phase 

aqueous electrolyte 
(Car, An) 

(aq) 

aqueous electrolyte 

Fig. 2.5. A Schematic presentation of the situation when an organic phase droplet 
contains an electroactive form Red that is oxidized to Ox̂  accompanied by a trans­
fer of the anions An" from an aqueous electrolyte solution to the organic phase. B 
Shows how the reaction products Ox̂  and An" spread from the three-phase junc­
tion into the droplet creating an ionic conductivity in the organic phase 

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 elecfron transfer. 
Plenty of examples are given in Chapter 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 sol­
vent 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 elecfrodes are given here to prepare the 
reader that this monograph deals with the special situation that arises when 
particles or droplets are immobiUzed on electrode surfaces. However, elec­
frodes with immobilized particles or droplets must still be considered as 
simplified models for much more complex elecfrode situations, as they are 
frequently encountered in battery systems, technical electrolysis, etc. 
When carbon powder, manganese dioxide and an alkaline elecfrolyte are 
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Phase II 

(electroactive particle or drolpet) 

Phase III 

(electrolyte solution) 

„Electron flux" 

Phase I 

(electron condutor) Ion flux" 

Fig. 2.6. Schematic view of a three-phase electrode. Phase I is an electron conduc­
tor (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 direc­
tion in which electrons can be transferred across the interface Ifll 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 

mixed to make the cathode of a Leclanche battery, the latter is nothing else 
but an extended three-phase electrode. 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 electrode. 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/II) and ion transfer (II/III). The transfer rates 
across the interfaces 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 dis­
solve; an example being the electrochemical dissolution of metal oxides as 
discussed in Sect. 5.7. Usually, one will observe that the advancement of 
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cussed in Sect. 5.7. Usually, one will observe that the advancement 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). 



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 suc­
cessfully been used to perform voltammetric measurements of immobi­
lized particles and droplets. However, the suitability of an electrode mate­
rial 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 the elec­
trode material. 

Graphite has become most widely used as the electrode base material. It 
combines a high chemical inertness with a wide potential window, low 
price, the ease of processing and a softness enabling the mechanical "stick­
ing" of sample powder on an electrode surface. One of the greatest advan­
tages of graphite-based electrodes lies in the ease of cleansing of the elec­
trode from attached powder samples which is achieved by removing the 
upper electrode surface layer by abrasion or cutting (see Sect. 3.2). 

Paraffin Impregnated Graphite Electrodes 

Amongst the graphite based electrodes the paraffin impregnated graphite 
electrodes (PIGE) are most successful. These electrodes consist of high-
purity graphite rods whose pores are filled with paraffin in order to prevent 
high background currents and the spoiling of the electrode by ingressing 
solution [B 85]. 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. The melt 
remains under vacuum until no more bubbles evolve from the rods. It is 
then returned to ambient pressure which leads to a complete penetration of 
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the rod by the paraffin. The rods are removed from the melt before the par­
affin solidifies and are placed onto filter paper in order to remove excess 
paraffin. 

Composite Electrodes 

Composite electrodes based on graphite powder as the electrode base ma­
terial usually require polymer-resin based binders, e.g., polyester [B 195, B 
217], or wax ("sticky carbon" [B 223]) in order to seal the pores and give 
the electrodes mechanical stability. The choice of a suitable binder is cru­
cial as the chemical and physical inertness against the electrolyte solution, 
the thermal stability and the mechanical properties are dominantly ruled by 
the binder. The preparation 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 of the process of solidification. 
The latter may be accomplished by curing of the polymer resins [B 195] or 
by re-solidification of molten wax or paraffin. 

Basal Plane Pyrolytic Carbon 

Basal plane pyrolytic carbon [B 28, B 29] is very well suited for the volt-
ammetry of particles and droplets. As the basal plane pyrolytic 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 Orientated Pyrolytic Carbon (HOPG) 

This material possesses a highly fragile layer structure that bans the me­
chanical immobilization of particles as that could severely damage the ma­
terial surface. However, HOPG is a favorite electrode material for scan­
ning electrochemical microscopy (SECM) and atomic force microscopy 
(AFM) and has successfully been used for the microscopic investigation of 
solid microparticles (see, e.g., [B 147]). 

Pencil Lead Electrodes 

Pencil lead has been proposed for use as electrode material [B 48], and a 
comparison with PIGE electrodes showed comparable results. Its major 
advantage is its low price and universal availability. 
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Boron Doped Diamond Electrodes 

Recently, boron doped diamond electrodes have received much attention 
[B 123, B 168, B 224] 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. How­
ever, the cleaning of the electrodes after a mechanical (abrasive) sample 
immobilization is rather tedious. 

Marken et al. [B 168] have demonstrated that at boron doped diamond 
electrodes a facile oxidation and reduction of immobilized microdroplets 
of tetraalkylphenylenediamines can be achieved, which the authors attrib­
uted to a good adhesion of the organic material to the electrode surface. 

Glassy Carbon Electrodes 

Glassy carbon is less suited for a mechanical immobilization 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 [B 138]. At 
polished glassy carbon electrodes also the deposition of microdroplets by 
evaporation from organic solvents is rather difficult as the poor wetting 
properties and the therefore rather bad adherence of the droplets at the car­
bon surface often leads 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 [B 60]. In the latter communication it is demonstrated that the ad­
herence of microparticles at GC electrodes is much weaker than at graphite 
electrodes, where particles are literally embedded into the electrode sur­
face. 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 [B 60]. 

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 
demonstrated (see, for instance [B 138]), with gold, glassy carbon and 
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platinum electrodes very similar results are obtained. Applications like the 
electrochemical quartz crystal microbalance, EQCM (Chapter 4.3) require 
the use of gold electrodes [B 54, B 65]. (See also AFM/STM: Chapter 4.2, 
[B 184, B 278, B279]) and in situ calorimetry (Chapter 4.5, [B 219, B 220] 

3.1.2 Electrolytes and Electrochemical Cells 

The equipment to perform electrochemical studies of immobilized mi-
croparticles and microdroplets is the same as that used for conventional 
electrochemical measurements. Generally, a three-electrode arrangement 
consisting of a working electrode, 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 reaches from conventional glass cells to specially 
adapted constructions like for flow-through experiments, or for spec-
troelectrochemistry (Chapter 4.1). 

The choice of the electrolyte depends on the nature of the studied com­
pound and processes. In the vast majority of cases aqueous electrolyte so­
lutions are used. However, organic solvents like acetonitrile can be used as 
well, provided their dielectric constant allows electrolyte salts to be dis­
solved in order to achieve sufficient conductivity. The major prerequisite 
for the choice of the electrolj^e solvent is the insolubility or at least a very 
low solubility of the studied compound in the solvent. 

After immobilization of the sample particles or droplets (see Chapters 
3.2 and 3.3) the electrode is ready for measurement. 

WE RE 

electrolyte 
solution 

Fig. 3.1. Configuration of electrodes in an electrochemical cell for the voltam-
metry of immobilized microparticles and microdroplets 
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Figure 3.1 depicts a most appropriate configuration of the working elec­
trode 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 adhering to the lower circular electrode surface. This en­
sures a reproducible active surface area without the necessity of insulating 
the shaft of the electrode. However, since the electrode shaft is not con­
taminated with sample particles or droplets, even an immersion of the elec­
trode into the solution for some millimeters would only affect the back­
ground current. 

3.2 Immobilization of Particles 

When the sample is a powder with grain size in the îm 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 rubbing 
the electrode rod with its lower circular surface on the sample spot (see 
Fig. 3.2). Usually, this results in the attachment of plenty of particles on 
the electrode. Most of them will be partly 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 re­
mains at the hydrophobic electrode, so that this washing cannot dilute the 

Fig. 3.2. Transfer of microparticles from a glass plate onto the surface of a paraf­
fin impregnated graphite electrode (PIGE) 
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electrolyte solution. In fact, washing off the loose particles is even unnec­
essary 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 how 
much sample should be used, what is the right pressure when rubbing the 
electrode on the sample spot, and what are the best movements to rub. Oc­
casionally, 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 will 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 AI2O3 or diamond) may be placed between the electrode and 
the compact sample. Because of its inertness the abrasive powder cannot 
interfere in the electrochemistry. Alternatively, very hard electrodes, as, 
e.g., boron doped diamond 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, the im­
mobilization can be achieved by slow evaporation of a very dilute suspen­
sion of the powder (or even colloid) on the electrode surface. Care must be 
taken to avoid that the suspension forms large droplets that would leave 
patches of adhering particles, unsuitable for AFM/STM work. When the 
sample is a rather coarse powder, it is the best to crush a small amount in a 
mortar to obtain fine particles. 

After having performed the electrochemical measurements, it is not less 
important to clean the electrode surface for the next measurements. The 
best way to clean a PIGE is to rub its surface on filter paper. This rubbing 
must be interrupted on the paper 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 a rounding of the edges. The 
electrode surface should be kept flat, as this helps very much in follow-up 
cleaning 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 re­
mains 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 a blank volt-
ammogram. Without this, one can never trust that the measured response 
of a sample is caused by the fresh sample only, and not also resulting from 
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Fig. 3.3. Cleaning the surface of a PIGE by interrupted polishing on paper 

previous measurements. In rare cases, when the particles are very hard and 
when they are not dissolved in the electrochemical measurements (this 
happens with some rather coarse steel particles) the left-over 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 up-right as possible. Other points 
to remember in immobilizing samples are discussed in connection with the 
electrodes in Sect. 3.1. 

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 drop­
lets. By allowing charge compensation along this boundary it is possible to 
study electrochemical reactions of ionically non-conducting liquids and 
non-polarizable 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 
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electrode surface must be prevented. A full coverage with ionically non­
conducting liquids would ultimately block the electrode. 

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, and like in the case of other tech­
niques that probe liquid|liquid interfaces, the voltammetry of droplets re­
quires 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 electrolj^e solution the 
small droplets would very quickly dissolve in the surrounding electrolyte 
solution. 

However, the solubility of many organic solvents in water cannot be ne­
glected (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 attaching of a single droplet on the surface of an electrode can be 
achieved in many ways. The probably most sophisticated method is the la­
ser trapping technique (see, e.g., Nakatani et al. '). In the following sec­
tions, however, only those approaches will be considered that are available 
without disproportional technical expenses. 

Generally, the droplet attachment is straightforward. In order to transfer 
a defined, small volume of the liquid sample onto a large electrode surface, 
either jiL-syringes or pipettes can been used. As an example, droplets of 
polar and nonpolar aprotic solvents containing dissolved electroactive spe­
cies have been deposited in order to study transfer processes across the 
solvent|water interface facilitated by electrochemical reactions of electro-
active species dissolved in the droplet [B 132]. For that, the authors have 
deposited 1-2 jiL of nitrobenzene, containing 1-100 mmol L"' of the elec­
troactive species, on the surface of a paraffin impregnated graphite elec­
trode [e.g. B 132, B 188] or a glassy carbon electrode [B 242] (5 mm di­
ameter). This procedure forms a droplet with a diameter of approximately 
0.5 - 2 mm [B 188, B 242]. 

' Nakatani K, Chikama K, Kitamura N (1999) In: Advances in Photochemistry, 
vol 24. Wiley-Interscience, New York, pp 173-223 
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More complicated is the attachment of single droplets at microelec-
trodes. This usually requires the use of an optical microscope and a 
micromanipulation system. Terui et al., for instance, have used a glass fi­
ber with a tip radius of 5 |j,l in order to deposit single droplets of nitroben­
zene of a diameter between 25 (xm and 100 (xm gold microelectrodes [B 
153]. The attachment of single droplets at microelectrodes usually leads to 
conditions in which the droplet size is larger than the diameter of the elec­
trode. Due to the absence of a three-phase junction water|electrode|droplet, 
this setup requires to add supporting electrolj^es 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 electrolj^e solution can easily lead to the detach­
ment of the droplets fi-om the electrode. This is the reason that this experi­
mental setup is only rarely used. An example is the communication of Ul-
meanu et al. [B 180] who deposited single drops of a volume of 10 ^L of 
the appropriate aqueous solution containing supporting electrolj^e and the 
electroactive species on a freshly polished platinum elecfrode (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 microdrop­
lets leads to the formation of extremely small droplets, down to femtoliter 
volumes [B 285]. 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 microdrop­
lets 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., acetoni-
trile, dichloromethane). It has to be taken into account that growing con-
cenfrations of the compound in the solvent will eventually lead to an in­
creased 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 fransferred to the 
surface of an appropriate elecfrode. Graphite elecfrodes like paraffin im­
pregnated elecfrodes and basal plane pyrolytic carbon elecfrodes seem 



28 3 The Experiment 

most suitable, as hydrophobic surface allows a good wetting and thus ad­
herence of the organic solution (see also Chapter 3.1). Then, the solvent is 
evaporated in air or, if necessary, under inert gas atmosphere. 

Naturally, this technique can be applied only for non-volatile com­
pounds. Examples are redoxliquids like tetraalkyl substituted 
phenylenediamines (TRPDs) which have been deposited at basal plane py­
rolytic carbon electrodes (see Chapter 6.1). As an example, Marken and 
coworkers transferred 1-50 p,L of freshly prepared solution of the com­
pound dissolved in acetonitrile (0.1-1 mmol L"̂ ) onto the electrode surface 
and evaporated the acetonitrile in air [e.g., B 74]. 

An important question to be addressed is, in what form and size the mi-
crodroplets are distributed at electrode surfaces. In a recent work, Wadha-
wan et al. [B 230] answered this question in an elegant manner. The au­
thors examined the deposi t ion pat tern of para-N,N,N\N'-
tetrahexylphenylenediamine (THPD) at basal plane pyrolytic carbon elec­
trodes by taking advantage of the well-known abilities of the related 7?ara-
phenylenediamine as a photographic developer. After the deposition of 
microdroplets of THPD, the modified electrode was dipped for a few sec­
onds into a 0.1 M aqueous solution of silver perchlorate allowing the 

Fig. 3.4. a, b SEM image of a 4 nmol, and b 40 nmol of THPD deposited on a 
basal plane pyrolytic carbon electrode and immersed in AgC104 for 10 s (at open 
circuit potential), c and d measured droplet distribution for the two coverages in­
dicated in a and b [B 230] 
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following reaction to take place: 

THPD„,+Ag;+C10;(^ ^ [THPD^-C10;L +Ag, (I) 

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 |j,m (for 4 nmol THPD deposited) 
and 20.6 ^m (for 40 nmol THPD deposited). The experiments also sup­
ported 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 
drop during evaporation can lead to the unwanted concentration of the re­
dox 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 distri­
bution of the droplets across the electrode surface it is possible to roughen 
the electrode surface mechanically prior to the droplet deposition. By do­
ing 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 the solvent evaporation. 

In order to achieve a sufficiently even distribution of the droplets at 
transparent indium tin oxide electrodes (ITOs) Marken [B 74] 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 applicable .̂ It can be recommended to perform prelimi­
nary 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 

Scholz F (ed) (2002) Electroanalytical Chemistry. Guide to Experiments and 
Applications. Springer-Verlag, Berlin Heidelberg New York 



30 3 The Experiment 

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. Usu­
ally the signals will become narrower with decreasing amounts. If that is 
not the case, the broad signals may be an inherent property of the com­
pound. 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 
[BIBLIO 83]. With electrode diameters in the range of 0.5 to 5 mm and a 
particle size of about 10 (xm, one observes peak currents between 1 and 
500 H.A in cyclic voltammetric experiments, at voltammetric scan rates be­
tween 1 and 100 mV s"\ 

In the case of completely chemically reversible systems, as, e.g., in case 
of Prussian blue and its analogues, it can be useful quantifying the amount 
of deposited material with the help of chronocoulometry. Of course, chro-
nocoulometry will yield only the amount of electrochemically active parti­
cles. 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 electrochemical reaction prompts the forma­
tion of an insulating layer on the surface of the particles or at the 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 elec­
trochemically dissolved by oxidation, or some oxides are dissolved by re­
duction, one must bear in mind that the scanning time with these tech­
niques 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 re­
moved before the next measurement. 
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The depth of information obtainable from a single electroanalytical tech­
nique like the voltammetry of immobilized particles and droplets is natu­
rally limited. Consequently, the combinations of electroanalytical tech­
niques with non-electrochemical techniques become important and 
attractive. In particular, in situ combinations are powerful tools for investi­
gating electrode processes. They are based on a simultaneous recording of 
electrochemical and non-electrochemical signals. 

A number of restrictions apply to in situ combinations, mainly con­
nected with the presence of the aqueous electrolyte solution. Thus, the use 
of vacuum spectrometric techniques employing electrons, ions or atoms 
for excitation or detection are restricted to be applied ex situ only. Most 
important are the spectroelectrochemical techniques, i.e., the combination 
of electroanalytical and spectroscopic techniques. The combination with 
electron spin resonance spectroscopy ' " ,̂ with Raman^" ,̂ infrared * and 
UV-VIS spectroscopy ^ proved to be very powerftil instruments for inves­
tigating electrode processes. 

The adaptation of hyphenated techniques to the voltammetry of immobi­
lized particles and droplets is not always straightforward. Some methods, 
like the elecfrochemical quartz crystal microbalance, EQCM, can be util­
ized literally instantaneously. Other, especially spectroelectrochemical 
techniques, generally require the building of adapted electrochemical cells 

Goldberg IB, McKinney TM (1984) Principles and Techniques of Electro­
chemical Electron Spin Resonance Experiments. In: Kissinger PT, Heinemann 
WR (eds) Laboratory Techniques in Electroanalytical Chemistry, Dekker, New 
York Basel, pp 675-699 
Bagchi RN, Bond AM, Scholz F (1989) Electroanalysis 1:1-11 
Birke RL, Lu T, Lombard! JR, (1990) Surface Enhanced Raman Spectroscopy. 
In: Varma R, Selman JR (ed) Techniques for Characterization of Electrodes 
and Electrochemical Processes. Wiley, New York, pp 211-277 
Bard AJ, Faulkner LR (2001) Electrochemical Methods, l'^ ed. Wiley, New 
York, pp 704-709 
Arsov LD, PUeth W, KoBmehl G (1998) J Solid State Electrochem 2: 355-368 
Kulesza PJ, Malik MA, Denca A, Strojek J (1996) Anal Chem 68: 2442-2446 
Mortimer RJ, Rosseinski DR (1984) JCS Dalton Trans 2059-2062 
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in order to meet the special conditions that arise from the specific geome­
try of the electrodes. 

4.1 Optical Techniques and Spectroeiectrocliemistry 

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 im­
mobilized films, particles and droplets, a number of spectroelectrochemi-
cal techniques have been developed. They are based on two major set-ups: 

- 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 applications 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 spectroelectrochemi­
cal investigation of the electrochromic properties 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 wide­
spread in electrochemistry ' \ 

Kulesza PJ, Zamponi S, Malik MA, Miecznikowski K, Berrettoni M, Marassi 
R (1997) J Solid State Electrochem 1: 88-93 
Malinauskas A, Holze R, Electrochim Acta (1998) 43: 2563-2575 
Monk PMS, Mortimer RJ and Rosseinsky DR (1995) Electrochromism: Fun­
damentals and Applications. VCH, Weinheim 
Plieth W, Wilson GS, delaFe CG (1998) Pure and Appl Chem 70: 1395-1414 
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Generally, both, transmission and reflectance techniques, have been 
used based on a preliminary, mostly electrochemical, deposition of the tar­
get compound onto the electrode. However, they can also be exploited for 
studying mechanically immobilized particles and droplets. Due to the na­
ture of the voltammetry of immobilized microparticles and microdroplets, 
however, they require some modification in order to make use of their full 
potential. One of the features of the voltammetry of immobilized micropar­
ticles and droplets is the generally low and partially uneven surface cover­
age 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 cov­
erage generally leads to an increasing droplet size connected with the rela­
tive 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 
Chapter 4.1.2, the problem of applying optical observation and spectro­
scopic analysis to the voltammetry of immobilized microparticles and mi­
crodroplets has been successfixlly solved using optical microscopy. 
An important example for the exploitation of transmission spectroelectro-
chemical measurements of immobilized microparticles is the study of in­
digo by Bond et al. [B 72]. Bond and coworkers have utilized UV-VIS 
spectroelectrochemistry in order to unravel the complex redox chemistry 
of indigo. They compared the spectroelectrochemical behavior of mi­
croparticles of indigo mechanically attached onto the surface of an ITO 
electrode and that of the compound dissolved in DMSO. For their investi­
gation, 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 trans­
ferred 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 dis­
solved 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 spec­
tra of indigo during an electrochemical reduction of (b) the immobilized 



34 4 Hyphenated Techniques 

(a) Gold grid cell 
To reference 
electrode 

Quartz wiridow 

(b) ITO layer cell 
Fig. 4.1. Thin layer transparent electrochemical cells with a gold grid electrode for 
solution experiments and an ITO electrode coated on glass for electrochemical ex­
periments using solids [B 72] 

270 
A/nm 

800 

Fig. 4.2. UV-VIS absorption of indigo 
mechanically attached to an ITO electrode 
and immersed in 1.28 mol L"̂  NaCl elec­
trolyte 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 re­
corded) when a potential of -1.0 V vs. 
SCE is applied (curves correspond to 5 s, 
30 s, 2 min, 10 min and 30 min electroly­
sis). c In situ UV-VIS spectroelectro-
chemical monitoring of the reduction of 
2.4 X 10^ mol L"̂  indigo in DMF (0.1 mol 
L"' NBut4PF6, 10 nmol L"̂  benzoic acid) 
(apphed potential -1.0 V vs. SCE) [B 72] 
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solid, and (c) the dissolved compound. From the comparison of these spec­
tra, which indicate remarkable differences in the reductive conversion of 
indigo, the authors have proposed a reaction scheme for the conversion of 
the immobilized compound that, without the spectroelectrochemical study, 
would not have been possible to derive (for ftirther details see Chapter 
5.4). 

4.1.2 In Situ Light IVIicroscopy and IVIicroscopic 
Spectroelectrochemistry 

The low surface coverage in combination with the uneven distribution of 
the microparticles and droplets at a given electrode surface favor light mi­
croscopy for the observation of electrochemical reactions of these redox 
systems. As we will show in the following sections, the accessible infor­
mation can range from the purely qualitative, visual observation of elecfro-
chemical processes to the quantitative evaluation with the help of coupled 
spectrometric equipment. 

In situ light microscopy is a cheap and sfraightforward technique that 
enables the reaction to be followed with a spatial resolution down to mi­
crometer scale. Compared to atomic force microscopy (AFM) this resolu­
tion appears to be rather low, but considering the low investment and op­
erational costs of the equipment, the possible real-time observation of the 
electrode surface and additional information like color changes and the in­
terrogation of the spatial progressing of a reaction, the in situ light micros­
copy has 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 towards elec­
trode material and sample nature, both techniques have their application 
domains. 

In Situ Incident Light Microscopy 

For the in situ observation of electrochemical reactions at non-fransparent 
electrodes conventional light microscopes equipped with an incident light 
unit can be used. Microscopes of this kind are t5^ically used for ore mi­
croscopy, material and life science. The setup requires an adapted electro­
chemical 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 oR,, geometry of the optical path usually requires the 
specular reflectance of the electrode surface to be minimized. This can be 
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realized with the help of two polarizing filters, which are generally avail­
able 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 sec­
tions. As an example, an electrochemical cell has been presented for the in 
situ microscopic observation of electrochemical reactions of microcrystal-
line samples mechanically attached to the surface of paraffin impregnated 
graphite electrodes [B 58]. 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, how­
ever, 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 
fi-om the top of the cell. An example for such a setup is presented in [B 
67]. 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 simpli­
fies 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 ^m (see Fig. 4.4). Higher spatial 
resolutions are principally possible, however, the shrinking electrolj^e 
layer thickness between the working electrode and the glass window goes 
along with a restriction of the diffusion fi-om or to the electrode surface 
and thus with a strong deterioration of the voltammetric signals. The use of 
long-range object lenses might help overcoming this problem. For the 
study of immobilized microparticles, the electrode preparation is straight­
forward and follows the usual procedure of mechanical immobilization 
(Chapter 3.2.). 

A similar technique has been used by Bond et. al [B 56, B 101] who 
employed a video capturing system in combination with a Nikon Epiphot 
inverted metallurgical microscope fitted with a long-working-distance ob­
jective lens and a CCD TV camera for a subsequent analysis of the optical 
data. From the captured images the authors could deduce that the electro­
chemical reactivity of microparticles of 7,7,8,8-tetracyanoquinodimethane 
(TCNQ) immobilized on polished gold electrodes 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 ^m), whereas the conversion rate of 
larger crystals did not suffice to contribute to the voltammetric signal. 
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swivel plate AE N2 WE ^ RE acrylic 
body 

micrometer screw microscope 
stage electrolyte 

objective 
Fig. 4.3. Cross section of the electrochemical cell for in situ microscopic spectroelectro-
chemistry [B 67] 

Fig. 4.4. Top Photographic im­
age of silver octacyanomolyb-
date(IV) immobilized on a PIGE 
and immersed into 0.1 M 
AgNO3. Bottom The same par­
ticles after electrochemical oxi­
dation at 0.75 V vs. Ag/AgCl to 
silver octacyanomolybdate(V) 
[B 58] 
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The purely quaUtative 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 in­
formation of the studied compound. This step can be done by taking ad­
vantage of the property of immobilized microparticles to scatter incident 
light. The resulting technique, the microscopic in situ diffuse reflectance 
spectroelectrochemistry [B 67], not only allows quantifying the electro-
chromic properties of the immobilized particles, it also gives access to 
mechanistic information on the studied electrochemical reaction. In refer­
ence [B 67], the authors demonstrate that for microparticles of silver octa-
cyanomolybdate (IVA^), immobilized at a PIGE, in situ recorded micro­
scopic diffuse reflectance spectra can be analyzed with the help 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 pow­
der samples, describes the ratio of absorbance and scattering of a given 
sample layer '̂ . 

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

Although the Kubelka-Munk function, like the law of Bouguert-Lambert-
Beer, is strictly speaking exclusively valid for highly diluted samples, the 
authors have demonstrated a good agreement of voltammetric and spec-
trometric data. For the electrochemical oxidation of immobilized silver oc-
tacyanomolybdate they have shown validity of Eq. 4.2, a modification of 
the Kubelka-Munk function connecting the absorbance/reflectance date of 
the immobilized particles and their Red/Ox ratio. 

(Pi. - PJ 
\ (4.2) 

• r* • n I - r- . i 

(K^ - Fj 

(F'ox/red STC the valucs of the Kubelka-Munk fiinction at 530 nm for Cox= 1 and Cred 
= 1, respectively. F(R) is the actual value of the Kubelka-Munk fiinction for a cer­
tain Red:Ox ratio.) 

Kortiim G (1969) Reflexionsspektroskopie. Springer-Verlag, Berlin Heidel­
berg New York 
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Fig. 4.5. Kubelka-Munk function of silver octacyanomolybdate(IV) immobilized 
on the surface of a paraffin impregnated graphite electrode and immersed in a 
0.1 M AgNOs solution. The Kubelka-Munk function was recorded in situ during 
the cyclic oxidation and re-reduction of the compound [B 136] 

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 geo­
metric course of the electrochemical redox processes at the deposited sil­
ver octacyanomolybdate (Ag ocm) has been derived for the oxidation and 
reduction of immobilized microparticles of silver octacyanomolybdate 
(IV)/(V) [B 67]. Based on a comparison of the change of the diffuse reflec­
tance (dR/dE) of differently thick patches of silver octacyanomolybdate 
and the simultaneously recorded cyclic voltammograms (Fig. 4.6a and b) 
the authors have derived a model of the geometrical course of the electro­
chemical 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(rV), may start 
either at the graphite-sample interface or at the sample-electrolyte inter­
face. The same applies for the reduction of Ag ocm(V). However, only in 
the case where the reaction advances from the 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 
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Potential / V vs. Ag/AgCl 

Fig. 4.6. Cyclic voltammogram 
(solid line) of silver octacyano-
molybdate (IVA^) in 0.1 M AgNOj, 
scan rate 1 mV/s; First derivative of 
the reflectance over the dRJAE po­
tential (dotted line) versus potential. 
a The reflectance was measured for 
a sample layer of about 10 |j,m 
thickness; b The reflectance was 
measured for a sample layer of 
about 1 Ilia thickness [B 67] 

loctacyanomolybdate (ocm) interface, and the incident light beam can fully 
penetrate the upper layer of optically less dense Ag ocm(rV) (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-

Fig. 4.7. Schematic drawing of a model for layer growing and light penetration for 
the processes of oxidation and reduction of silver octacyanomolybdate immobi­
lized 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) [B 67] 
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parent layer grew from the solution ocm interface downwards, the reflec­
tance 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. 

In a later confribution, the same technique has been exploited to unravel 
the voltammetric responses of crystalline and amorphous sample material 
of the oxidation and reduction of silver octacyanomolybdate and -tungstate 
[B 136]. 

In Situ Transmission Light Microscopy 

The coupling of transmission light microscopy and electrochemistry can be 
performed for (i) a purely qualitative evaluation, and (ii) 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 elecfrodes 
have been used for decades for the study of elecfrochemically deposited 
films of elecfrochromic compounds, however, such films are not consid­
ered here. 
Marken and coworkers [B 74] have used the microscopy in order to study 
redox processes of microdroplets of immobilized microdroplets of 
A/.A'̂ TV'.TV'-tefrahexylphenylenediamine (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, sfraightforward: an 
open cell with a counter and a reference elecfrode was used, and an ITO 
electrode was located in the optical path of the fransmission microscope. A 
camera, mounted to the microscope, allowed taking images of the elec­
frode surface during the voltammetric experiment. The THPD was depos­
ited on the elecfrode via evaporation from acetonitrile (Chapter 3.3). The 
problem with commercial ITO elecfrodes is a relatively high hydrophilicity 
of the ITO, which can make the wetting and thus the adherence of droplets 
of organic liquids difficult. Marken circumvented the problem by siliconiz­
ing the ITO surface prior to droplet deposition (Chapter 3.3). The result of 
the experiment is presented in Fig. 4.8. The photographic images, taken at 
different stages of the elecfrochemical oxidation of THPD, gave support to 
the assumption of an initiation of the reaction at the three-phase bound-
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Fig. 4.8. a Cyclic voltammograms for the oxidation of 1.24 jig N.N.N'.N'-
tetrahexylphenylenediamine (THPD) deposited on a siliconized ITO electrode 
immersed in aqueous 1 M NaC104 solution (22°C, 1 mV s"̂ ). b-d Photographs of 
microscopic images of THPD deposited on a siliconized ITO electrode immersed 
in aqueous 1 M NaC104. The applied potential has been stepped from -0.1 to +0.4 
V vs. SCE for b 10 s, c 30 s, d 5 min (scale 780 x 920 jim) [B 74] 

ary 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 [280]. The cell body, made of 
acrylic, consists of an ITO plate (working electrode), sandwiched with a 
glass plate with attached platinum wire (counter electrode). The spacing 
between the plates is realized with rubber rings of a defined thickness. 
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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 [B 280] 

Two holes enable the injection of the electrolj^e solution and of a sample 
droplet. Komorsky-Lovric 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 
electrochemically 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). 
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Fig. 4.10. Schematic drawing of the spectroelectrochemical cell with locations of 
the spectrometric measuring points. Spot (A) is located approximately 0.5 mm, 
and spot (B) approximately 3 mm away from the junction line [B 280] 
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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 con­
centration of dmfc in NB was 0.05 mol L"^ The concentration of aqueous KNO3 
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"̂ , CIO4 ) [B 280] 
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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 identifying these species, give information 
on their chemical and physical environment and thus help elucidating the 
mechanism of electrode processes. As an example, in situ ESR can be util­
ized for distinguishing if an electrochemical 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 re­
duction of solid 7,7,8,8-tetracyanoquinodimethane (TCNQ) and the oxida­
tion of solid organometallic trans-Cr(CO)2{dpe)2 (see Fig. 4.12) by Bond 
and Fiedler [B 70]. 

In situ ESR can also be applied to the study of immobilized microdrop-
lets. Thus, Marken and coworkers have studied the voltammetry of THPD 
(tetrahexylphenylenediamine, see Chapter 6.1) immobilized on an elec­
trode surface, or dissolved in acetonitrile [B 74]. The in situ recorded spec­
tra of the electrochemically oxidized compound, THPD^', are shown in 
Figs. 4.13a and 4.13b. The difference between the solution signal and that 
of the pure redox liquid is clearly visible. 

Fig. 4.12. In situ electrochemi­
cal generation at a platinum 
electrode of the solution phase 
ESR spectrum of trans-
[Cr(CO)2(dpe)2]̂  by oxidation 
of ;ra«5-Cr(CO)2(dpe)2 in a 1:1 
mixture of acetonitrile and 
aqueous K"̂ -bufifer. a Surface 
attached <rans-Cr(CO)2(dpe)2 
to oxidation; b oxidation of 
/ra«5'-Cr(CO)2(dpe)2 to trans-
[Cr(CO)2(dpe)2]"̂ ; c regenera­
tion of solid trans-
Cr(CO)2(dpe)2 by electro­
chemical reduction of trans-
[Cr(CO)2(dpe)2]"'; d reoxida-
tion of ^an5'-Cr(CO)2(dpe)2 to 
/ra«5-[Cr(CO)2(dpe)2]̂  after 
experiment c [B 70] 
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Fig. 4.13. a ESR signal for THPD"̂  recorded during in situ electrolysis of 0.6 mM 
THPD in acetonitrile (0.1 M NBU4PF6) at E = 0.4 V vs. SCE. b ESR signal for 
THPD^ recorded during in situ electrolysis of 5 \ig THPD deposited on a 1.2 cm^ 
area gold electrode immersed in aqueous 0.1 M NaC104. c ESR signal intensity vs. 
time transient for the ESR signal described in b when a double potential step be­
tween E = 0.4 V and 0 V vs. SCE is appUed [B 74] 

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

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. 

Piette LH, Ludwig P, Adams RN (1962) Anal Chem 34: 916-921 
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4.1.4 Ex Situ Spectroscopy 

Due to the wavelength of the applied radiation many spectroscopic tech­
niques require the experiments to be performed under vacuum conditions. 
This makes them unsuitable for in situ electrochemical applications. Nev­
ertheless, very often these techniques are of inestimable value for the study 
of electrochemical reactions. Amongst other things they, for example, al­
low the determination of the elemental composition of a sample after an 
electrochemical reaction. 

Scanning Electron Microscopy andX-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 immobi­
lized microparticles. 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 mor­
phology of the electrode surface and the attached microparticles and their 
changes as a consequence 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 quantita­
tive surface analysis down to a spatial resolution of less than 1 |j,m - the 
usual diameter of the electron beam - is based on the identification and 
quantification of elements by means of their electron stimulated character­
istic 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 micro­
analysis is shown in Figs. 4.14 and 4.15. The first figure represents a sur­
face map depicting the distribution of Prussian blue microparticles, me­
chanically immobilized at a paraffin impregnated graphite electrode. The 
single particle analysis of immobilized and voltammetrically treated Prus­
sian blue particles is shown in Fig. 4.15. The analysis clearly shows evi­
dence for the insertion of potassium ions upon reduction of Prussian blue, 
and for the expulsion of potassium upon oxidation. 
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Fig. 4.14. SEM micrograph of a 
paraffin impregnated electrode 
(top), and SEM micrograph of 
Prussian blue mechanically attached 
to a paraffin impregnated electrode 
(bottom) [B 35] 

Fig. 4.15. Typical examples for 
single particle electron microprobe 
analysis of various Prussian blue 
samples mechanically attached to a 
paraffin impregnated graphite elec­
trode, a Prussian blue electrochemi-
cally reduced in 0.1 M KNO3 at 
-100 mV vs. Ag/AgCl for 5 min, 
b without treatment, c electro-
chemically oxidized in 0.1 M KNO3 
at +1100 mV for 5 min [B 35] 
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4.2 Atomic Force Microscopy and Scanning Tunnelling 
IVIicroscopy 

Atomic force and scanning tunneling microscopy are very useful tech­
niques for direct observation of electrochemical conversions of solid parti­
cles immobilized on electrodes. Bond and Marken [B 29] have been the 
first to apply scanning tunneling microscopy to make visible the deposit of 
decamethylferrocene on a basal plane pjrolytic 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 
[B 72]. In case of solid deposits of Ceo 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 redistribution processes as well as dissolutions of the solid material 
[B 119]. The high 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 associ­
ated with the formation of well-formed microcrystals [B 124]. 

The first case where the reaction fi-ont of a solid-to-solid electrochemi­
cal transformation could be detected was reported by Hasse and Scholz 
[B 184]. This was possible when a submicrometer-sized crystal of a-PbO 
was subject to a short reduction pulse that did not allow the entire crystal 

HM 

1.50 

Fig. 4.16. Cut through the AFM image of a a-PbO crystal recorded after a 1 sec­
ond reduction at 0.695 V vs. Ag/AgCl. The crystal was deposited on a gold elec­
trode and the electrolyte was a 1 M KCl solution [B 184] 
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to be converted to Pb. Figure 4.16 shows a cut through such a partially re­
duced crystal where the reaction front appears as a rather steep step. 
The electrochemical reductive dissolution of goethite (a-FeOOH) has been 
also studied by in situ AFM [B 276]. 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 ki­
netics of single submicrometer-size crystals. Although the kinetics of dif­
ferent 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 re­
duction at -0.15 V vs. Ag/AgCl, a potential where only multidomain and 
twinned crystals dissolve. 

i - i iB.a iM 

^ D 

I Fig. 4.17. AFM images 
of goethite crystals im­
mobilized on a gold 
electrode before (top) 
and after a reduction at 
-0.1.5 V vs. Ag/AgCl. 
The arrows indicate 
multidomain and twin­
ned crystals [B 276] 
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AFM studies CMI also provide direct evidence of the role of the three-
phase boundary in an electrochemical reaction. When silver halide crys­
tals, immobilized on a gold electrode, are reduced to silver, this reduction 
st^ls at die three-phase boundary gold | silver halide | solution. When the 
silver halide crystal is only partially reduced during a short reduction 
pulse, and the remaining silver halide is dissolved witii an ^nmonia solu­
tion, a ring of metallic silver is visible in the AFM image right at the place 
of the three-phase boimd^y (Fig. 4.18) [B 278]. 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 
AgBro.95Io.05- This corresponds in all cases to the formation of 16 to 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 ob-

5.do 120.0 HM 

60 .0 HM 

0 .0 HM 
2.50 

2.50 5.00 
UM 

Fig. 4.18. Atomic force micrograph of a silver bromide crystal with 5 mol% io­
dide immobilized on a gold electrode after a reduction at -700 mV vs. Ag/AgCl 
(3 M KCl) for 20 s and dissolving the remaining silver halide with 5 M ammonia 
[B278] 

http://AgBro.95Io.05-
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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 pro­
longed electrolysis of a large crystal. The arrows indicate the transport of silver 
ions to the silver | silver halide interface [B 278] 

served in case of crystals of several micrometer sizes. Of course, the fila­
mentous growth has been known since long to be the typical growth fea­
ture in silver halide photographic development. The authors of [B 278] 
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 elec­
trochemical oxidation of nanocrystals of silver in an electrolj^e solution 
that contained iodide ions [B 279]. 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 ex­
ceeded the theoretically expected value for a reaction in which Ag is oxi-



4.2 Atomic Force Microscopy and Scanning Tunnelling Microscopy 53 

SQ.D nH 

I 00 ^ 0 

l . S O 

140.0 flH 

0.0 (W 

o.so 

0 0.50 l.DO l.SO 

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 vs. 
Ag/AgCl for 100 min. Electrolyte solution: lO"'* mol U' KI and 0.1 mol L"' KNO3 
[B 279] 

dized 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 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 
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Fig. 4.21. a Array of immobilized silver nanocrystals before oxidation, and b ar­
ray of the resulting Agl crystals after oxidation of the silver at E = 0.15 V vs. 
Ag/AgCl for 5 min. Electrolyte solution: 10^ mol L"' KI and 0.1 mol L"̂  KNO3 
[B279] 

only 27! However, when the volumes of all silver crystals and the volumes 
of all AgJ crystals were calculated it turned out that the overall volume in­
crease 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 nimiber of AgBr crystals 
was very much smaller than the initial number of silver crysteds, 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 pro­
ceeds via a detectable oversaturated Agl, or AgBr solution, respectively. 
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Fig. 4.22. a Array of immobilized silver nanocrystals before oxidation, and b ar­
ray of the resulting AgBr crystals after oxidation of the silver at E = 0.20 V vs. 
Ag/AgCl for 5 min. Electrolyte solution: 10"̂  mol L"̂  KBr and 0.1 mol L"' KNO3 
[unpublished results, Hasse U, Scholz F] 

This was the first clear observation of an electrochemical solid-to-solid 
transformation to proceed via the solution phase. 
The above-discussed examples clearly show that AFM/STM can provide 
extremely important information on the course of solid state electrochemi­
cal reactions of microparticles. The main problem of the experiments is 
certainly the procedure to immobilize the particles on suitable electrode 
surfaces. Many experiments are usually necessary to find the suitable im­
mobilization technique for a special system. When the crystals are of a size 
in the range between 50 and 1000 nm, very good results can be obtained 
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with gold and platinum electrodes that are commercially manufactured by 
sputtering these metals on a chromium layer on quartz [B 276 and 278]. 
The optimum immobilization procedure was the evaporation from very di­
lute suspensions of the crystals in water or organic liquids onto the elec­
trodes. Mostly, the suspensions that did not settle after 5 to 10 minutes 
contain crystals of a suitable size. 

4.3. Electrochemical Quartz Crystal Microbalance 

One of the most versatile and hence widespread hyphenated techniques for 
the interrogation of electrode processes is the electrochemical quartz crys­
tal microbalance technique, EQCM. This technique allows to continuously 
monitor mass 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 elec­
trode in the electrochemical experiment. EQCM measurements have been 
widely used for studies of all kinds of monolayer and multilayer deposi­
tions and dissolutions, mass transport in polymer films on electrodes, cor­
rosion processes, etc. (see, for instance "*). Basically, EQCM measure­
ments 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, or­
ganic compound microcrystals can be attached via evaporation of the dis­
solved material from a volatile solvent (see Chapter 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 identifying the nature of the transferred ions. In the 
first study utilizing EQCM, Shaw and coworkers investigated the 
electrochemistry of non-conducting microcrystalline particles of trans-
Cr(CO)2(dpe)2 and [^ra«s-Cr(CO)2(dpe)2]^ (dpe = Ph2PCH2CH2PPh2) at­
tached to gold electrodes [B 53]. From a combination of voltammetric 
measurements, EQCM experiments (see Fig. 4.23) and EDX data (see 
Chapter 4.1.3) the authors proved a reaction mechanism involving the in-

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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Fig. 4.23. a Cyclic voltammogram and b the corresponding mass change diagram 
for microcrystalline particles of trans-[Cr(CO)2(dpe)2] CI attached to a gold quartz 
crystal which has been placed in 0.1 M KCl aqueous electrolyte [B 53] 

corporation of non-solvated anions into the solid upon oxidation and their 
expulsion upon reduction. EQCM also revealed a rapid ion exchange proc­
ess when fra«^-[Cr(CO)2(dpe)2]^X" salts were immersed into electrol5^e 
solutions containing other anions than that contained in the attached solid. 

Since the first application of the EQCM in the voltammetry of micropar-
ticles a wealth of studies have been published, including the electrochemi­
cal interrogation of tetrathiafiilvalene, TTF [B 54], TCNQ [B 101], of C-
60 fuUerenes [B 154], iodopentacarbonyl chronuum(O) [B 65], of solid 
complex cyanides [e.g., B 33, B 35, B 96, B 136] and of photoactive ru­
thenium [B 102] and manganese [B 128] complexes. In the latter study the 
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Fig. 4.24. Schematic diagram of an EQCM cell used in photochemical experi­
ments [B 128] 

authors demonstrate that EQCM measurements can be conveniently com­
bined with photoelectrochemical experiments. For that, an adapted electro­
chemical cell has been presented as shown in Fig. 4.24. 

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 at the electrode surface. Especially reactions at immobi­
lized redox liquids - generally accompanied by ion expulsion or uptake -
lead to considerable changes of the phase properties like the viscoelasticity 
of the liquid. Here it is very difficult to distinguish between frequency ef­
fects caused by mass changes and those caused by viscoelasticity changes. 

4.4 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 following reasons the application to microparticles immobilized 
on electrode surfaces is not simple: (i) the overall amount of immobilized 
substance is usually very small, (ii) the electrolyte solution adjacent to the 
electrode surface diminishes the X-ray intensity, (iii) 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 [B 
37]. Figure 4.25 shows the cell construction. 
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Fig. 4.25. Electrochemical cell for in situ X-ray diffraction. AE auxiliary elec­
trode, RE reference electrode, WE working electrode [B 37] 

The electrochemical cell was made of polyacrylic with a window made of 
X-ray amorphous polystj^ene 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 be­
tween the foil and the electrode surface must be kept small, because oth­
erwise no X-ray reflections are observed owing to absorption by the elec­
trolyte solution. With the help of this cell the electrochemical reduction of 
red PbO (litharge) and that of Pb(OH)Cl (laurionite) has been studied by 
scanning only a very small angle range simultaneously to the electro­
chemical conversion. Figure 4.26 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 de­
crease 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 4.27 shows the linear scan voltammogram of 
Pb(OH)Cl reduction and the corresponding in situ X-ray diffraction sig­
nals. The figure proves that the reduction of Pb(OH)Cl proceeds via an 
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Fig. 4.26. Electrochemical reduction of red tetragonal PbO (litharge) in situ cou­
pled 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 s"'); 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); c 
enlarged part of b showing the simultaneous decrease in the PbO reflection and 
the increase in the Pb reflection [B 37] 

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 Chapter 4.2) where indeed it was possi­
ble to see that this transformation proceeds without disintegration of the 
crystal. 
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Fig. 4.27. Electrochemical reduction of orthorhombic Pb(OH)Cl (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 s"̂ ); b diffraction signal pairs between -0.3 and -0.65 V are due to 
Pb(OH)Cl (d = 1.51 A), signal pairs between -0.9 and -1.3 V are due to Pb 
(d = 2.48 A); c enlarged part of b showing a potential (time) range with an amor­
phous phase [B 37] 

The in situ X-ray diffraction of immobilized microparticles has cer­
tainly a large potential, provided that high intensity X-ray sources are ap­
plied. 
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4.5 In Situ Calorimetry 

Calorimetric measurements were the basic experiments to establish the 
fundamentals of chemical thermodynamics. In the 19* and 20*̂  centuries, 
electrochemical thermodynamics was developed and the relations between 
calorimetric and electrochemical data were discovered. Very often, elec­
trochemical measurements 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 at­
tempt an in situ measurement of thermal effects of electrochemical reac­
tions. Historically such measurements were of importance to give experi­
mental proof for the interrelation between electrical and caloric data. But 
even nowadays there are still reasons for performing in situ calorimetry-
electrochemistry: 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 
microparticles, special electrodes have had to be developed so that the 
minute temperature effects, usually in the mK range, can be recorded with 
sufficient reliability. Figure 4.28 depicts thermistor electrodes that allowed 
measurements with amounts of 5 x 10"̂  up to 5 x 10"̂  mol of solid metal 
hexacyanoferrates. 

0 - 3.5 mm 

75 mm 

2 mm 
oW 

1 mm 

Fig. 4.28. 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 [B 219] 
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Fig. 4.29. The heat Q produced at the electrode surface is transferred partly to the 
thermistor element (Q;̂ ), and partly to the solution (Qh) [B 219] 

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 elec­
trode a Kanthal wire (22.3 Q/cm and isolated with a 0.004-mm-thick poly-
amide film) was wound around the graphite cylinder. 

The heat release or absorption occurs at the surface of the electrode, be­
cause 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 4.29 shows the heat production and dissipation at the 
electrode. One part of the heat will flow to the thermistor by heat conduc­
tion while some other part will be lost to the elecfrolyte solution, partly by 
convection. The temperature profile at the elecfrode can be estimated using 
the following assumptions: in principle, heat fransport from the elecfrode 
surface to the solution could occur via free convection. However, an analy­
sis of the hydrodynamic conditions showed that at least 100 times more 
heat is exchanged by conductance than by convection to the solution. To 
model the heat fransfer at the thermistor elecfrode it is necessary to calcu­
late the ratio of heat fransfer by conduction in the solid parts to the amount 
of heat fransported by conduction into the solution. Because of the very 
high heat conductivify of the graphite and the low heat conductivity of wa­
ter, the elecfrode will be a so-called lumped system, i.e., the temperature in 
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Fig. 4.30. a Temperature profile at the 
thennistor electrode: T temperature in 
the thermistor element, TE tenq)erature 
within Ihe electrode, Ts tenqierature 
within the solution, b Assumed tenqiera-
ture profile in Model I. T* is Ihe homo­
geneous ten^erature in the electrode and 
die thermistor element and the glass 
shaft separating both. TS is die tempera­
ture in die solution, c Assumed tenq)era-
ture profile in Model n. TE is the homo­
geneous temperature in the electrode, T 
is die homogeneous temperature in the 
thennistor element and TS is the tem­
perature in the solution [B 219] 

the electrode will be uniform. Within the thermistor element a logarithmic 
temperature drop will occur, as is known to occur for radial heat conduc­
tion in cylinders. Figure 4.30a depicts the most probable temperature pro­
file at the thermistor electrode, and Figs. 4.30b and c depict two different 
models that have been used in the calculations. 

Figure 4.30b depicts the assumed temperature profile in model I. In this 
model the heat balance is: 

*^»l !CJ = P-Q. (4.3) 

where fi'^,,^,^ is the heat accimiulated in the electrode, P is the produced 

heat and Q^^ is the heat lost via the electric contact and convection. These 

two values can be calculated as follows: 



4.5 In Situ Calorimetry 65 

mC •[AT' I At) 

and 

*^loss 

(4.4) 

(4.5) 

T' is the temperature change in respect to the solution temperature 
{T*=TT-TS, TV is the temperature of the thermistor and T^ that of the solu­
tion), ^ is a global heat transfer coefficient due to conduction and convec­
tion, mC 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 Eqs. 
4.3 to 4.5 a first order differential equation is obtained: 

(4.6) mC^[A.T' I At) = P - KT 

The solution of this equation for r* = 0 zX t = t^ is: 

T = 
K 

1-e 
mC 

(4.7) 

is the reciprocal time constant of the temperature response. The pa­

rameters 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 r , . With T̂ , follows from Eq. 4.7: 

In 
•A 

1-
K 

mC 
(̂ -0 

(4.8) 

This equation allows the determination of KImC from a linear regres­

sion. Both constants K and mC have to be determined for each experi­

ment (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 4.30c depicts this model. The heat 
balance was assumed as 
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O =P-0 -O (4.9) 
*--acc,electrode ^--T ^--loss,! 

where Q ,„.^ is the heat accumulated in the electrode, P is the heat pro-
^'acc.electrode ' -r 

duced, Q^ is the heat exchanged with the thermistor, and Q^^ is the heat 

lost via the electric contact and convection. The heat balance for the ther­
mistor is 

Q =Q -Q (4.10) 

The differential equations for the two heat balances are: 

< . . .X . (4-11) 

at 

at 

with rj =T^-T^ (TE is the temperature of the electrode and T^ the tem­
perature of the solution bulk). In these equations ^ j , andA^̂  are the heat 
transfer coefficients at the thermistor-electrode interface and for the heat 
loss at the electrode via wires and convection, respectively. K^ is the coef­
ficient for the heat transfer from the thermistor to the glass, electric wires 
and loss by convection. mC^^ and mC^^ are the heat capacities of the elec­
trode and the thermistor, respectively. All these parameters are unknown. 
From Eqs. 4.11 and 4.12 the following second order differential equation 
with three unknowns is obtained: 

d V df . (4-13) 

d '̂ d̂  

The new parameters a^, a^ and a^ are combinations of the heat capacities 

and heat transfer coefficients. The solution of Eq. 4.13 is as follows: 

T'=T^+A^e"'^'-'-KAy'^'-'^ (4.14) 

Tj is the steady state temperature, a^ and a^ {a^ ^a^) are constants de­

pending on flj and a^, and A^ and A^ are constants that have to fiilfill the 

initial conditions. The following equations show the interrelation of these 
values: 
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^ «3^ (4-15) 

(4.16) 

(4.17) 

A comparison of Eqs. 4.14 and 4.7 shows that Eq. 4.14 contains an addi­
tional exponential term. Since the thermistor electrode is a system with a 
finite mass and heat capacity, the initial conditions have been assumed to 

, d^* T., . , . , , dr 
be r = 0 and =; ' . Plotting the experimental data as — = f{t) for 

At 6t 
different electric powers showed that there is a power independent value of 
AT 
— at the start of the heating pulse. This can be explained by the fairly 
At 

high heat conductivity of the graphite electrode. With these experiments an 
AT 

initial value = y was determined that was used for solving the differen-
At 

tial equation. Figure 4.31 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 parame­
ters 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: 

AT I At = AT +p (4.18) 

where T* is the vector of temperatures, A is the (nxn) matrix of the 

thermal properties of the layers, and P is the vector of heat production. 
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Fig. 4.31. 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 ^W, a duration of 300 s and the parameters were estimated as follows: 
ai/s"^ = -1/3.809 and aj/s"̂  = -1/19.33 [B 219] 

The integral solution is: 

T' -Z 

T-T^ 
= 1 - ^ a. exp 

' t^ 

V ^,y 

(4.19) 

where r is a constant. 
Due to the finite amount of electroactive compound immobilized on the 

thermistor 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 experi­
ments was denoted as P, Q 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 experi­
ments. 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: 
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Q{t) = KT + mC^dT/dt (4.20) 

In the case of model II, the parameters a^, a^, and a^, as well as the first 

and second time derivatives of the temperature are necessary, since Eq. 
4.13 will be used in the form: 

, , \ A'T a d.T a (4-21) 
Q{t) = —^ +—— +—T 

Application of the differential method is associated with a number of er­
rors, 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 de­
rivatives of temperature to be avoided. Equations 4.20 and 4.21 can, in 
principle, be solved with the Runge-Kutta method or by Fourier transfor­
mation. However, to obtain a clear insight into the role of the different pa­
rameters it is convenient to use the relation Q{t) = — in Eqs. 4.20 and 

At 
4.21, which allows to write for model I: 

Aq = KTAt + mC^&T (4.22) 

and for model II: 

1 a, a (4.23) 

«3 «3 «3 

dr 
with r ' = — . Integration of Eqs. 4.22 and 4.23 within certain limits al-

d/ 
lows the calculation of the heat change within these limits: 

q = K^TAt + mC^{T^-T^) (model I) 

1 '" 
q = —{T\-T\) + ̂ {T^-T^) + ^\TAt (model II) 

(4.24) 

(4.25) 

From a comparison of these two equations it follows that K in model I 

and a^l a^ in model II are identical. The heat produced in an electrochemi­

cal reaction is the sum of the electrochemical Peltier heat and the irreversi-
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bly exchanged heat. The latter is at least the Joule heat and that associated 
with a possible overvoltage: 

e ( 0 = SpeMe. ( 0 + a ™ . + Q ^ ^ ( 4 . 2 6 ) 

, ^ ^ , (4.27) 
Q{t) = — I + RI +TjI 

where 77 is the molar Peltier heat, 7? the solution resistance (and also the 
resistance of the solid compound when the current / flows through it) and 
Tj 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 irre­
versible 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 re­
action there are two possibilities: the integral method depends only on pa­
rameter K and is applicable to model I and II. For application of model II 
the value a^/a^ was determined as Â  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 differ­
ential 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. 
mC /K isa 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 electro­
chemical Peltier coefficients in J/C for the oxidation and reduction of cop-
per(II) hexacyanoferrate(II) immobilized on the graphite surface of the 
thermistor electrode, using a 0.1 M KNO3 electrolj^e 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 coeffi­
cient 7t is n = ̂ zF. The entropy change follows as A5 _ =11/T. The en-

-T •' C3 reaction 

tropy change at an electrode has two sources, the reaction entropy and the 
transfer entropy of electrons and ions. The transfer entropy was assumed to 
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Table 4.1. Electrochemical Peltier coefficients TI for copper(II) hexacyanofer-

rate(II) as determined at different scan rates. Electrolj^e 0.1 M KNO3 [B 219] 

Integral method Differential method 

Scan rate / mV s"̂  

1 

2 

5 

10 

20 

50 

TlOx/JC-^ 

0.1953 

0.1913 

0.1904 

0.1943 

0.1713 

0.1478 

;iRed / J C" 

0.1910 

0.1937 

0.1983 

0.1927 

0.1776 

0.1437 

TCox / J C" JlRed / J C" 

0.1911 

0.1934 

0.1957 

0.1983 

0.1943 

0.1989 

0.1972 

0.1921 

0.1945 

0.1927 

0.1936 

0.1924 

a4 ae ae 
E/V vs. SCE 

Fig. 4.32. Cyclic voltammogram (solid lines) and thermogram (dotted lines) re­
corded simultaneously at a graphite thermistor electrode with immobilized cop-
per(II) hexacyanoferrate(II). The scan rate was 10 mV s"̂  [B 219] 

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"̂  an overlappmg between the released and 
consumed heat occurs. The data given m Table 4.1 clearly show that the 
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20 30 
time /s 

Fig. 4.33. a Cyclic voltammogram (solid line) and thermogram (dotted line) plot­
ted as function of time for Uie second cycle of oxidation reduction of copper(II) 
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(n) hexacyanofer-
rate(ir). Electrolyte 0.1 M KNO3, scan rate 50 mV s"* [B 220] 

irreversible heat must be negligible as the Peltier coefficients for oxidation 
and reduction are almost identical and show no systematic differences. 
Figure 4.32 depicts a cyclic voltammogram of a graphite thermistor elec­
trode with immobilized copper(II) hexacyanoferrate(n) and the corre­
sponding thermogram. The two traces, taken together, provide a clear pic­
ture of the electrode process. In the cyclic voltammogram the absolute 
peak currents of oxidation and reduction are equal, indicating reversibility. 
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Table 4.2. Standard reaction entropies of copper(II) and iron(III) 
hexacyanoferrate as determined with the help of the thermistor electrode 
and with a temperature variation of a thermostated cell {hcf= hexacyan-
oferrate) [B 2201 

Reaction AS° / J mol"' K"' as de- AS° / J mol"' K"' as deter-
termined with the help of mined by temperature 
the thermistor electrode* variation with the help of 

the thermostated cell 
Fe(III)hcf(III): red. of 
Feis(III), K^ insertion 

Fe(ni)hcf(II): oxid. of 
Feis(II), K̂  insertion 

Fe(III)hcf(II): red. of 
Fehs(III), K"̂  insertion 

Fe(n)hcf(II): oxid. of 
Fehs(II), K̂  insertion 

Cu(II)hcf(II): oxid. of 
Feis(II), K̂  insertion 

Cu(II)hcf[II): oxid. of 
Feis(II), Na^ insertion 

Ni(n)hcf(II): oxid. of 
Feis(II), K̂  insertion 

Ni(n)hcf(II): oxid. of 
Feis(II), Na"̂  insertion 

Co(II)hcf(II): oxid. of 
Feis(II), K̂  insertion 

Co(II)hcf(II): oxid. of 
Feis(II), Na^ insertion 

-41.0 

39.8 

-42.1 

40.8 

40.0 

72.0 

-37.6 

38.6 

32.8 

72.4 

45.3 

66.6 

The maximal change in temperature was 3 mK, corresponding to a current 
of about 0.2 mA for the following reaction: {KCu[Fe(CN)6]}s + K̂ (aq) + e 
^ {K2Cu[Fe(CN)6]}s . The subscript s denotes the solid phase and the 
subscript aq indicates that this ion is dissolved in the aqueous phase. From 
Fig. 4.32 it follows that the oxidation is endothermic while the reduction is 
exothermic. The thermogram allows a rough estimate of the time constant 
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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 determina­
tion of the standard entropies of insertion electrochemical reactions of 
solid metal hexacyanoferrates. For that purpose, the standard entropies 
have been additionally determined by temperature variations of a thermo-
stated 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 seems to 
give the major contribution to the entropies of the overall electrochemical 
process. 

This chapter demonstrates that in situ calorimetric studies of electro­
chemical reactions of solid microparticles are possible with extremely 
small amounts of compounds. This is an advantage, because at least in 
some cases, similar measurements 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. 4.33, where voltammograms and simultaneous 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. 



5 Immobilized Particles 

The first prerequisite for studying the electrochemistry of particles immo­
bilized 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 gen­
eral 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 reac­
tions. What are the general possibilities of electrochemical behavior of an 
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Mn-lXx 
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M 

kP 
MX 

-

y n+/(n+1)+Y"-

1 1 

' Mn+yn- ' 

• • • Fig. 5.1. Scheme of possi­
ble electrochemical reac­
tions of solid particles 
immobilized on a solid 
electrode and in contact 
with an electrolyte solu­
tion 
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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 Chapter 4.2). Case 2 is the oxidation of a 
metal salt with release of metal ions into the electrolyte solution. An ex­
ample would be the oxidation of copper(I) sulfide to copper(II) 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 oxida­
tion to AgBr and Agl (see AFM results given in Chapter 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 electrol5^e solution when 
electrons are exchanged between the particle and the electrode. Plenty of 
examples are discussed in Chapters 5.3, 5.5, and 5.6. Case 6 depicts the 
case where the electrochemical reaction is confined to the surface layer 
only. Examples are given in Chapter 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 com­
plexes discussed in Chapter 5.6), and case 8 symbolizes the complete elec­
trochemical dissolution of a particle resulting from its oxidation or reduc­
tion. An example of the latter t5^e is the reductive dissolution of iron(III) 
oxides (see Chapter 5.7). 

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 (CuaS, CuaSe) 
can be catalyzed by certain ions and compounds (e.g., thiocyanide ions, 
thiourea) that are already well known as catalysts in electron transfer reac­
tions of dissolved ions (e.g., Nî "̂ ) [B 60]. Such studies may help under­
standing also interparticle electron transfer processes. 

Some general remarks may suffice at this point to explain the specific 
features of studies of immobilized particles: 

(i) Due to the small amounts of immobilized compounds the elec­
trochemical measurements can be performed on the same time 
scale as measurements with dissolved species. This feature was 
elegantly demonsfrated by Fiedler et al. for the screening of po­
tential battery materials [B 73, B 86] where measurements could 
be performed in the mV s"̂  range instead of using jxV s"̂  for the 
usual composite elecfrodes. 
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(ii) In general, all solid compounds that can be synthesized can be 
directly measured. The measurements do require the precipita­
tion 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 demon­
strated that with the immobilization technique all synthetically 
accessible compounds of that type can be investigated by elec­
trochemical techniques [e.g., B 33, B 41, B 137, B 247]. 

(iii) 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 dis­
solutions in case of aqueous electrolyte binders. 

(iv) The immobilization technique allows measurements with very 
small amounts of compounds, at least down to 10"'̂  mole, and 
even with single microparticles [B 10, B 78]. 

(v) 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 cou-
lometry. This is most simple in case of reversible systems. 
When the characteristic voltammetric potentials, e.g., peak po­
tentials, depend on the amount of electrochemically active com­
pound it is necessary to take this into account by determining 
these amounts as outlined. Examples are given in Chapter 5.3 
[B57]. 

5.1 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 towards nitric acid. Since voltammetric 
techniques can detect exfremely small currents, caused by oxidations or 
reductions of invisibly small amounts of substances, it was clear that a me­
chanical transfer of a solid to an electrode surface must be capable of de­
positing sufficient amounts of a metal, an alloy or any other solid material 
on the elecfrode surface as to detect them elecfrochemically. The first pub­
lication based on that idea reported the analysis of lead-antimony 
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Fig. 5.2. Differential pulse voltammo­
grams of the anodic oxidation of traces 
of Pb-Sb alloys that have been trans­
ferred onto a PIGE by mechanical rub­
bing of the electrode on pieces of the 
alloys. The electrolyte solution was a 
0.1 M oxalic acid [Bl] 

alloys [B 1]. Figure 5.2 shows differential pulse voltammograms of the an­
odic oxidation of Pb-Sb alloy of various compositions. The transfer was 
accomplished by gently (!) 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 pub­
lications the term abrasive stripping voltammetry was coined to be consis­
tent with terms like adsorptive stripping voltammetry, where adsorption is 
the process of attaching a compound to the electrode. Later, the more gen­
eral 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 trans­
ferred by rubbing cannot be controlled and vary to some extent from ex­
periment to experiment, the evaluation of the voltammograms was based 
on the percentage of each peak current in relation to the sum of peak cur­
rents. 

This first example proved that the idea of an abrasive transfer of traces 
of a material from a compact sample to an elecfrode worked quite well and 
a number of similar publications followed [B3,B7,B8, B18,B 177, B193, 
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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 
[Bl] 

B 193, B 261]. The great advantage of performing electrochemical meas­
urements vsdth 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 sub­
jected 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 for­
mation of the metal ions in solution, and on the kinetics of all involved re­
action steps. Figure 5.4 shows differential pulse voltammograms of the an­
odic oxidation of tin-mercury alloys recorded following a mechanical 
transfer of traces of the alloys to the surface of a PIGE [B 18]. 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. 
Cepria et al. [B 177] have demonstrated how the mechanical transfer of al­
loy traces to the surface of an electrode can be used for a quick identifica­
tion of metal alloys (cf Fig. 5.5). These authors have used a pyrolytic 
graphite rod electrode which they impregnated vnth paraffin as described 
in Chapter 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. How-
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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. Riglit side: electrolyte 1 mol L"̂  NHj, 1 mol L"̂  NH4CI 
[B 18]. 

Fig. 5.5. Differential pulse voltammograms of anodic dissolution of different met­
als and alloys, a Silver, b copper, c 1- Ag(91)-Cu(9) alloy, 2- Ag(70)-Cu(30) al­
loy, 3- Ag(40)-Cu(60) alloy, 4- Ag(10)-Cu(90) alloy d Jewellery items: (1) earring 
A, (2) earring B, (3) pendant. Electrolytes, a and 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 [B 177] 
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ever, 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 mate­
rial 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 simi­
lar 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 stud­
ied und appeared to be as that known from studies of compact alloy pieces 
[B 18]. The only, however, very advantageous difference was that the sig­
nal resolution was considerably improved in studies of mechanically trans­
ferred alloy traces. The detection of the rather corrosion sensitive so-called 
Y2-phase in dental amalgams was extremely easy to perform since the pres­
ence 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 stud­
ies 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 potentiody-
namic measurements [B 108]. 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 [B 307]. 

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 as well as for their quantitative analysis. The only prerequisite is 
electrochemical activity, which, however, is shown by the majority of 
minerals and pigments. 
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5.2.1 Phase Identification 

Generally, solid phases can be identified when a characteristic fingerprint 
is obtainable by application of a certain analytical technique. It is not nec­
essary to have a 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 volt­
ammetric scan, provided that the solid phase contains reducible constitu­
ents; (ii) performing an oxidative voltammetric scan, provided that the 
solid phase contains oxidizable constituents; and (iii) performing an oxida­
tive 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 5.6 shows voltammograms exempli­
fying the three approaches for the case of boulangerite, a lead antimony 
sulfide mineral Pb5Sb4Sii [B 2]. Since lead and antimony are present in the 
mineral as Pb^^ and Sb^ ,̂ it is possible to reduce these ions to the respec­
tive 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 
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Fig. 5.6. Differential pulse voltammograms of 
boulangerite (Pb5Sb4Sii) obtained after me­
chanical transfer of traces of the mineral onto 
the surface of a parafBn-impregnated graphite 
electrode. A Reductive scan; electrolyte: 0.1 M 
sodium oxalate, pH 5; B Inverse voltammogram 
after reduction at -1.5 V; electrolyte: 0.1 M so­
dium oxalate, pH 2; C Oxidative scan; electro­
lyte: 0.1 M oxalic acid. [B 2] 
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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 met­
als give two well-separated signals that are specific for each metal in the 
used electrolyte solution. Approach (iii) very much resembles that of con­
ventional stripping voltammetry where metals are deposited on an elec­
trode from a solution and oxidatively stripped off during an anodic scan. 
Figure 5.7 gives further examples for reductive. Fig. 5.8 for oxidative volt-
ammograms of minerals. Both figures illustrate that, although the signals 
are different, they are not very suitable for unambiguous phase identifica­
tion. Figure 5.9 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 
concenfration of a Hg(II) salt, e.g., 10"'̂  mol L"' HgCla, to the electrolyte 
solution. During the preelecfrolysis 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 5.10 shows anodic differential pulse voltammograms re­
corded after a preliminary elecfrolysis of different thallium-tin sulfides us­
ing a mercury(II) containing electrolyte [B 32]. 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 identification. In Sect. 
5.2.3 it will be shown how a quantitative determination of the Tl: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 specific­
ity, make this analytical approach highly attractive for mineral and pig­
ment identification, both in the laboratory as well as for field analysis 
[B 17]. Figure 5.11 shows voltammograms of several inorganic pigments 
[B25]. 
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Fig. 5.7. Reductive voltammograms of several mineral phases [B 46] 
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Fig, 5.8. Oxidative voltammograms of several mineral phases [B 46] 
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Fig. 5.9. Oxidative voltammograms recorded following to a preliminary reduction 
of several mineral phases [B 46] 
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Fig, 5.10 Anodic differential pulse voltammograms of thallium-tin sulfides of dif­
ferent stoichiometry after a preliminary reduction of the solid phases at -1.0 V vs 
Ag/AgCl for 60 seconds. The electrolyte solution contained 1 M HCl and 10*M 
HgCli. The scan rate was 10 mV s"̂  [B 32] 

Dom6nech-Carb6 et al. [B 143] have studied the Pb(n) and Pb(rV) content 
in medieval glazes. They used three different techniques for immobilizing 
the micro-particles 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 coat­
ing. Figure 5.12 shows the response of PbO, Pb02, and Pb304 in the film 
electrodes (preparation (ii)). 
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Fig. 5.11. Differential pulse 
voltammograms of pigments 
(pulse amplitude 10 mV, pulse 
duration 0.07 s, scan rate 0.526 
V min"\ preelectrolysis for 
CdS at -1.2 V vs Ag/AgCl, for 
all other pigments at -1.5 V vs 
Ag/AgCl). The electrolyte so­
lution was a 0.1 M oxalic acid 
for CdS, and 1 M KCl for all 
other compounds) [B 25] 
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Fig. 5.12. Cathodic differential 
pulse voltammograms for 
modified film electrodes con­
taining a) PbO, b) Pb02, and c) 
Pb304. Scan rate 10 mV s\ 
pulse height: 10 mV [B 143] 
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Fig. 5.13. Cathodic differen­
tial pulse voltammograms for 
modified film electrodes con­
taining samples of test 
specimen and archeological 
samples. Scan rate 10 mV s"', 
pulse height: 10 mV, acetate 
buffer [B 143] 

E (V V. SCE) 

Fig. 5.14. Anodic differential 
pulse voltammograms fol­
lowing a preliminary reduc­
tion at -1.0 V in 1 M NaCl 
solution: a malachite, b azu­
rite, c minium, d chrome yel­
low, e litharge, f lead white, g 
lead-tin yellow, h chrome or­
ange, i cadmium red, j cad­
mium yellow, k vermilion, 
1 zinc white [B 146] 

Figure 5.13 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 5.14 illustrates very impressively how 
specific the voltammetric fingerprints are [B 146]. Extensive tables of peak 
potentials given in this publication support this statement. The film elec­
trodes have also been used studying the canvas painting in a Basilica in 
Valencia, Spain [B 175] and for the identification of the decomposition 
products, i.e., alteration products of copper-containing pigments [B 176]. 
For this purpose the authors have developed a very interesting approach: 
The pigments verdigris (a basic copper acetate: Cu(C2H302)22Cu(OH)2), 
azurite (a basic copper carbonate: 2CuC03Cu(OH)2), malachite (another 
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Fig. 5.16. Cathodic differential pulse 
voltammograms of a Mars black, b Van 
Dyke brown, c Umber raw modified 
electrodes immersed in 0.1 M HCl 
[B 195] 

Ep (mV) 

Fig. 5.15. Representation of the appar­
ent charge transfer coefficients calcu­
lated from the slope of Tafel plots as a 
function of the peak potential from lin­
ear 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 
[B 176] 

basic copper carbonate: CuC03Cu(OH)2) and copper trihydroxychloride 
(Cu2(OH)3Cl) have rather similar reductive voltammograms making their 
identification difficult, especially 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 separa­
tion of the pure phases and their binary mixtures. Figure 5.15 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 SEIVI/EDX and FT-IR measurements. 
In another study Domenech-Carbo et al. [B 189] have identified manga-
nese(IV) centers in archeological glass. Te authors studied the relation be­
tween 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 It­
aly from the 12* to the 20* centuries [B 195]. The authors employed a me­
chanical immobilization of sample particles on the surface of self-made 
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graphite-polyester electrodes and also modified polyester-graphite elec­
trodes. Figure 5.16 shows the unique shape of cathodic differential pulse 
voltammograms of three iron oxide pigments. Another example of applica­
tion of the voltammetry of immobilized microparticles is the detection of 
Co, Cu, Sb, Mn, Sn, and Fe in archeological samples of Spanish ceramic 
glazes from the 16* to 18* centuries [B 217, B 303]. The authors used the 
mechanical immobilization of microparticles on the surface of a polyester-
graphite electrode. Domenech-Carbo et al. have presented an ingenious 
application of the voltammetry of immobilized particles - the determina­
tion of the boron content of minerals [B 118]. Other applications concern 
the phase identification of iron oxides [B 312], copper and iron oxides 
[B 314] and cobaU cordierites [B 317]. 

5.2.2 Quantitative Determination of a Phase in a Phase IVIixture 

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. This has been shown 
for two phase mixtures [B 11]. When both phases give an electrochemical 
signal that is directly proportional to the absolute amount of immobilized 
substance, however have different slopes (sensitivities), a plot of the per­
centage peak currents versus the molar ratio of the compounds in the mix­
ture is non-linear (cf Fig. 5.17). Because it is impossible to immobilize a 
known amount of the phase mixture on the electrode surface, the percent­
age peak currents are evaluated for a mixture of phase A and B in the fol­
lowing way: 

V.̂  = ^ ^ 1 0 0 % and v.^ = " ^ 1 0 0 % (5.I and 5.2) 

where i^ and ig are the peak currents of the phases A and B, respectively. 
Figure 5.18 shows calibration plots for mixtures of FeOOH/]VIn02, 
HgS/HgO, and PbO/HgO. The standard deviations for the determined 
powder compositions were in the range of 10 to 20%. These relatively high 
values were attributed to inhomgeneities 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(II) 
hexacyanoferrate-hexacyanocobaltate only the hexacyanoferrate unit is 
electroactive. To study the electroactivity of this moiety in solid solutions 
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Fig. 5.17. 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 [B 11] 
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Fig. 5.18. Calibration plots of percentage peak currents of the following powder 
mixtures: a, b MnOz / a-FeOOH, c HgS (black) / HgO (yellow), and d PbO / HgO 
(yellow) [B 11] 

of different composition, i.e., different ratio of hexacyanoferrate to hexa-
cyanocobaltate, 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 was possible to 
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evaluate the peak current of the hexacyanoferrate of the solid solution with 
respect to the constant signal of the nickel(II) hexacyanoferrate [B 247]. 
The same approach of an inner standard should be applicable to the case 
where the concentration of an electroactive solid phase has to be deter­
mined in the matrix of an electroinactive powder mixture. Indeed this has 
been done by van Oorschot et al. [B 198] who determined 
iron(oxy)(hydr)oxides in soils and sediments using pyrolusite (P-MnOa) as 
inner standard. The authors report this method as being semi-quantitative. 
In a later publication Grygar et al. reported the determination of ferric ox­
ides in clay with the help of electroactive carbon paste electrodes [B 222]. 
The paste was a mixture of graphite powder, the sample and 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(III) ions. The oxidation charge was used to determine the iron con­
tent in the samples. 

5.2.3 Quantitative Anaiysis of tlie Composition of a Pliase 

Here, we understand the term "quantitative analysis of a solid phase" as a 
determination of either the complete stoichiometry, or at least the determi­
nation of one or some phase constituents. Examples for the determination 
of the complete stoichiometry are: TI2S, TIS, TI4S3, and TI2S5 [B 32]. Ex­
amples for the determination of the ratios of the metal contents of sample 
phases are: (i) the Tl:Sn ratio in Tl4SnS4, TlaSnssSg, Tl2SnS3, TUSnSs, 
TlzSnzSs, TlzSnSa [B 32], (ii) the Bi:Cu:Pb ratio in 
Bii.8Pbo.39Sri.99Ca2.o6Cu3.i50io.5 [B 9]. 

For the quantitative analyses of solid phases it is highly important that 
the measured charges are caused by strictly defined electrochemical reac­
tions (no side reactions). Any loss of the compounds from the electrode 
surface has to be prevented during the electrochemical steps. Especially, 
when solid metal compounds immobilized on the electrode surface are re­
duced to the metals it can occur that the metal particles do not adhere on 
the electrode surface. Further, it was found in case of the thallium sulfides 
[B 32] that the thallium deposit obtained by reduction shows a very pecu­
liar behavior when it is electrochemically oxidized: the oxidation was ac­
companied 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-deposi-
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Fig. 5.19. a Differential pulse voltammograms of the compound 
Bii.8Pbo.39Sri.99Ca2.o6Cu3.i50io.5 after a preliminary reduction at -1.5 V vs. SCE for 
30 sec, A without calomel, B and C with calomel, b integrated curve B of Fig. 
5.19a, in arbitrary units [B 9] 

tion of metallic mercury. Two alternative approaches have been reported: 
(i) the solid sample phase can be thoroughly mixed with an excess of 
calomel (Hg2Cl2) [B 9], or (ii) the electrolyte solution can be spiked with a 
small concentration of Hg^^ ions [B 32]. In the case of the high-
temperature superconductor Bii.8Pbo.39Sri.99Ca2.o6Cu3.i50io.5 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 
differential pulse voltammograms were recorded following a preliminary 
reduction at -1.5 V vs. SCE for 30 seconds (Fig. 5.19a). Figure 5.19b de­
picts 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 \ig amounts of the sample on the 
electrode surface. 
In the case of the thallium sulfides Tl4SnS4, Tl2Sn3.5S8, Tl2SnS3, Tl4SnS3, 
Tl2Sn2S3, Tl2SnS2 the stoichiometry of the composition can be derived 
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Fig. 5.20. Chronocoulo­
grams of thallium sulfides: 
Electrolyte 2 M NaOH + 
2x10"* M HgClj. For details 
see [B 32] 

Table 5.1 Reactions and ratios of charges necessary for the reduction of a 
thallium sulfide to the charge for the oxidation of thallium [B 32] 

Reduction of the 
sulfide 
TI2S + 2 e " ^ 
2T1+ Ŝ " 
TIS + 2 e " ^ 
T1+ Ŝ " 
TI4S3 + 6 e " ^ 
4T1 + 3S^" 
TI2S5 + 1 0 e " ^ 
2T1 + 5S "̂ 

Oxidation of thallium 

2T1 -^ 2Tf + 2e" 

T l ^ Tf + e" 

4 T 1 ^ 4 T f + 4e" 

2T1 -^ 2Tf + 2e" 

Qred -Qox 

(Theory) 
2:2 = 1 

2:1=2 

6:4 = 1.5 

10:2 = 5 

Qred -Qox 

(Experiment) 
1.18 

2.0 

1.65 

4.68 

fi-om the determination of the charge necessary to reduce the phases to me­
tallic thallium and the charge necessary for oxidation of the latter. This has 
been done with the help of triple step chronocoulometry [B 32]. After im­
mobilizing the sample onto the electrode surface, the first potential step 
was applied to charge the electrode at a potential shortly before the elec­
trochemical reduction. After this, an appropriate reduction potential was 
applied for 60 s followed by an oxidation potential of -0.5 V vs. Ag/AgCl. 
The appropriate reduction potential was chosen on the basis of reductive 
voltammograms. Figure 5.20 depicts some examples of chronocoulograms 
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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 
practically impossible to distinguish them on the basis of simple reductive 
or oxidative voltammograms. 

5.2.4 Determination of Thermodynamic Data of iVIinerais 

In a few cases it has been shown that voltammetric measurements with 
immobilized microparticles of minerals can give access to the transforma­
tion enthalpies of polymorphic forms of minerals [B 24, B 62]. The basis 
of these measurements is the determination of the reversible potential of 
the following reactions of the two polymorphs of AgaAsSa xanthoconite 
and proustite, of AgsSbSa pyrostilpnite and pyrargyrite, and of AgAsS2 
trechmannite and smithite: 

AgsAsSs + Se" <:̂  SAg + AsSâ " (I) 

AgaSbSs + Se- ^ SAg + SbSâ " (II) 

AgAsS2 + 3e" ^ Ag + AsSf (III) 

The measurement 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 electro-
chemically 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 deter­
mined according to: 

A^G* = A^i7* - rA^5* (5-3) 

Assuming a temperature independent entropy (1*' Uhlich approximation) it 
follows with 

KX=KH^IT^ (5-4) 
T . - . j . ^ ^ -.-J. 

(7^ is the transformation temperature) that the standard enthalpy is given 

by: 

A,//* = A,G* / [ l - ( r / r j ] (5-5) 
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Fig. 5.21. Plot of the square 
wave peak potentials of the three 
pairs of polymorphic minerals 
xanthoconite/proustite, pyro-
stilpnite/yrargyrite, and trech-
mannite/smithite versus the 
charge consumed in the electro­
chemical reactions [B 62] 

With the help of the thus determined transformation enthalpies it is possi­
ble to calculate the standard formation enthalpy of one polymorphic form 
when that of the other is known. In the experiments to determine the for­
mal potentials of the pol5miorphic forms, a small dependence of the square 
wave peak potentials on the absolute amounts of electroactive mineral re­
acting on the electrode must be taken into account. This dependence is 
similar to that discussed in case of solid solutions of CuSxSei.x (Chapter 
5.3.1). Figure 5.21 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 trans­
ferred to the electrode vary. Like in the case of CuSxSci.x (Chapter 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 dif­
ferences 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 independent on charge. Table 5.2 shows 
the transformation free energies and enthalpies determined for the three 
pairs of polymorphic minerals. 
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Table 5.2. Peak potentials, transformation free energies, and enthalpies de­
termined for the three pairs of poljmiorphic minerals 

Mineral pair 

Xanthoconite 
-^ Proustite 
Pyrostilpnite 
-^ Pyrargyrite 
Trechmannite 
-^ Smithite 

AEJmV] 

-68±12 

-5at7 

-3at9 

AyG[kJmor'] 

19.7±3.5 

14.5±20 

2.ft±0.9 

Ay//'[kJmor'] 

54.8±9.6 

40.3±5.6 

15.65±1.7 

The outlined approach for determining thermodynamic data of minerals is, 
of course, only applicable when the formal potentials can be measured un­
der reversible 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 informa­
tion on solid solutions as they are closely linked to thermodjmamics. 
Mixed phase thermodynamics predicts that the electrochemical properties 
of solid solutions differ in an unambiguous way from that of the pure 
phases. Therefore it is obvious that from electrochemical measurements 
two important questions can be answered in a very sfraightforward way: 

1. Is a certain material a solid solution or is it just a mechanical mix­
ture of two phases? 

2. If it is a solid solution, what is its composition? 
Figure 5.22 shows the elecfrochemical signals of two phases A and B and 
the signal of a solid solution containing A and B in a certain ratio. If a ma­
terial is a mechanical mixture of the two phases A and B then one will ob­
tain 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 possi­
ble 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 reversibility. In any 
case it will be necessary to have samples of the pure compounds A and B. 
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Response of the single compounds A and B: 

Response of a solid solution AB: 

/ t 
AB 

Fig. 5.22. Peak positions of single electroactive compounds A and B, and of their 
solid solution A^BL^ [B 204] 

When EA and EB are the characteristic potentials of these pure compounds 
then it follows that the characteristic potential EAB of the solid solution 

n, 
AB(x) with the molar ratio x^ — will shift with the molar ratio as 

n. +n„ B 

follows: 

. s RTr. . -, (5.6) 

zF 

The term «r/zF(j: inx +;c_inx_) represents the deviation from linearity 

caused by the mixing entropy, e is a parameter for the non-ideality \ The 
mixing entropy adds rather little to the non-linearity of the dependence of 
EAB on XB- It just amounts to 17.7 mV for JCB = XA = 0.5, T = 25 °C and z = 
1. When the reversibility of the electrochemical processes of the pure 
phases and the mixed phases differ, fiirther deviations from Eq. 6.3.1 must 
be expected. 

' Heusler KE (1996) Electrochim Acta41:411-418 
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5.3.1 The Solid Solution System CuS-CuSe 

Copper(II) sulfide and selenide form a continuous series of solid solutions. 
Immobilized on a graphite electrode the pure compounds and the solid so­
lutions 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(s) + 2e" Cu(,) + Ŝ  (IV) 

CuSe(s) + 2e' Cu(s) + Se^ (V) 

Figure 5.23 depicts the linear sweep voltammograms of the reduction of 
the pure phases CuS and CuSe, of the solid solution CuSeo.4So.6, and of a 
mechanical mixture of CuSe and CuS [B 57]. The voltammogram of the 
solid solution CuSeo.4So.6 exhibits a single peak in accordance with the ex­
pectations fi-om mixed phase thermodynamics. For an exact determination 
of the composition of the solid solution fi-om a measurement of the peak 
potential, an empirical calibration 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 

current/-iE-4 A Peak potential / V vs. Ag/AgCI 

-^CuSe +CuSenBSo^ * CuSeoe 

CuSe„^^^ -*-CuSeo^oe ^CuSepi 
^CuSeo^, 

•CuS 

Fig. 5.23. Cathodic voltammograms 
of a CuS, CuSe and CuSo.6Seo.4 and b 
a mechanical mixture of CuS and 
CuSe (1:2). Electrolyte: 1 mol L"̂  
H2SO4, scan rate 0.011 V s"' [B 57] 

Fig. 5.24. Plot of the peak potential Ep 
of different solid solutions CuSxSei.x 
versus charge Q, consumed in the elec­
trochemical reactions when deliberately 
varying amounts of the compounds have 
been immobilized [B 57] 
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Fig 5.25. Plot of standardized peak po­
tentials (extrapolated to values for 
Q = 0) of different solid solutions 
CuSxSei-x versus the molar ratio 
nse/(nse+ns) [B 57] 

Fig. 5.26. Cathodic differential pulse 
voltammograms of a CuBiS2 and 
CuSbS2 and b CuBio.5Sbo.5S2 and a me­
chanical mixture of CuBiS2 and 
CuSbS2. 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 [B 57] 

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 
measured and the voltammograms is integrated, one can easily determine 
the dependence of the peak potentials on the charge, i.e., a value propor­
tional to the amount of reduced substance. Figure 5.24 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 ex­
trapolated peak potentials versus the molar ratio xse yields a smooth curve 
that can be used as a calibration plot for the analysis of samples of un­
known composition (Fig. 5.25). Figure 5.26 shows voltammograms of 

http://CuBio.5Sbo.5S2
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CuSbSa, CuBiSa as well as voltammograms of a solid solution of these two 
compounds and of a mechanical mixture. Again it is obvious that a distinc­
tion 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 solu­
tions. The reduction potential of the silver ions shifts as a fimction of the 
bromide content of the solid solutions that have been obtained by melting 
together AgCl and AgBr [B 14]. The dependence (Fig. 5.27) is nonlinear 
because of a considerable non-ideality of the mixtures. 
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Fig. 5.27. Peak potential of differential 
pulse voltammograms obtained for re­
duction of solid solution of AgCl-AgBr 
as a function of the molar ratio of bro­
mide. Electrolyte is 0.1 mol L"' oxalic 
acid [B 14] 

5.3.3 Solid Solutions of Metal Hexacyanometalates 

Prussian blue is the archetype of a large group of metal hexacyanometa­
lates and its electrochemistry has been extensively studied for the follow­
ing reasons: (i) It can be easily deposited by electrochemical procedures on 
an electrode surface, (ii) It possesses two different kinds of electrochemi-
cally active iron ions, high-spin iron(III) that is nitrogen coordinated, and 
low-spin iron(II) that is carbon coordinated, (iii) The electrochemistry of 
both kinds of iron ions is reversible, (iv) The reduction is coupled with a 
reversible uptake of cations from solution and the oxidation is accompa­
nied 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 cavi­
ties and move along channels, (v) Prussian blue exhibits electrocatalytic 
properties, (vi) Prussian blue shows electrochromism. (vii) Prussian blue 
and its oxidized and reduced forms are highly insoluble in aqueous solu-
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Fig. 5.28. Structure of a mixed copper-nickel hexacyanoferrate-hexacyano-
cobaltate and illustration of its insertion electrochemistry 

tions. All these properties made it a favorable compound to be used for 
electrochemical studies. Since there exist dozens of oilier very similar 
metal hexacyanometalates, it was a temptation to study their electrochem­
istry as well. However, only a relatively small number of these com­
pounds, e.g., copper, nickel, and cobalt hexacyanoferrate and some others, 
can be precipitated or synthesized on electrode surfaces. The majority of 
these compounds can be chemically syntiiesized, but a deposition on elec­
trode surfaces was hampered imtil intooduction of the technique of me­
chanical immobilization of microparticles. 

Figure 5.28 depicts the structure that is representative for the vast major­
ity of the hexacyanometalates. Three kinds of metal ions can be distin­
guished, and all three positions can be populated by mixtures of ions, pro­
vided that their radii fit to each other. Thus it is possible to populate the 
nitrogen-coordinated sites by Cu^^ and Fê "̂ , by Cu^^ and Nî ^ etc., and the 
carbon-coordinated sites by Fê ^̂ "̂  and Cô "̂ , etc. The cations in the inter­
stitial cavities can be populated by different alkali metal and also by transi­
tion metal ions. Because the cations on tiiis position are mobile and can be 
exchanged with those in an adjacent solution, such solid solutions do not 
possess much interest. However, they can be formed in the course of elec­
trochemical reactions with mixed electrolyte solutions. Besides the substi­
tutional 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 diat the redox centers are statistically disMbuted. This 
kind of solid solutions will be discussed later. Table 5.3 gives a schematic 
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Table 5.3. 

Type 

tions 
I 

II 

III 

rv 

V 

VI 

Basic types of solid solutions of metal hexacyanometalates 

of solid solu-
Me' 

Different ions, e.g., 
K'-andNa'" 

One kind of ions in 
different oxidation 
states, e.g., Fê "̂  and 

Me" 

Different ions, e.g., 
Cu^'^andFe'"' 

One kind of ions in 
different oxidation 
states, e.g., Fê "̂  and 
Fe'" 

Me'" 

Different ions, e.g., 
Fê "̂  and Co'^ 

One kind of ions in 
different oxidation 
states, e.g., Fê "̂  and 
Fe'^ 

[Me ] [Me -NC- Me ]; Me: interstitial metal ions; Me : nitrogen-
coordinated metal ions: Me : carbon-coordinated metal ions 

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 so­
lutions are formed, i.e., mixed types of II and III, etc. Type IV seems to ex­
ist only as a combination with type I and II [B 111]. 

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 the electrochemical properties on the nature of metal ions. 
Voltammetric measurements on such solid solutions allow an extremely 
sensitive analysis of the composition of these solid solutions. Nickel(II) 
and iron(III) hexacyanoferrate(II) form a continuous series of solid solu­
tions [B 49]. In this series, the electroactive high-spin iron(III) ions are 
continuously diluted by the electro-inactive nickel(II) 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 
fi'om the value of iron(III) hexacyanoferrate to the value of nickel hexa-
cyanoferrate. 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(II) and iron (III) hexacyanoferrate(II) is very 
similar [B 137]. Figure 5.29 shows voltammograms of some representative 
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Fig. 5.29. Formal poten­
tial xif \^-p, anodic "•" -̂ p, ca-
thodic)/2 of the low-spin 
iron system of the mixed 
iron-copper hexacyanofer-
rates as derived firom the 
cyclic voltammograms 
(scan rate 0.05 V s"̂ ) vs. 
molar ratio of high-spin 
ironxpe [B 137] 
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Fig. 5.30. Dependence of the formal potential of the Cu(I)/Cu(II) system (peaks I 
and rV) and of the hexacyanoferrate(II/III) system (peaks II and III) of 
KCu°[hcf|i.x[hcc]x on the molar ratio of cobalt (hcf: hexacyanoferrate, hcc: hexa-
cyanocobaltate). The inset shows the cyclic voltammogram of KCu°[hcf|o.3[hcc]o.7 
in 0.1 M KNO3, with a scan rate of 50 mV s"' [B 247] 
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examples and Fig. 5.30 depicts the dependence of the formal potential of 
the low-spin iron system on high-spin iron(III) content in the solid solu­
tions. In the case of cadmium(II) and iron(III) hexacyanoferrate(II) it was 
observed that solid solutions are formed, too [B 111]. This is rather sur­
prising considering the large difference in ionic radii (rcd(ir)= 109 pm, 
rFe(iir)= 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 hexacyan-
oferrates(III)/hexacyanocobaltates(III) [B 247]. Figure 5.30 shows how 
sensitive the peak potentials of the Cu'̂ '̂ ^ and the Fe^ '̂̂ ^ systems of mixed 
copper hexacyanoferrate-hexacyanocobaltates 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 fi'om the iron ions. When the ni­
trogen coordinated metal ions are continuously substituted by foreign 
metal ions the effect is much stronger (see Fig. 5.29). 

5.3.4 Solid Solutions of Oxides 

The electrochemical dissolution of solid solutions of metal oxides provides 
access to information on their composition. Grygar etal. studied the foUow-

Fig. 5.31. Voltanimograms (top) of reduc­
tive dissolution of C-Mn203-a-Fe203 solid 
solutions (electrolyte: acetate buffer at pH 
4.4), and plot of peak potential versus mo­
lar ratio Fe/(Fe+Mn). Additionally are 
given the lattice parameters of the bix-
bytites [B 181] 
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Fig. 5.32. A Linear-sweep voltammetric dissolution curves of several single-phase 
Li-Fe-Mn-0 spinels (0.2 M acetate buffer: 1:1 acetate:acetic acid; scan rate 
1 mV s"̂ ). The numbers denote the value Fe/(Fe+Mn). B Linear-sweep voltam­
metric peak potentials of single-phase Li-Fe-Mn-0 spinels plotted vs. Fe/(Fe+Mn) 
[B 191] 

ing series of solid solutions: (a) C-Mn203 to a-Fe203, (b) LiMn204 to 
LiFesOg, (c) CaMnOs through Ca3(Mn,Fe)308-f̂ x to CaFcaOs, (d) MnO^ to 
FeOOH [B 181], Li-Mn-0 and Li-Fe-Mn-0 spinels [B 191, B 194, B 311]. 
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 Chapter 5.7). Therefore, it is not expected that the peak poten­
tials of the dissolution voltammograms directly and solely depend on the 
thermodynamics. More interesting is the observation that the peak poten­
tials show a clear dependence on the composition which makes them use­
ful for analytical applications (see Fig. 5.31 for the system C-Mn203-a-
Fe203). Figure 5.32 shows how the peak potential of reductive dissolution 
of a series of Li-Fe-Mn-0 spinels shifts with the ratio Fe/(Fe+Mn). 

5.4 Organometallics and Organic Compounds 

Considering the importance of redox processes of organic and or-
ganometallic solids in catalysis, photovoltaics, analysis etc., the voltam­
metric 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, 
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which makes solid-state electrochemical studies indispensable. The ease of 
the electrode preparation and the short time scale of the voltammetric ex­
periments (Chapter 3) favor the voltammetry of immobilized microparti-
cles 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 immobilized mi-
croparticles can be utilized to get access to physical, chemical and mecha­
nistic 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 compounds are not yet fully understood. In the fol­
lowing sections, we will present examples for the study of different kinds 
of organometallic complexes, their redox properties and reaction mecha­
nisms by means of the voltammetry of immobilized microparticles. 

Voltammetric studies of solid metal carbonyl compounds have been 
performed by Bond and coworkers [B 28, B 31, B 53, B 65, B 90, B 128]. 
After extensively investigating this class of compounds with respect to 
their solution electrochemical behavior (Fig. 5.33) [B 77], the authors have 
devoted their studies to the investigation of the solid compounds. Thus, 
they have shown that distinct electrochemical responses can be obtained 
from c?5-Cr(CO)2(dpe)2 and trans-Cr(CO)2(dpe)2 (dpe = 
Ph2PCH2CH2PPh2), mechanically attached to a carbon electrode, and im­
mersed in aqueous electrolytes. The redox processes are reported to be 
similar to those observed in organic solutions (see Fig. 5.34), the electron 

process I process I I I 

Trans , . " I rons* ^ .*= Trans^* 

Cis 
process 

-e" 
Cis* 

process 2V 
- e ' 

• e 
Cis 2* 

Fig. 5.33. Redox and isomerization reactions of the [Cr(CO)2(dpe)2] system 
[B31] 
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Volt vs Ag / Ag CI 

Fig. 5.34. Cyclic voltammograms obtained at 20 °C at a a platinum disk electrode 
in dichlormethane (0.1 M BU4NCIO4) for a mixture of cz5-Cr(CO)2(dpe)2 and 
trans-[Cr(CO)2idpe)2T. b in aqueous (0.1 M NaC104) media for solid trans-
Cr(CO)2(dpe)2 mechanically attached to a polished basal plane pyrolytic graphite 
electrode (scan rate 50 mV s"') [B 28] 

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 [B 28]. 

The solid state isomerization of c/5-[Cr(CO)2(dpe)2]^ to trans-
[Cr(CO)2(dpe)2]^ (Fig. 5.35) has been foimd to be much slower than in so­
lution, with the effect that the otherwise thermodynamically unstable cis-
[Cr(CO)2(dpe)2]^ could - for the first time - be spectroscopically identified 
(see also Chapter 5.5). 

The oxidation of fra«5-Cr(CO)2(dpe)2 is accompanied by a slow uptake 
of anions from the aqueous electrolj^e solution. By help of electrochemical 
quartz crystal measurements it has been shown that the anions are trans­
ferred into the solid phase in their unhydrated form [B 53]. 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 conclusion, drawn from the experi-



110 5 Immobilized Particles 

Ph2 p ^ N 

0 

structure I 

r-P. 1 ..p''̂  

Structure II 

Fig. 5.35. Structures of cw-Cr(CO)2(dpe)2 (I) and ̂ an5-Cr(CO)2(dpe)2 (II) [B 31] 

ments, 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 materi­
als 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 prop­
erties. Thus, Eklund and Bond have examined carbonyl compounds with 
respect to potential photocatalyzed processes. Based on the photoactivity 
of/flc-Mn(CO)3(ri^-Ph2PCH2PPh2)Cl in organic solvents \ they have stud­
ied the behavior of the immobilized solid compound in an aqueous envi­
ronment [B 128]. Two possible reaction pathways were subject of discus­
sion: (i) Like in the case of semiconductor electrodes, charge separation 
occurs within the microcrystalline environment upon radiation, resulting in 
a current flow and concurrent charge balance through diffusion of ions into 
the crystalline material, (ii) 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 Figs. 5.36a and b, the oxidation of immobilized mi­
croparticles ofyac-Mn(CO)3(r|^-Ph2PCH2PPh2)Cl is considerably enhanced 
upon radiation. Using a special photoelectrochemical cell (see Chapter 4.3, 
Fig. 4.24) this photoprocess has been studied with the help of the electro­
chemical quartz crystal microbalance, EQCM. It could be demonstrated 

^ Pleskov YV (1990) Solar Energy Conversion, A Photoelectrochemical Ap­
proach. Springer-Verlag, Berlin Heidelberg New York 

3 Compton RG, Barghout R, Eklund JC, Fisher AC, Bond AM, Colton R (1993) 
JPhysChem97: 1661-1664 
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Fig. 5.36. a Cyclic voltammograms obtained for the oxidation ofyac-Mn(CO)3(Tî -
Ph2PCH2PPh2)Cl attached to a pyrolytic graphite electrode and placed in contact 
with 0.1 M NaCl electrolyte (scan rate 100 mV s"̂  irradiation intensity 10 mW 
cm"̂ ). b Phototransient response obtained for the oxidation of _/ac-Mn(C0)3(Tî -
Ph2PCH2PPh2)Cl attached to a graphite electrode and placed in contact with 0.1 M 
NaC104 [B 128] 
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Fig. 5.37. EQCM data obtained when solid/ac-Mn(CO)3(Tl -Ph2PCH2PPh2)Cl, at­
tached to a gold-coated quartz crystal and placed in contact with aqueous 0.1 M 
NaCl electrolyte, is irradiated periodically with 300-450 nm light [B 128] 

that the photocatalyzed processes at the immobilized yac-Mn(C0)3(Ti^-
Ph2PCH2PPh2)Cl particles is accompanied by an anion uptake from the 
surrounding electrolyte solution (Fig. 5.37) 

From the combination of voltammetric, EQCM, ex situ electron spin 
resonance spectroscopy and chemical doping experiments two possible re­
action pathways have been proposed: (i) formation of a charge-transfer ex­
cited state of the Mn(I) species, which is then rapidly oxidized to a fac-
Mn(II) cationic species, that can then isomerize to the mer*^ form, (ii) 
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photoisomerization of yac-Mn(CO)3(Ti^-Ph2PCH2PPh2)Cl to the mer form, 
which is then directly photooxidized to the mer^ cationic form. 

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, how­
ever, 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 microparticles. In one 
of the first studies, the voltammetry of ferrocene was studied and com­
pared to other sparingly soluble metal complexes and salts [B 14]. In each 
case, the electrochemical perturbation generates at least one solution solu­
ble species. For this kind of process a reaction scheme, Fig. 5.38, has been 
proposed, showing how the electrochemistry is interfered by dissolution 
and adsorption processes of the involved redox species. 
Being much more hydrophobic, decamethylferrocene, dmfc, exhibits a 
considerably lower solubility in water. This compound can be considered 
virtually insoluble, and even its oxidized form, dmfc^, is insoluble in wa­
ter. As for its relative, ferrocene, the voltammetry of the decamethyl com­
pound is based on a one electron oxidation step (Reaction VI). 

Fe(;7'-C,(CH3X), ^ [Mn-Cs(C^.)s)J + ^' (VI) 

diffusion into bulk 

3a 3b 

dissolved species 

^ ^ / - aa\\ 
2b 

SOLID 

2a^ 

ADSORBATE 

ELECTRODE 

Fig. 5.38. Reaction scheme applying for the electrochemistry of ferrocene and 
other sparingly soluble solid compounds [B 14] 
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Fig. 5.39. Cyclic voltammograms 
obtained at a scan rate of 10 mV s"' 
for the oxidation of microcrystal-
line decamethylferrocene attached 
mechanically to a basal plane pyro-
lytic graphite electrode and placed 
in aqueous medium (0.1 M KPFg) 
at temperatures of a 22 °C, b 52 °C 
and c 82 °C [B 29] 

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

Fe(;7'-C,(CH3)J,,^„,,+X-, [Fe(;7'-C,(CH3)JJX^.„,„+e (VH) 

The nature of the anion not only has an effect on the shape of the voltam-
metric signal, it also influences the redox potential of the oxidation proc­
ess. Thus, the presence of hydrophobic ions in the electrolj^e solution 
leads to an oxidation at lower potentials, whereas the presence of hydro-
philic ions, like fluoride, shifts the redox potential of Reaction VII towards 
more positive potentials. It can be assumed that the Gibbs energy of trans­
fer of the anions from the aqueous into the organic phase is responsible for 
this phenomenon (see Chapter 6 for more detail). In contrast to the oxida­
tion of ferrocene Reaction VII represents a solid-to-solid transformation. 
As depicted in Fig. 5.39, it is a kinetically controlled process, and its rate 
strongly depends on temperature. The increase of the peak currents with 
temperature is much more pronounced than in solution-phase voltammetry. 

The voltammetric study of mechanically immobilized organic or or-
ganometallic solids is of considerable importance for compounds that are 
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Fig. 5.40. Cyclic voltammogram at 5 mV s"̂  for platinum phthalocyanine micro-
crystals deposited onto a glassy carbon electrode in acetonitrile (0.1 M 
N(Bu)4C104) [B 138] 

insoluble in water and in non-aqueous solvents, as it is the case for many 
metal phthalocyanines. For example, in a series of studies Kucemak and 
coworkers have thoroughly investigated the electrochemical behavior of 
platinum phthalocyanine [B138, B 167, B 185, B 190] - here, the voltam-
metry of microcrystals offers the simplest and yet a reproducible way of 
depositing the target compound onto an electrode surface. Well-defined 
voltammetric responses are obtained for microcrystals in aqueous and in 
non-aqueous media (Fig. 5.40). The authors suppose that the oxidation, as 
for many metal phthalocyanine complexes, takes place reversibly on the 
phthalocyanine ring, and is accompanied by the uptake of anions from the 
electrolyte solution according to Reaction VIII: 

PtPc, ,„, +nC10,, ,, , 
(solid) 4 (solution) 

^ PtPc""(C10,) , ,,, +ne" 
^ ^ 4^n(solid) 

(VIII) 

The voltammetry of microparticles is well suitable as a tool to the 
screening of compounds for desired properties like their electrocatalj^ic 
activity towards 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 [B 251]. In contrast to many 
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Fig. 5.41. a Structure of osmium trisdimetoxybipyridyl, [Os(OMe-bpy)3](PF6)2 
(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 M 
HCIO4, the working electrode is a 25 )xm platinum electrode, and the scan rate is 
0.1Vs-^[B251] 

other solid state electrochemical reactions the voltammetry of immobilized 
osmium trisdimetoxybipyridyl, [Os(OMe-bpy)3](PF6)2, is comparable to its 
solution-phase voltammetry (see Fig. 5.41). 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 bipyridil complexes [B 
134, B 155, B 252]; in one case even unusually fast electron and anion 
transport processes have been observed [B 139]. 

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 fiilfilled for many 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)2]'̂ ^ (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 to 3) leads to 
ion pair formation with the anions that are transferred into the crystal upon 
oxidation and thus to an increasing resistivity towards the ion migration 
within the crystal [B 45]. 
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Fig. 5.42. Structures of a the expanded "Robinson-type" macrocyclic ligand H+L, 
b the tetranuclear complex [Cu4(L)(0H)]̂ "' [B 260] 
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Fig. 5.43. Schematic representation of the reversible solid state conversion of 
metal complex to metal deposit and free ligand [B 260] 

As a peculiar phenomenon it has been reported that the voltammetric 
conversion of immobilized organometallic compounds can lead to a re­
versible extraction of metals from their complexes. Thus, Marken et al. re­
ported on electrochemically driven reversible solid state metal exchange 
processes in pol5muclear copper complexes [B 260]. These complexes (see 
the example of the tetranuclear compound. Fig. 5.42), consisting of a 
"Robinson t5^e" ligand scaffold, can accommodate up to four copper ions 
that are bridged to each other, as shown in Fig. 5.42. Upon reduction of the 
immobilized complexes, the copper ions stepwise leave the complex 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. 5.43). Upon oxidation, the formed free copper ions are re­
incorporated into the ligand scaffold. 

Bond et al. [B 294, B 306, B 308] have demonstrated that the response 
of microparticles of several organometallic compoimds using ionic liqviids 
as electrolyte is indistinguishable from that of the dissolved species. A 
rapid dissolution of the solids upon electrochemical oxidation of the neu­
tral compounds is held responsible for this observation. 
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Further, it has been found that small concentrations of organic solvents 
in the electrolj^e solution can induce a catal5^ic action in the insertion-
electrochemical reactions of microparticles [B 295], caused a co-insertion 
and lattice widening. 

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 electrochemi­
cal or chemical reactions, to access physical or chemical properties of a 
target compound, to screen compounds for a desired electrochemical prop­
erty or behavior (catalysis), or to yield qualitative or quantitative informa­
tion on a compound. The latter, the qualitative and quantitative determina­
tion 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. 5.44). Utilizing square wave voltammetry, the authors determined 
the detection limit for cocaine to be 0.3 |xg cm"̂  surface concentration. 

Although due to the limitations caused by the mechanical immobiliza-
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Fig. 5.44. Square-wave 
voltanrniogram of traces of 
cocaine powder which was 
mechanically transferred to 
a parafFm-impregnated gra­
phite electrode from the 
surface of contaminated pa­
per money (bills). The fre­
quency was 250 Hz, ampli­
tude 100 mV, step 
increment 2 mV, starting 
potential IV [B 109] 
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tion of a sample onto an electrode surface the analytical information on a 
target compound is 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 preparation procedures also semiquantitative 
information can be obtained [B 59]. This fast screening provides informa­
tion on the presence or absence of a certain pesticide and can thus save la­
bor 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 in­
soluble in the electrolyte environment. 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 ex­
tent 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 elec­
trolyte solution, into its layered structure. Fig. 5.45, following reaction IX. 

^ TCNQ,̂ ,,, +y e- +y M^^ ^ (M^)^(TCNQ-)/TCNQ)^_^ ,^,, (K) 

Of course, the electron transfer within the crystal, in most cases via elec­
tron hopping, must be assured, too. 

Very often, the structure of the end product of an electrochemically in­
duced solid-to-solid transformation is strongly deviating from that of the 
starting material, as shown in Fig. 5.45 for the example of TCNQ and its 
reduction product [B 101], 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 immiscibility between starting and end 
product. The effect on the voltammetric response can be seen in Fig. 5.46. 
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 au­
thors interpret in terms of a nucleation and growth mechanism (for the 
thermodynamic interpretation see Chapter 5.11), arising from the fact that 
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Fig. 5.45. Perspective view 
of the skeletal structure of 
TCNQ (upper structure) 
and (Cs^)2(TCNQ")2 
(TCNQ) (below). Hydro­
gen atoms are omitted for 
clarity [B 101] 
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Fig. 5.46. Schematic diagram of the voltammetric response for the surface-
attached TCNQ"'" system when interconversion of TCNQ and the reduced salt oc­
curs by a nucleation-growth mechanism [B 56] 
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Fig. 5.47. Schematic representation of 
nucleation in the four-phase system 
electrode (phase 4)/solids (phase 1 and 
2) / solution (phase 3) [B 56] 
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Fig. 5.48. a Cyclic voltammograms obtained for the reduction and reoxidation of 
solid Ceo mechanically attached to a basal plane pyrolytic graphite electrode im­
mersed in acetonitrile / 0.1 M NBU4PF6. scan rate 0.02 V s\ J = 20±2 °C b 
Chronoamperogram for the reduction and reoxidation of solid Ceo mechanically 
attached to a basal plane pyrol)^ic graphite electrode and immersed in acetonitrile 
/ 0.1 M NBU4PF6. Potential steps are from 0 to -0.85 V for reduction and -0.85 V 
to -0.205 V vs. SCE for reoxidation after 10 initial potential cycles between 0 and 
-l.OVvs. SCE[B119] 

the electrochemical solid-to-solid conversion does not take place via the 
formation of a continuous redox solid solution phase, but requires the for­
mation of a separate product phase (as schematically drawn in Fig. 5.47) 
[B 56, B 296]. 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 dos not seem to be an exotic behavior. It has been described for other 
systems too, as for instance for the oxidation of microcrystalline tetrathia-
fiilvalene, TTF [B 54, B 255], which takes place coupled with the interca­
lation of anions into the TTF lattice. 
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Fig. 5.49. Cyclic voltammo-
grams obtained over different 
potential ranges at a scan rate 
of 0.100 V s^ for reduction of 
microcrystalline (C6o)i.5(CTV) 
con:q}lex adhered to a 0.10-cm 
diameter glassy carbon elec­
trode placed in CH3CN 
(0.10 mol L-' BU4NCIO4). a 
0.0 to -3.0 V; b 0 to -2.35 V; c 
0to-2V;d0to-1.55Vande 
OV to -1.2 V vs Ag/Ag^ 
[B170] 

Evidence for nucleation and growth has also been found for the volt-
ammetric reduction and re-oxidation of the Buckminster fullerene Ceo- The 
large peak-to-peak separation (Fig. 5.48a) and the typical chronoam-
perometric curves, showing a "rising" current transient rather than a mono-
tonic decay (Fig. 5.48b) are characteristic and support the proposed reac­
tion mechanism [B 119]. 

As shown in Fig. 5.49, fullerenes exhibit a well-defined voltammetry. 
Depending on the applied reduction potential, they undergo a number of 
reduction steps, as shown in Fig. 5.49 for the example of the (C6o)i.5(CTV) 
complex (CTV = cyclottiveratrylene). It can be derived from the voltam-
metric curves e - a (Fig. 5.49), tbat the products of tiie fu^t two reduction 
steps are still insoluble in the electeolyte solution; the re-oxidation of the 
compound is thus possible. However, potential sweeps towards more nega­
tive potentials lead to the formation of soluble reaction products, visible in 
the irreversibility of the subsequent reduction. 

Organic chemistoy, and thus also organic electeochemistry, can gener­
ally be much more complex than in the above examples. Thus, the electto-
cbemical oxidation or reduction of an organic compound can be followed 
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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 elec-
trochemically driven polymerization reactions at the mechanically immo­
bilized microparticles [B211,B218, B 272] the voltammetry of micropar-
ticles 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 analy­
sis of sulfide ions and pH [B 305, B 309, B 310] 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 [B 315]. 

5.4.3 Overview of Studied Compounds 

Organometallics and Metal Complexes with Organic LIgands 

Compoimd Reference (B) 
Tris(2,2'-bipyridine)ruthemum(II) hexafluorophosphate 134 
cw-Ru™(dcbpy)2(NCS)2 (dcbpy = 2,2'-bipyridine-4,4'-dicarboxyl 102 
acid) 
[{M(bipy)2}{M'(bpy)2}(M-L)](PF6)2 (M, M'= Ru, Os; L= 1,4- 139 
Diydroxy-2,5-bis(pyrazol-1 -yl)benzene 
Osmium bis(bipyridyl)tetrazine chloride, [Os(bpy)2-4-tet-Cl](C104) 155 
tet = 3,6-bis(4-pyridyl)-l,2,4,5-tetrazine 
Osmium tris dimetoxy bipyridyl, [Os(OMe-bpy)3](PF6)2 251 
OMe = 4,4'-dimethoxy; bpy = 2,2'-bipjfridil 
Triazole bridged osmiimi dimer, [Os(bpy)2Cl 4-bpt Os(bpy)2Cl]PF6 252 
Ruthenium(III) dithiocarbamate 100 
Ruthenium(III) diphenyldithiocarbamate 98 
[Ru(bpy)3][PF6]2 134 
[Ru(bpy)3]3[P2Wi8062] 303 

/ac-Mn(CO)3(ii^-Ph2PCH2PPh2)Cl 128 
cw-[Mn(CN)(CO)2{P(OPh)3}(dppm)] (dppm = Ph2PCH2PPh2) 294 
cw-[W(CO)2(dppe)] (dppe = Ph2P(CH2)2PPh2) 294 
cis- fr-an*-[Re(CO)2(P-P)2]'^ and franj-[Re(C0)(P-P)2X 90 
P-P = diphosphine ligand, X = CI, Br 
trans-R.e(BT)(CO)X (X = (dppe)2, (dppz)(dppm), (dppe),(dppm) 295 
(dppe = Ph2P(CH2)2PPh2, dppm = Ph2PCH2PPh2, dppz = (Ph2P)2C6H4) 
cis, <rans-Cr(CO)2(dppe)2 (dppe = Ph2P(CH2)2PPli2) 28, 31, 53, 295 
[(C4H9)4N][Cr(CO)5l] 65 
Fe(Tî -C5Ph5)((iî C6H5)C5Ph4 106 
1,3,5-tris(3-((ferrocenylmethyl)amino)pyridiniumyl)-2,4,6- 306 
triethylbenzene Hexafluorophosphate 
Bis(T|^-pentaphenyl-cyclopentadienyl)iron(II)-iron(III) 129 
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[Co(mtas)2](X)jj (mtas = bis(2-(dimethylarsino)phenyl)-methylarsine; 45 
X = BF4-, n = 3; X = 0 0 4 - , n = 2, 3; X = BPha', n = 2) 
Co and Mn phthalocyanines 
Pt phthalocyanine 

43,63 
138,167, 
185,190 

Polynuclear copper complexes 260 
[CU2(H3L)(0H)][BF4]2, [CU4L(0H)][N03]3 L = O4N4 
Copper(n) 5,10,15,20-tetraphenyl-21H,23H-porphyrin (H2TPP) 135, 159, 178 
Azurin 297 
Decamethylferrocene 29 
Ferrocene / cobaltocene 14, 308 
Decaphenylferrocene 295 

Organics 

Compound Reference (B) 
Azobenzene 
Carbazole / polycarbazole 
Cocaine 
2,2-diphenyl-l-picrylhydrazyl (DPPH) 
Diphenylamine (B 197 (droplet)) 
FuUerenes, CM 

Cjo <= L2 (L =/j-benzyl-calix[5]arene)2] • 8toluene 
HQBpt (HBpt = 3,5bis(pyridine-2-yl)-l,2,4-triazole; 
1,4-hydroqurnone H2Q 
Indigo 
Lead and mercury dithiocarbamate 
iV, Af'-bis(4-Cyanophenyl)-3,4,9,10-perylene-bis(dicarboximide) 
iV,A''-bis(4-Cyanophe-nyl)-1,4,5,8-naphthalenediimide 

_Quinhydrone, acridine 
Tetraphenylviologen 

and 

68 
272 
109 
114 
211,218 
119, 154, 172, 
263 
156 
179 

72, 126 
13,14 
313 

126 
295 

TCNQ 

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

Organic dyes and pigments 

56, 101, 124, 
255, 296, 299 
316 
54, 196, 
267 
302 
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5.5 Electrochemically Initiated Chemical Reactions of 
Solid Particles 

5.5.1 Electrochemically Initiated Isomerlzations 

Similar to the scenario of electrochemical reactions of species in solution, 
solid compounds can also undergo chemical follow-up reactions. Such sys­
tems 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(III), 
KFe[Cr(CN)6], is heated to temperatures around 100 °C. Under this condi­
tion the cyanide ions turn around to form chromium(III) hexacyanofer-
rate(n), KCr[Fe(CN)6]. This isomerization takes place at room temperature 
when microparticles of KFe[Cr(CN)6] are immobilized on a graphite elec­
trode and are subjected to potential cycling in a range where the hexa-

-0.5 0 0.5 
E / V VS. Ag/AgCl 

Fig. 5.50. Subsequent cyclic voltammograms of iron(II) hexacyanochromate(in) 
mechanically immobilized on a PIGE. The isomerization to chromiiim(III) hexa-
cyanoferrate(II) can be deduced from the simultaneous decrease of the hexacyano-
chromate system accompanied by the growing of the hexacyanoferrate system. 
Electrolyte: 0.1 M KCl; scan rate: 0.1 V s"̂  [B 33] 
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[Mn(CNy 4-;5- [Mn(CN)e] 3-J4- [Fe(CN)e] 3-/4-

-0.5 0 
E/Vvs.Ag/AgCI 

0.5 

Fig. 5.51. Subsequent cyclic voltammograms of iron(II) hexacyanomanganate(III) 
(Fe hem) mechanically immobilized on a PIGE. The isomerizalion of Fe hem to 
manganese(II) hexacyanoferrate (Mn hem) can be deduced from the simultaneous 
decrease of the hexacyanomanganate signals accon^anled by the growing of &e 
hexacyanoferrate signal. Electrolyte 0.1 M KCl; scanrate 0.1 V s"̂  [B 103] 

cyanochromate unit is switched between the chroniium(III) and chro-
mium(II) states \B 33]. Figure 5.50 depicts the cyclic voltanunograms and 
it is obvious how the hexacyanochromate system decreases simultaneous 
to the growing of the hexacyanoferrate system. The rate constant of the 
isomerization was 4x10"^ mol s"\ The isomerization can be easily under­
stood considering the general inertness of chromium(III) ions against sub­
stitution and, on the other hand, a high lability of the ligands of chro-
mium(II) ions. Thus the cyanide ions are labi l ized in the 
hexacyanochromate(n) and allowed to turn around, i.e., coordinating on 
the carbon end to the iron ions. A similar isomerization was observed in 
the case of iron(n) hexacyanomanganate(III), although in this case the 
compound could not be synthesized without some amount of the com­
pound having already isomerized, i.e., with some amount of nianganese(II) 
hexacyanoferrate(III) already present when the compoimd was subjected to 
potential cycling. Figure 5.51 shows very well how tiie two voltammetric 
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-1 -OS 

E/Vvs.Ag/AgCI 

- 1 ^ -1,13 -0.95 -0,75 
E/Vv3.AQ/AgCI 

Fig. 5.52. Subsequent cyclic volt^nmograms of immobilized samples of a chro-
mium(II) hexacyanomanganate(III), b iron(II) hexacyanomanganate(III), c man-
ganese(II) hexacyanomanganate(III), d as c) but in a limited potential range 
[B103] 

systems of hexacyanomanganate (ni)/(II) and hexacyanomanganate(II)/(I) 
decrease continuously while the hexacyanoferTate(III)/(II) system grows 
simultaneously [B 103]. 

Whether the hexacyanomanganate ion is stable in its reduced or its oxi­
dized state depends both, on the nitrogen-coordinated metal ions, and on 
the voltage range, i.e., what redox transitions are performed. Figure 5.52 
depicts subsequent cyclic voltammograms of three hexacyanomanganates, 
(a) chromiimi(II) hexacyanomangaiiate(III), (b) iron(n) hexacyanomanga-
nate(III), and (c) manganese(II) hexacyanomanganate(ni), all measured in 
the potential range from +0.1 V to -1.55 V vs Ag/AgCl. Comparing Fig. 
5.52b with Fig. 6.51 reveals that the iron(II) hexacyanoferrate(III) is rather 
stable when the electrode is not polarized to potentials where iron(II) is 
oxidized to iron(III). Figure 5.52a shows that the chromium(n) hexa­
cyanomanganate is even completely stable, whereas the manganese(n) 
hexacyanomanganate(III) signal quickly deteriorates (Fig. 5.52c). How­
ever, when only the system of [Mn(CN)6]''"'̂ " is measured in the limited po-
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tential range from -0.7 to -1.55 V vs Ag/AgCl, then it remains completely 
stable (Fig. 5.52d). 

Figures 5.50 to 5.52 are good examples for showing that the voltam-
metry of immobilized particles yields curves that allow following chemical 
reactions in the solid state in a straightforward way, very similar to spec­
troscopic techniques. 

Bond et al. [B 75] undertook a thorough study of the electrochemical 
oxidation of the solid organometallic compounds cis, mer- and trans-
Mn(CO)2(7'-P2P')Br (P2P'={Ph2P(CH2)2}2-PPh), cis.mer- Mn(CO)2(7'-
P3P')Br (P3P'={Ph2PCH2}3P), binuclear cw/ac-{Mn(CO)2(7^-dpe)Br}2Cu-
dpe) (dpe=Ph2P(CH2)2PPh2), and of the electrochemical reduction of trans-
[Mn(CO)2(7^-P2P')Br]BF4, ^ra«.y-[Mn(CO)2(7'-P3P')Br]BF4 and trans-
[{Mn(CO)2(7^-dpe)Br}2(^-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 follow­
ing isomerization prompted by oxidation of cis,mer- Mn(CO)2(;/-P2P')Br: 

Electrochemical oxidation using a chloride containing electrolyte : 

cis,mer- Mn(CO)2( 7'-P2P')Br(soiid) + CI" ^ 
cis.mer- [Mn(CO)2(7'-P2P')Br]Cl(soUd) + e" 

Slow isomerization: 

cw,wer-[Mn(CO)2(7'-P2P')Br]Cl(,„M) -^ ^anj-[Mn(CO)2(7'-P2P')Br]Cl(,oUd) 

In the case of the solid binuclear complex fra«j-[{Mn(CO)2(?7^-
dpe)Br}2(//-dpe)](BF4)2 a single reversible two-electron reduction was ob­
served (cf Fig. 5.53a), 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: 

Ion exchange: 

â«5-[{Mn(CO)2(7 -̂dpe)Br}2(//-dpe)](BF4)2(soiid) + 201" <:± 

frans-[ {Mn(CO)2(77̂ -dpe)Br}2(;/-dpe)]Cl2(soiid) + 2BF4" 

Electrochemical reduction/oxidation: 

/ra«j-[{Mn(CO)2(;/'-dpe)Br}2C"-dpe)]Cl2(soiid) + 2e" <^ 
ân5'-{Mn(CO)2(7 -̂dpe)Br}2(;/-dpe)(soiid) + 2C1" 



128 5 Immobilized Particles 

TlOvA 

iA 

(>) 

| l f l | « A 

JMHA 

VA' l y 

•02 0.0 0.2 0.4 0.6 0.8 1.0 

Potenthd (V vs. AglAgCI) 

(b) 

Fig. 5.53. Cyclic voltammograms 
(scan rate, 200 mV s"') of solid 
complexes mechanically attached to 
graphite electrodes and placed in 
aqueous solution (0.1 M NaCl): a 
iranj-[ {Mn(C0)2( 7 -̂dpe)Br}2( rj-
dpe)](BF4)2 at 20°C, b cisjac-
{Mn(CO)2(7 -̂dpe)Br}2C"-dpe) at 
20°C, and c c/5'/ac-{Mn(CO)2(7^-
dpe)Br}2(;/-dpe) at 50°C [B 75] 

5.5.2 Electrochemically Initiated Substitutions 

Solid Metal Hexacyanoferrates 

The simplest case of an electrochemically initiated 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 suf­
fices 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 con­
taining Prussian blue into sodium-containing Prussian blue: 

Pumping out potassium ions during oxidation of the low-spin iron(II) ions: 

K{Fe[Fe(CN)6]}(soiid) ^ {Fe[Fe(CN)6]}(soiid) + K^ + e 

Pumping in sodium ions during reduction of the low-spin ironflll) ions: 

{Fe[Fe(CN)6]}(soiid) +e- +Na^ ^ Na{Fe[Fe(CN)6]}(soiid) 

These reactions have to be carefully taken into account whenever a solid 
compound is studied that is capable of undergoing chemically reversible 
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insertion electrochemical 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 re­
peated 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 be­
fore the scan rate dependence is measured, it could happen that at each 
scan rate a layer of the sohd is studied that possesses a different composi­
tion compared to the previous (i.e., faster) scan rate. Peak potentials de­
rived from such measurements would be slightly incorrect. 

Elecfrochemically initiated substitutions are not confined to the ex­
change of counterions, they can also occur with ions more strongly bond in 
the framework of the solid compound. Very early it was observed that the 
high-spin iron ions of Prussian blue can be substituted by cadmium ions 
when Prussian blue is cyclically oxidized and reduced in a Cd^^ ions con­
taining electrolyte [B 35]. Later it was shown that analogous substitutions 
lead to the formation of nickel hexacyanoferrate when Prussian blue is cy­
cled in a Nî ^ containing solution, and to the formation of cadmium hexa­
cyanoferrate when silver hexacyanoferrate is cycled in a Cd̂ "̂  containing 
electrolyte [B 55]. Figure 5.54 shows cyclic voltammograms recorded dur­
ing the electrochemically initiated substitution. It could be shown that the 
reaction leads not to a simple mixture of the mother and daughter hexa­
cyanoferrate, 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. 5.55 for the cadmium and iron 
hexacyanoferrate systems. In this figure the ratio of peak currents of sig­
nals 4 and 5, Fig. 5.54b, is depicted compared with the voltammograms of 
a simple powder mixture of the same two hexacyanoferrates (inset of Fig. 
5.55). 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. 5.55. A very thor­
ough analysis of this system [B 173] using cyclic voltammetry, impedance 
spectroscopy and scanning electron micros copy in conjunction with 
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Fig. 5.54. 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, b and c 0.1 mol L"' cadmium nitrate. The scan rate 
was 0.1 V s"' [B 55] 
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Fig. 5.55. Plots of the ratio of peak currents ipVips, i.e. ratio of cathodic peak cur­
rent of iron hexacyanoferrate to cathodic peak current of cadmium hexacyanofer­
rate, as a function of scan rate. The inset shows the same dependence for the case 
that a powder mixture of these hexacyanoferrates was immobilized [B 55] 
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energy dispersive X-ray detection (ex situ) confirmed the following reac­
tion mechanism. Prussian blue can be oxidized to Berlin green as follows, 

{ K F e ^ ^ C N X } ^ { F e > r ( C N ) J + r + e - (X) 

or it can be reduced to Berlin white according to: 

{KFe;;Fe^^(CN)J+K^+e- ^ {K,Fe^^Fe^^(CN)J (XI) 

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 [B 35]. However, if cyclic volt-

ammetry is carried out on Berlin white microcrystals |K̂ Fê *Fê *(CN)̂  } ad­
hered to graphite in a solution containing both K^ and Cd^^ ions, then an 
uptake of cadmium ions into the lattice of the metal hexacyanoferrate oc­
curs gradually. It is postulated that the cycling "pumps" Cd^^ (and K^) ions 
in and out of the cages, permitting the substitution reaction 

{Fe^^Fe^^(CN)J+Cd" ^ {cd:;Fe^^(CN)J"+Fe^" ^^^^ 

to occur. The twin-process voltammogram described by reactions (X) and 
(XI) is gradually replaced by a single-process cyclic voltammogram corre­
sponding to the reaction 

{cd:Fe-(CN)J+e- ^ {cd:V.:(mX ^™^ 

The charge compensating cations are not given in Eqs. XII and XIII be­
cause their identity is not exactly known. Depending on time and location 
K"̂ , Cd̂ "̂ , and Fê "̂  are possible candidates. Of course. Reactions X, XI, and 
XIII 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 XII, the carbon-bound iron atom is also a factor in the process. 
It is essential that this atom is in the +3 state - then the conceivable reac­
tion 

{Fe:;Fe^^(CN)J+Cd^^ ^ {cd:Fe:^(CN)J%Fe^^ ( ^ ^ ^ 

does not significantly take place, as evidenced by the observation that 
cadmium substitution does not occur if the voltammetric cycling is re­
stricted to the range involving only Berlin green and Prussian blue. On the 
other hand, the reaction cannot be as simple as reaction (XII) suggests, be-
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cause the cages of Berlin green are unoccupied, so {cd^Fe^(CN)^} cannot 

be formed by a pure substitution reaction as implied by Eq. XII. Instead, it 
may be postulated that substitution and oxidation occur concurrently dur­
ing the second half of the oxidative scan: 

{Fe-Fer ( C N X } " +Cd- ^ {cd^Fer ( C N ) J - +e+Fe- ( ^ 

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

Fe-Fe^^ (CN)^ +e>Cd- ^ {cd̂ ^Fê ^ ( C N ) J ^ +Fê ^ (XXI) 

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

2Fe;;Fe^(CN),+3Cd^^ — ^ C d ' ^ (cdj;Fe^^(CN)J^ +2Fê ^ (̂ ^™ )̂ 

Figure 5.56 schematically shows how the bilayered system is formed and 
how cyclic voltammetry and EDX mirror the proceeding of the electro-
chemically induced transformation. See also Sec. 5.11 for the results of 
theoretical simulations of this substitution reaction. 

electrolyte 
solution micro particle 

graplilte 

Fig. 5.56. Schematic view of the situation when a microparticle of a mother hexa-
cyaaoferrate is transformed into a daughter hexacyanoferrate. The scheme visual­
izes 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 par­
ticles up to the mother compound [B 173] 
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Solid Porphyrins 

When solid microparticles of 5,10,15,20-tetraphenyl-21//,23//-porph3nin 
(H2TPP) immobilized on an electrode surface are subjected to reduction-
oxidation cycles in a copper(II) containing electrolyte solution, the incor­
poration of Cu^^ ions has been observed [B 135, B 159, B 178]. The fol­
lowing mechanism has been proposed: 

1. The solid H2TPP is oxidized at 0.95 V to solid TPP: 

{H2TPP},oUd <^ {TPP}soUd + 2e- + 2 i r (XXIII) 

The solid TPP is able to incorporate copper(II) ions into the porphy­
rin ring, presumably accompanied by an association of chloride 
ions: 

{TPP}soiid + Cu'^ + 2Cl- ^ {TPPCu'̂ (Cl-)2}soiid (XXIV) 

2+/-3. The porphyrin skeleton of {TPPCu (01)2} soUd is reduced at poten­
tials negative to 0.95 V according to: 

{TPPCu'̂ (Cl-)2}soUd + 2e- <^ {TPP'-Cu'̂ },oUd + 201" (XXV) 

4. The solid compound {TPP^Cu^^}solid undergoes a reversible one-
electron reduction-oxidation accompanied by potassium ion transfer 
at -0.07 V according to (see Fig. 5.57): 

{TPP'-Cu'̂ }soUd + e- + K^ <^ {TPP'Cu'X^}solid (XXVI) 

Fig. 5.57. a Cyclic voltammograms 
of an electrode with immobilized 
H2TPP after copper(II) ion incorpora­
tion (0.1 M KCl, pH 5.5, scan rate 
0.1 V s"0. The r, 2°", and 12" cycles 
are shown, b Square-wave voltam­
mograms of the same electrode [B 
135] 

E ^(vs . Ag/AgCl) 
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While the electrochemical system XXVI has been unambiguously identi­
fied, it was not possible to detect the incorporated copper ions with scan­
ning 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 porphyrin compound is incorporating the 
copper ions. 

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 elecfrochemical properties. Here, we shall discuss 
some relations between the structure of compounds and their thermody­
namic properties. 

Any chemically sjTithesized compounds that are insoluble and elecfro-
chemically active can be studied by means of the voltammetry of immobi­
lized particles. For the characterization of these compounds a wealth of 
analytical tools is available, 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 synthe­
sized 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 correla­
tion of these data with properties of the nitrogen-coordinated metal ions [B 
41]. Figure 5.58 depicts the correlation of the formal potentials of the fol­
lowing reactions with the ion potential of the metal ions Me^, Me^ ,̂ and 
Me'^: 

{K3Me'[Fe(CN)6]} ^ {K2Me'[Fe(CN)6]} + K^ + e (XXVII) 

(Me'^Ag) 



5.6 Assessing Structure-Property Relationships 135 

V'/ 
VvsSHE 1.2-

1.4-

1.2-

1.0-

0.8-

0.6-

0.4-

0.2" 

, • 1 

-0.06 

1 ' 

-0.04 

' 

-0.02 

1 ' 1 • 1 • 1 

A ^ ^ ^ C o 

^ ^ Mn 

-

-

0.00 0.02 0.04 0.06 

Fig, 5.58. Correlation between the formal potentials of the hexacyanoferrate units 
of the solid hexacyanoferrates and the ion potential (charge/radius) of the nitro­
gen-coordinated metal ions [B 41, B 209] 

{K2Me°[Fe(CN)6]} ^ {KMe°[Fe(CN)6]} + K̂ " + e" 

(Me° = Cd, Zn, Pb, Mn, Ni, Co) 

{KMe'°[Fe(CN)6]} <^ {Me°'[Fe(CN)6]} + K̂ " + e" 

(XXVIII) 

(IXXX) 

.m (Me*̂  = Ga, In, Al, Fe, Cr, Co). 

All these reactions are typical solid-state insertion electrochemical proc­
esses with coupled electron and ion transfers. In Fig. 5.58 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 '̂ <?̂ '<?̂  ions are the nearest neighbors in the solid. On 
the basis of elementary thermod5^amics it was later possible to derive the 
following equation for the formal potentials [B 163, B 209]: 

K ^ a 

zF zF r 

(5.7) 

( K and ^ are constants, a is the charge of the nitrogen coordinated metal ions 
Mê  CID.CIIO and r^. their radius.) 
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As can be seen from Fig. 5.58, 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 hexa-
cyanometalate ions and the lattice constants (the latter correlation includes 
hexacyanochromates and hexacyanomanganates) [B 41, B 163, B 209]. 

It has been known for a long time that the formal potential of the hexa­
cyanoferrate system in solid compounds is affected by the nature of the in­
serting cations. On the basis of simple Bom-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 [B 209]: 

., const^ (S> b^ (5.8) 
E « - -

zF zF r^ 
(const3 and O are constants, bi is the charge of the inserting metal ions Mê  and r 
its radius). 

Figure 5.59 gives the experimental proof of the validity of Eq. 5.8. There 
exists also a relationship between the lattice constant of solid metal hexa­
cyanometalates and the formal potential. This dependence can be experi­
mentally 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, hexa-
cyanomanganate etc. [B 209]. The equation that has been derived is: 

K « — 
zF 

K-K ^ (5.9) 

zF 

( ̂  and « are constants, (^C-^B) 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 con­
stant of the solid hexacyanometalate). 

Figure 5.60 shows that the experimental data are in accordance with this 
equation. 

The results given in Figs. 5.58 to 5.60 show that the technique of immo­
bilizing microparticles of solid compounds on solid electrodes easily al­
lows studying series of related compounds with the aim of understanding 
how the thermodynamic properties change with certain structure parame­
ters. 



5.6 Assessing Structure-Property Relationships 137 

V vs SCE 

lu-

0.8-

0.5-

0.4-

Cs*"~~-~^ 

- . C s " 

1 • I ' 1 ' — 

• Cuhcfl 
• Fehcf 

-

• ^ 

^^^ 

"^"'̂ ---̂  " 

0.0060 0.0065 0.0070 0.0075 

i[f, /pm"' 

Fig. 5.59. Correlation between the formal potentials of the hexacyanoferrate units 
of the solid hexacyanoferrates and the ion potential (charge/radius) of the inserting 
metal ions [B 41, B 209] 
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Fig. 5.60. Correlation between the formal potentials of the hexacyanometalate 
units of the solid hexacyanometalates and the inverse lattice constant L of the solid 
compounds [B 41, B 209] 
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5.6.2 The Stability Constants of IVIetal Ditliiocarbamate 
Complexes and their Structure 

The electrochemistry of solutions of metal dithocarbamates in organic sol­
vents has been intensively studied by Alan Bond and his group "" *. On this 
sound basis it was possible to perform a systematic study of the electro­
chemistry of these highly water-insoluble compounds as immobilized par­
ticles on electrodes [B 13, B 14]. All studied mercury(II) and lead(II) di-
thiocarbamate 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 5.61 and 5.62 
show one example for a lead complex and one for a mercury complex. 

Eleven differently substituted dithiocarbamate complexes of lead(II) and 
17 differently substituted dithiocarbamate complexes of mercury(II) have 
been studied. For some of them the overall stability constants in water 
have been known. With the help of these data it was found that the mid-
peak potentials of the cyclic voltammograms are determined by these sta­
bility constants. Figure 5.63 illustrates the situation on the electrode sur­
face. The solid metal complex is partially reduced to metal and the dis­
solved ligand ions. This first reaction can be formulated as follows: 

{Me(ligand)2}s + 2 e" ^ {Me}^ + 2 (ligand)" (XXX) 

In the following cyclic polarizations the dissolution-precipitation equilib­
rium seems not to establish, perhaps because of a retardation of nucleation. 
The voltammograms are completely governed by the following electro­
chemical system involving dissolved complex molecules and ligands: 

{Me(ligand)2}dissoived + 2 e" <^ {Me}s + 2 (ligand)" (XXXI) 

4 

5 

6 

Bond AM, Colton R, Dillon, ML, Moir, JE, Page DR (1984) Inorg Chem 
23:2883-2891 
Bond AM, Colton R, HoUenkamp AF, Hoskms BF, McGregor K (1987) J Am 
Chem Soc 109:1969-1980 

Bond AM, Colton R, HoUenkamp AF (1990) Inorg Chem 29:1991-1995 
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POTENTIAL 
vs. Ag/AgCKV) 

Fig. 5.61. First twenty cyclic voltammograms for reduction of Pb(!-Pr2dtc)2 me­
chanically attached to a PIGE with aqueous 0.1 mol L"̂  KNO3 as electrolyte: scan 
rate 100 mV s"' [B 13] 

POTENTIAL 
vs. Ag/AgCI(V) 

Fig. 5.62. Multiple cyclic voltammograms for reduction of Hg(Et2dtc)2 mechani­
cally attached to a PIGE with aqueous 0.1 mol L"̂  KNO3 as electrolyte: scan rate 
100 mV s"̂  [B 13] 

aqueous KNO3 as electrolyte 

Fig. 5.63. Situation at an electrode surface with immobilized Pb(2-Pr2dtc)2 that is 
partially reduced to lead metal and dissolved ligands (the ovals) 
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Fig. 5.64. Plot of logyfî  values of mercury and lead dithiocarbamate complexes vs. 
their molecular weight. The electrolyte solution was 0.1 mol L"' KNO3 [B 13] 

The lead complex of n-hexyl-dithiocarbamate crystallizes very slowly, and 
so 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 fiirther developed so vividly (see Chapter 6). 
For the redox system (XXXI) the Nemst equation reads as follows: 

£: = £*„ + 
Pb /Pb 

RT RT 

2F 2F a 
In 

MeCligand)^ 

(5.10) 

The formal potential £* of the system is: 

RT RT 
E^ =E"^ + Inyff, + In 

Pb/Pb 2 F ' 2F / 
' Mr 

MeCligand)^ 

(5.11) 

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 ditiocar-
bamate complexes the log fi values are linear fianctions of the molecular 
weight of the complexes (cf Fig. 5.64). This is fiirther supported by the 
fact that the stability constants of the lead complexes of «-propyl- and i-
propyl-dithiocarbamate complexes have exactly the same values, as have 
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the /-butyl and n-butyl-substituated complexes. The cyclo-hexyl- and n-
hexyl-substituted complexes have almost the same stability constants. Fol­
lowing this observation, a search for similar series of metal complexes re­
vealed that there are several other examples for such dependences, al­
though, 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, affected by the sub-
stituents of the ligand that increase the molecular weight. A quite similar 
dependence was also observed for the literature data of pKa values of car-
boxylic acids on their molecular weight. Until now, there has not been 
given a theoretical explanation for these correlations. The study of the logy9 
values is presented here to show how electrochemical measurements of 
immobilized particles can yield interesting new insight also in cases were 
dissolution-precipitation processes are coupled to redox and complex equi­
libria. 

5.7 Assessing Kinetic Properties of Electrochemical 
Dissolution Reactions 

When solid particles immobilized on an electrode undergo an electro­
chemical dissolution reaction, the electrochemical measurements should 
provide information on the size and shape of the particles and on the elec­
trochemical 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 [B 37, B 40, B 50]. The methodology of these studies was de­
veloped using iron(III)-oxides and -hydroxyoxides which undergo reac­
tions as the following: 

Fe™OOH(s) + SH"" + e ^ Fê "" + 2H2O (XXXII) 

Reaction XXXII is a proton-assisted reductive dissolution of the solid 
phase FeOOH yielding dissolved iron(II) 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, 

dn 
J = - = -kNfi{c)F 

dt 
(5.12) 

where k is the rate constant, No is the total number of moles of compound 
to be dissolved, Nt is the number of moles of compound dissolved until the 
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time t, and F(Ni/No) 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 control­
ling the dissolution, this function is simply G = Cs - c with Cs being the 
concentration of the saturated solution and c being the actual concentra­
tion. In the case of reductive dissolution this function depends on the con­
centration 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. 5.12 
expressed in electrochemical terms reads: 

kQfi{c)F 
ve„y 

(5.13) 

Where It is the current at time t, and Qt and Qo 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{NJNo) an experimentally found expression 
can be used to write Eq. 5.13 as follows: 

i,=^Q. 
'Q.^ 

\^oJ 
(5.14) 

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. 5.14 follows a potential dependence that can be written 
as: 

k = k^ exp 
anF{E-E°) 

RT 

(5.15) 

Equation 5.15 is limited to growing overpotentials when the subsequent 
reaction step, the dissolution of Fê "̂  compounds, becomes rate limiting. 
Figure 5.65 depicts experimental plots of Ink' versus electrode potential 
for several iron hydroxyoxides and an oxide, proving that, within the used 
potential range, the reductive dissolution is charge transfer controlled. Ta­
ble 5.4 lists rate constants and g-values as determined from chronoam-
perometric measurements. From this table and other publications one can 
see that the rate constants of electrochemical dissolution of a-FeOOH 
vary, depending on the electrode potential and electrolyte solution, be-

' [B 40, B 50, B 66]. With the help of in tween 2.3 x 10"̂  and 26 x 10"̂  s"̂  
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Table 5.4. Values of the k' and g parameters in the kmetic 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 vs. SCE, and the voltammetric half-wave and 
peak potentials in 0.1 M chloroacetate buffer; scan rate 10 mVs"\ The 
samples designated by A, B, C, etc. were prepared under different experi­
mental conditions [B 40] 

Phase 

(sample) 

Ferrihydriti 

a-FeOOH 

P-FeOOH 
Y-FeOOH 
8-FeOOH 
Fe304 
a-FeaOs 
y-FeaOa 

e(A) 
(B) 
(A) 
(B) 
(D) 
(E) 
(F) 
(G) 

Sediments: BRS 

Fe'\aqf 
SLI 

k ' x 

45 
33 
26 
8.0 
3.8 
7.1 
4.0 
3.6 
4.1 
55 
43 
65 
0.6 
63 

16 

-0.2 V 

1 0 ' , S-' g 

1.32 
1.38 
1.15 
1.18 
1.18 
1.17 
1.01 
1.38 
0.88 
1.35 
1.31 
1.98 
1.12 
2.62 

1.73 

-0.4 V 

k' X 10"^ s" 

>100 
>100 
22 
15 
6.9 
5.9 
5.6 

a 

>100 
>100 
>100 
2.7 
>100 
15 
16 

reduction process obeying Cottrell's 

' g 

1.36 
1.13 
1.28 
0.93 
1.38 

1.04 

3.31 
2.81 

equation 

E./.,V 

0.00 
-0.10 
-0.34 
-0.49 
-0.53 
-0.55 
-0.50 
-0.47 
-0.16'' 
-0.01 
0.00 
-0.02 
-0.56 
-0.08 
c 
c 

-0.08'' 
+0.30= 

^ Chronoamperometric curve is not monotonous; broad peak, slow current de­
crease after the maximum; ° no clear maximum, slowly rising wave; ̂  clean elec­
trode surface; ° electrode surface with deposited FeOOH;̂ CFe = 1 mmol 1"'. 

situ AFM the average dissolution rate for seven microcrystals was found to 
be 2.0 X 10"̂  s'' [B 276] what is remarkably near to the data with arrays of 
immobilized microcrystals that have been used in Grygars experiments. In 
experiments 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 tj^i-
cal for dissolutions that proceed in a shape-conservative fashion [B 66]. 
Since k and k' in Eqs. 5.13 and 5.14 depend on the specific surface area 
cr of the sample at the start, Eq. 5.15 can be written to describe the peak 
potential in differential pulse voltammetry, assuming that the DP peak is 
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-0.7 -0.5 -0.3 

Fig. 5.65. Dependence of the logarithm of the electrochemical dissolution rate constant k on 
the working electrode potential E. Curves: 1 ferrihydrite, 0.05 M chloroacetate; 2 goethite, 
0.2 M chloroacetate + 0.5 M KCl; 3 goethite, 0.05 M chloroacetate; 4 hematite, 0.2 M 
chloroacetate [B 40] 

shifted from the DC peak by a constant value, in the form: 

RT 
E^^^=B + —]na 

anF 
(5.16) 

It has been shown that such dependencies hold true for the reductive elec­
trochemical dissolution of Ba-hexaferrite, hematite, goethite, maghemite, 
and magnetite [B 50]. This linear dependence is also obeyed by Li-Mn-0 
spinels as can be seen in Fig. 5.66 [B 191]. 

The influence of the parameter g on the shape of linear sweep voltam-
mograms is depicted in Fig. 5.67. Grygar has derived the following equa­
tion for the dependence of the peak current on g: 

IJQ,=anFv{RTyg 8'(l-«) (5.17) 

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

E =£" 
RT anFv RT k, 

In + I n ^ 
anF RT anF d 

(5.18) 



5.7 Assessing Kinetic Properties of Electrochemical Dissolution Reactions 145 
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Fig. 5.66. Peak potential of 
reductive dissolution of Li-
Mn-0 spinels versus natural 
logarithm of specific surface 
area [B191] 

Fig. 5.67. The influence of 
the g parameter on the shape 
of tiie voltammetric curves 
of the reductive dissolution. 
The curves were calculated 
for a = 0.5, ko = 1 x 10"̂  s"̂  
and v = 1 mV s"'. The g val­
ues are given at the curves 
[B52] 

with ks being the rate constant of the electrode reaction in m s"' at Ef and d 
the particle diameter. Equation 5.17 was approximated by the following 
equation: 

p anF 
= 0.37 v(l-0.471ng) 

RT 

(5.19) 

that could be observed experimentally for several oxides with only slightly 
different coefficients [B 52]: 

^I ^ 

Go vî oy 

anF 
= 0.2 v(l-0.5Ing) 

RT 

(5.20) 

For some metal oxides more elaborate models have been developed to de­
scribe the electrochemical dissolution. These models take into account an 
intermediate surface complexation. The general approach was to separate 
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Fig. 5.68. Potential time scheme and 
current response for the determination 
of formal transfer coefficients accord­
ing to [B 92] 

E ; V vs. SCE 

' MeFeQgCrisO^.ZnFeCrOj 

E / V vs SCE 

Fig. 5.69. as versus potential curves 
for Cr oxides: a perovskites, b pure Cr 
oxides, and c spinels. Solid lines are 
simulated based on a kinetic model 
[B92] 

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 [B 81]. 
In a study of the electrochemical oxidative dissolution of chromium ox­
ides, good indications have been found for two one-electron steps preced­
ing the dissolution [B 92]. This result was obtained using a potential pulse 
technique with which a formal charge transfer coefficient can be deter­
mined on the basis of the following equation: 

nF 
' RT " A 

(5.21) 
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The meaning of the symbols follows from Fig. 5.68. From the dependence 
of as on the electrode potential and a fitting of these curves based on ki­
netic models, the author came to conclusions about the validity of the 
models. Figure 5.69 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 re­
ductive decomposition of manganates(V). From the experiments it was de­
rived that the reduction is controlled by an irreversible one-electron sur­
face reaction, whereas the reduction of MnOa is controlled by a reversible 
reaction coupled with a discussion in the solid [B 105]. 

Several similar systems have been studied by Grygar and coworkers 
with respect to their reactivity under electrochemical conditions [B 104, B 
117, B 118, B 125, B 141, B 181, B 191, B 194]. In [B 192] the applica­
tion 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 in­
formation that is otherwise inaccessible. In case of the AFM investigations 
discussed in Chapter 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 simul­
taneously recorded electrochemical signals were caused by all immobi­
lized 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 one particle. This is rather difficult and such meas­
urements will probably be always confined to specialized laboratories. 

In 1990 Bursell and Bjombom published an experimental setup that al­
lows contacting agglomerates of particles from 5 ^m onwards with the 
help of a carbon fiber [B 10]. The agglomerate was transferred with a sy­
ringe, together with electrolyte solution, onto an electrolyte-soaked separa­
tor that was in contact with a reference electrode. Uchida et al. [B 47] have 
improved the methodology for single particle measurements (see Fig. 
6.8.1). These authors have used their equipment for the determination of 
the diffusion coefficients of hydrogen in LaNis particles. For this purpose 
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(B) 

Fig. 5.70. Experimental setup for single particle measurements: (A) the measure­
ment 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 ̂ m) [B 47] 

they measured the current-time response for the oxidation of hydrogen af­
ter 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 
LaNs particles the long time response yielded diffusion coefficients that 
were in agreement with independent NMR data; however, the short time 
range yielded deviating values that were attributed by the authors to a mi­
cro-roughness of the particles. In case of measurements with very smooth 
spherical Pd particles with a diameter of 520 |xm the authors obtained in 
both time domains diffusions coefficients of hydrogen that were in good 
agreement. 

In a later study, Uchida et al. [B 78] investigated the electrochemistry of 
single particles of LiCoOa and LiMn204. The size of the single particles 
was between 7 and 16 ^m. The measured currents were in the nA range. 
The authors emphasize that cyclic voltammetric measurements of single 
particles with scan rates between 1-10 mV/s yield information on the cycle 
performance of these battery materials because the entire volume of the 
particle is converted. 

The same methodology has been applied by Perdicakis et al. [B 80] to 
study the voltammetric behavior of silver chalcogenide particles, i.e., 
AgaSe, Ag2Te, and AgaS. 

The examples published so far show that the advantages of performing 
the electrochemical measurement with just one particle are practically the 
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same as those performed with an array of well-separated particles immobi­
lized on an electrode, as described in all the other parts of Chapter 5. Un­
fortunately, nobody has yet endeavored to use single particle measure­
ments to study the relation between the shape and the size of single 
particles and their electrochemical response (see also Chapter 5.11). 

5.9 Chemical and Enzymatic Conversion of immobiiized 
Particles 

5.9.1 In Situ Studies 

Electrochemical techniques can also be applied for monitoring chemical or 
biochemical reactions of powders when the latter are immobilized on an 
electrode surface. First, we shall discuss the case that a chemical dissolu­
tion of metal particles is followed by monitoring the potential of the elec­
trode [B 84]. Let us consider the following dissolution of a metal M by 
oxygen that is present in the solution: 

M + '/202 + 2H^ -^ M '̂̂  + HjO (XXXIII) 

Assuming that the activity of the solid metal is unity, the so-called strip­
ping potential is defined by the equation for an electrode of the first kind. 
The concentration of metal ions at the electrode surface depends on the 
flux of O2. It can be assumed that for a stirred solution a steady-state is es­
tablished and that the bulk concentration of metal ions is negligible as well 
as the concentration of O2 at the surface of the electrode. The stripping po­
tential Es of the diffusion-controlled metal oxidation depends on the bulk 
concentration of O2 as follows: 

^ . RT ^ . RT ^ 2D S^ 
E.=K ^—^% + ^ ^ ^ 7 ^ (5.22) 

IF IF DJ^ 

where D^ , 5^, c* , D^, and 5^ are diffusion coefficients, diffusion 

layer thicknesses and the bulk concentration of O2 and the metal ions, re­
spectively. 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 dis-
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Fig. 5.71. Direct (A) and derivative (B) stripping chronopotentiogram of the disso­
lution of lead microparticles that have been transferred to a PIGE. The electrolyte 
was a 0.5 M NaC104 solution with a pH = 2 (HCIO4). The oxygen concentration 
was 2.6 X 10"̂  mol L"'. The initial potential was -1 V [B 84] 

solve the metal in the oxidation reaction. The rate of dissolution depends 
on the concentration gradient of oxygen according to the equation: 

^d/-^ 

ydtj 

2'^^o,^o. 
(5.23) 

when it is assumed in a first approximation that the metal forms a thin 

layer with a thickness /* and a surface area S . M^ is the molar mass of 

the metal. The solution of Eq. 5.23 is as follows: 

P^o.l 

^D,Mn 
(5.24) 

z is the so-called transition time determined from the potential versus time 
recording. 

Figure 5.71 shows the direct and derivative stripping chronopoten­
tiogram of dissolution of lead traces that have been transferred by the abra­
sive technique from a piece of lead to a PIGE electrode. Figure 5.72 de­
picts 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 ex­
periments one can conclude that such chronopotentiometric measurements 
are suitable to study the amount of metals that are transferred in mechani­
cal friction experiments. The second example of a study of a chemical 
conversion of immobilized microparticles concerns the enzymatic oxida­
tion of quinhydrone [B 133]. Quinhydrone microcrystals have been immo-
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Fig. 5.72. Dependence of transition time T on the number of rubbing circles in 
which the lead was transferred from the piece of lead metal to the PIGE 

10-

8 -

> ^ • 

V 4 -

2 -

0 -
(a) 

0.06 ml 

0.5 ml 

Laccase 

solution 

— 0.1 ml 
0.2 ml 

20000 30000 

( / S 

Fig. 5.73. The amount of hydroquinone at the electrode surface as a function of 
time of the enzymatic oxidation of immobilized quinhydrone for different addi­
tions of a laccase solution (the laccase solution had an activity of 0.012 U ml"̂ ) 
[B 133] 

bilized onto a gold electrode by evaporation of a solution in ethanol. Lac­
case, an enzyme isolated from cultures of the fungus Pycnoporus cinna-
barinus, is capable of catalyzing the oxidation of hydroquinone and thus 
also that of quinhydrone to quinone. From the potential of the quinhy-
drone-modified electrode it is easy to calculate the amount of hydro­
quinone. Figure 5.73 shows the dependence of the amount of hydro-
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quinone 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 oxida­
tion 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(II) ions) and an oxide powder (goethite) and of a colloid 
(Prussian blue) and an oxide (goethite) [B 187]. These reactions are of 
some environmental 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 reactions, suspensions of goethite have 
been exposed to hexacyanoferrate(II) ions or Prussian blue colloidal solu­
tions in a well-defined way. The reaction products were isolated and small 
amounts of the dry powders were immobilized on a PIGE. The electro­
chemical response of the immobilized microparticles proved that hexa-
cyanoferrate(II) ions are sorbed on goethite. Figure 5.74 shows that the 

Potential (V vs. Ag/AgCI) 

Fig. 5.74. Cyclic voltammogram of a goethite sample with a load of 6.05 g CIST (as 
hexacyanoferrate)/kg goethite. Electrolyte 0.1 M KCl, scan rate 0.05 V s"̂  [B 187] 
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Fig. 5.75. Cyclic voltammogram of a goethite sample with a load of 36.7 g ClSr(as 
Prussian blue)/ kg goethite. Electrolyte 0.1 M KCl, scan rate 0.05 V s"' [B 187] 

goethite particles that were exposed to a hexacyanoferrate(II) solution ex­
hibit a signal of highspin iron, but no signal of lowspin iron. This result is 
in line with spectroscopic results and indicates that the hexacyanoferrate 
ions are surface bound. The iron(III) ions on the goethite surface are not 
electroactive as they are in Prussian blue. Figure 5.75 depicts cyclic volt-
ammograms of goethite powder that was exposed to a Prussian blue col­
loid. Clearly, the tj^jical Prussian blue response is visible; however, the re­
sponse decreases upon cycling. This bears witness of a rather low stability 
of the Prussian blue-goethite surface complex. 

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 effectiveness. Later, the mechanical immobilization of 
a chosen electrocatalyst may even be used for the modification of working 
electrodes for analysis. Figure 5.76 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 anal5^ical application of electrodes 
modified by immobilized particles for the sake of electrocatalytic determi­
nation of dissolved substrates. 
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Fig. 5.76. (A) Comparison of the catalytic activities of metal hexacyanoferrates 
for the electrocatalytic oxidation of hydrazine at 700 mV vs. Ag/AgCl (3 M KCl). 
Electrolyte: 0.1 M KNO3; pH 6 (phosphate buffer); 1 mM hydrazine. The ratio of 
the catalytic to the noncatalytic current is given for different scan rates. (B) CycHc 
voltammograms for the electrocatalytic oxidation of hydrazine (a) without and (b) 
with zinc hexacyanoferrate [B 113] 

Kucemak et al. [B 147, 208, 243] have used the mechanical attachment 
of nanostructured platinum particles to studying their catalytic activity for 
hydrogen evolution and the electrooxidation of formic acid. They immobi­
lized the particles on highly oriented pyrolytic graphite and polished gold 
electrodes. Rolison et al. [B 223] assessed the electrocatalytic properties of 
several metal and metal oxide particulate materials by immobilizing the 
compounds on the surface of carbon-wax composite electrodes lliat con­
sisted of 35 wt.% carbon black (acetylene black) and 65 wt.% wax (eico-
sane, beeswax, or parafSn wax). 
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Table 5.5. Electrocatalysts applied in the form of particles immobilized on elec­
trodes and substrates to be determined in analyses 

Electrocatalyst 
metal hexacyanoferrates 

ruthemum(III) 
diphenyldithiocarbamate 
copper hexacyanoferrate 
ruthemum(III) 
dithiocarbamate 
nickel hexacyanoferrate 

copper hexacyanoferrate 
copper hexacyanoferrate 
nickel hexacyanoferrate 

copper hexacyanoferrate 
nickel hexacyanoferrate 
cobalt hexacyanoferrate 

Substrate 
hydrazine 

sulfhydryl 
compounds 
cysteine 
ascorbic acid 

thiosulfate 

sulfur dioxide 
ascorbic acid 
sulfur dioxide 

glutathione 
thiols 
glutathione 

Reference 
B13, 
B202 
B253 
B98 

B99 
BlOO 

B130 

B120 
B115 
B160 

B199 
B201 
B212 

5.11 Theoretical Aspects of the Voltammetry of 
Immobilized Particles 

Parallel to the experimental studies, efforts have been made for a deeper 
understanding of the theoretical basis of electrochemical reactions of im­
mobilized 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 diffu­
sion. For this reason the following section starts with a voltammetric the­
ory for a thin-layer cell. 

5.11.1 Staircase Voltammetry with Finite Diffusion Space 

Due to the digital data processing implemented in all modem voltammetric 
instrumentation it was necessary to model the theoretical response of a re­
dox system 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 [B 64]: 
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A + ne ^ B (XXXIV) 

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: 

^ = Dfy;^ = D^ (5.25) 

with the initial and boundary conditions: 

t = 0,0<x<L:Cj^=Cj^*,c^=0 

8c. 8c„ 

ox ox 

dc^ Scg / (5.26) 
( \=L ~ ~( ^x=L ~ ' 

dx dx nFSD 
I nFiE-E^) 

= kg exp(-a^)[(c^) ^^ -expC^Xcg) ^ ^ ] ; q> = 
nFS * ^ RT 

Here, CA, CB and CA* are concentrations, t and x are the time and space vari­
ables, 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, £* is the standard redox potential of the couple A/B, 
ks is the standard rate constant, a is the electron transfer coefficient, while 
n, F, R and T have their usual meaning. If Reaction XXXFV is fast and re­
versible, the dimensionless peak currents of the cyclic staircase voltammo-
grams are a flinction of the dimensionless thickness parameter co defined as 

a = 5L/ ^Dt with t = AE/v, v being the scan rate and AE being the poten­
tial increment. This dependence has a sigmoidal shape as shown in Fig. 
5.77. A characteristic feature of the staircase voltammograms obtained in a 
cell with log(ftj) < 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 con­
sequence of the current sampling procedure in all staircase techniques. If 
all redox species inside the cell acquire the Nemst equilibrium before the 
sampling time, there will be no current to be measured at the end of the po­
tential pulses, i.e., when the current is sampled. When Reaction XXXIV is 
controlled by the kinetics of charge transfer, the voltammetric features are 
additionally controlled by the dimensionless kinetic parameter A, defined as 
X = ks4t I4D . The influence of the redox kinetics depends on the cell 
thickness depicted in Fig. 5.78. For films with moderate thicknesses 
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Fig. 5.77. Theoretical dependence of the dimensionless peak current 0^ of a re­
versible reaction on the logarithm of the dimensionless thickness parameter o) of 
the cell. The potential increment was lsE = 5 mV [B 64] 
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Fig. 5.78. Dependence of the dimen­
sionless peak currents on the loga­
rithm of the standard rate constant. 
AE = 5 m V , V - "'̂  '"^"- ^^ -̂o-5/"0-5 

= 100 (1), 5 
[B64] 

= 50 mV/s; SLD^'-^li 
(2), 3 (3) and 1 (4) 

(curves 2 and 3 in Fig. 5.78) there is a parabolic dependence of the dimen­
sionless peak currents on A. This feature is well known for surface-
confined redox reactions as a so-called quasireversible maximum. It is 
used for determining the standard rate constant k^. The quasireversible 
maximum, together with the narrower peak-to-peak separation distin­
guishes the models of finite diffusion space from those with semi-infinite 
planar diffusion. 
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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 Nemst 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 theoreti­
cally tackle the question of the propagation of a redox reaction through a 
microcrystal [B 69]. 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. 5.79). The 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<Q. The remaining space (y > 0) is divided be­
tween the crystal (x > 0) and the solution {x < 0). It is assumed that the 
Nemst equilibrium of the insertion electrochemical reaction 

{CniAX}solid + lie +n[Cjsolution < ^ {Qn+nBX}solid (XXXV) 

is initially established along the axis z, where both electrons and ions are 
immediately available. Thereafter, the current is conducted along the crys­
tal surface. This surface redox reaction creates a gradient of electrochemi­
cal potential and defines the initial conditions for the diffiision of ions into 
the crystal. The fluxes of electrons and ions inside the solid particle are 
perpendicular to each other. The surface difftision of the electrons is de­
scribed by the differential equation of Eq. 5.27. 

x>0 

Fig. 5.79. Coordinate system with a part of the crystal| solution interface (a) and a 
part of the electrode graphite surface (G) [B 69] 
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dr ST 
^ = D — ' (5.27) 

dt ' By 

with the following initial and boundary conditions: 

t = Q,y>Q:r^=Q,r^=r;t>0,y^co:r^^Q,r^^r; 
y>Q:r^+r^=r;y = 0:r^__^= r,̂ ^„ exp(9>); 

(5.28) 
nF(E-E^) I dr„ 

RT nFbD^ Ay ' 

where r^ and r^ are the surface concentrations of ions A and B, and r is 

the total surface concentration. D^ is a diffusion coefficient of the elec­
trons, /s is the surface component of the current and b is the length of the 
contact between the electrode, the crystal and the solution. In chronoam-
perometry the solution for the surface current is given by: 

1 IK (5.29) 
/s=ni^5r[l + exp(<p)r\-f 

V 7a 

Equation 5.29 implies that the surface current depends of the diffusion co­
efficient of the electrons, and it decreases with the square-root of time. 
Within the solid particle, the diffusions of electrons (i.e., here the propaga­
tion of electrons by hopping) and ions are coupled. The advancement of 
electrons is slower than at the surface since they must wait for ions (sup­
posed that ion diffusion is slower than electron self-exchange). The diffu­
sion of ions is described by the following differential equation: 

^ = D r ^ (5.30) 

dt ^ dx^ 

which was solved for the following initial and boundary conditions: 

? = 0,x>0:cg =0,c^ = p^; 

? > 0, x -> c» : Cg -> 0, ĉ  '^ PA'' x>Q:c^+c.g = py, 

>- = 0 : X = 0 : (CA);,=O,>;=0 = ('̂ B )x=0,:»;=0 ^^P(^); 
^ = 0 : (̂ B )x=0 = ^d [1 + '̂̂ P(̂ )] ^ erfc[0.5:v(Z)eO °"̂  ] 

d/f, dc„ 

-^ = -nFZ)p(^^_n; AS = bdy 

(5.31) 
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Here, Dc is the diffusion coefficient of the ions, I^ is a volume component 
of the current, while S = by i& the surface area of the crystal which is ex­
posed to the solution and p^ is a common density (mol/cm^). The concen­
tration of the product B and the current within the crystal are obtained as 
follows: 

C3 = ^ erfc ([0.5x(Z),0"" ] + [O-SjCZ)/)"' ]) (5.32) 
1 + exp(^) 

^^nJp^JD^X j ^ (5.33) 
AS l + exp(^) V^ *^^ AD/ 

Equation 5.32 shows that the product of Reaction XXXV appears primar­
ily near the two crystal surfaces: the one which faces the solution (jc = 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 propagates through the body of the crystal. Equa­
tion 5.33 shows that the current density is highest at the contact line b, 
where >' = 0, and decreases along the crystal surface. Equations 5.27 and 
5.30 have also been solved for conditions of single scan and cyclic volt-
ammetry. In both cases the solutions give a steady-state current because of 
the infinite volume of the crystal. Since Eq. 5.32 implies that Reaction 
XXXV 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 buUc (volume) reaction proceed at comparable rates, the reaction 
front expands from the three-phase boundary as a space with exponential 
borderlines in the JC and y directions. Generally, the total current is the sum 
of the surface and the volume current. The reaction will be surface con­
fined when the diffiision 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 elecfrons and ions in two directions by 
using the lattice-gas concept without interactions [B 107]. By that model, it 
has been shown that the surface and the volume currents depend on Wag­
ner's thermodynamic factor {W) of electrons and ions. The Wagner factor 
is defined d& W = \ + 91n(;r)/91n(c) where y is the activity coefficient and c 
is the concentration. The transport in direction perpendicular to the elec-
frode surface depends on the Wagner factor of elecfrons, while the frans-
port parallel to the electrode surface depends on the Wagner factor of ions. 
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The final mathematical solutions of both models under conditions of 
chronoamperometry, single scan and cyclic voltammetry are given else­
where [B 69 and 107] 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 sur­
face of the cylinder is exposed to the solution. This surface is positioned at 
jc = 0, jc being positive inside the crystal and negative inside the solution. 
Assuming the insertion electrode to be of the tj^e [B 87] 

{Ox},oUd + e- + Ĉ soiution ^ {Cred}s„iid (XXXVI) 

in which cations can diffuse through the crystal surface along the longitu­
dinal axis of the cylinder, the mass transport can be described by planar 
semi-infinite diffusion of cations in two media, the solution (jc < 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 

e c ^ ^ 9 ^ (5.34) 
dt dx^ 

where D = D^q and c = [C^] if ;c < 0, and D = As and c = [Cred] if ̂  > 0. Daq 
and As are the diffusion coefficients of the cations in aqueous solution and 
in the crystal, respectively. The starting and the boundary conditions for 
Eq. 5.34 are: 

t = 0,x>0: [Cred] = O,[0x] = p;x<0: [C"̂ ] = [C"^]* 

t>0,x^^: [&] -^ [&]*; x>0: [Cred] + [Ox] = p; 

I e[Cred] 
X ^ 00 : [Cred] -^ O;[0x] -^p;x = 0: = ; (5.35) 

D^^FS ax 
I STC*] _ F(E-E^) [Cred] 

^ ^ ^ ; [ O x ] = [red ]exp[^ ]; K ^ 
D FS dx RT [red ][C" ]̂ 
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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'}soUd + C"̂  ^ {Cred}soiid- In the mathemati­
cal solution of the differential Eq. 5.34 two important parameters contain­
ing the term of [C^* appear, i.e., the formal potential E'^'and the mass 
transfer parameter z, defined as: 

E^ =E. Ox/red 

RT RT 
+ \aK + hi[C ]* 

F F 

(5.36) 

a z = 
Paq[C^] + 1 * 

(5.37) 

Cyclic voltammograms obtained from this model depend on the mass 
transfer parameter z. The dependence of cathodic and anodic peak poten­
tials and of their median on Iog(z) are depicted in Fig. 5.80, while in Fig. 
5.81 is given the dependence 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 so­
lution. In that case the median of the peaks is equal to the formal potential, 

I.e.: 

E = E. Ox/red + — l n ^ + —biEC"']* 
F F 

(5.38) 
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Fig. 5.80. Dependence of the anodic and cathodic peak potentials (£p)a and (£'p)c> 
respectively, and their median E on the logarithm of the mass transfer parameter 
z[B87] 
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Fig. 5.81. Dependence of the absolute values of dimensionless anodic peak cur­
rents (<2̂ )a and cathodic peak currents (<^)c on the logarithm of the mass transfer 
parameter z [B 87] 

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 me­
dian depends linearly on log(z) with a slope of 59 mV and the intercept is 
equal to: 

E-E. e' 2 .3^^ log z 
F 

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

^ RT RT RT D,, 

^^^ F F IF D. 

(5.39) 

(5.40) 

aq 

Equation 5.40 has been obtained by combining the Eqs. 5.36-5.39. How­
ever, if z > 10, the voltammograms vanish. The dependencies given in Fig. 
5.81 can be used for the determination of As [B 95], The described theory 
has been successfiilly applied to decide whether the diffusion of OH" in so­
lution or in a Ru02-PVC film electrode controls the rate of the electrode 
process''. 

"̂  Dharuman V (2001) A study of reaction mechanisms at RuOi-PVC and RuOi-
NAFION film electrodes: Electrooxidation of glucose, catechol and L-dopa. 
PhD thesis, University of Madras, Madras 
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5.11.4 Solid State Voltammetry at a Three-Phase Junction 

Oldham has mathematically modeled the processes occurring at micropar-
ticle modified electrodes [B 88]. He developed a model to address such 
important issues, as the possible magnitude of currents and the shape of 
voltammograms that can be expected when the electrochemical reaction is 
exclusively confined to the three-phase junction. The author has not con­
sidered the intriguing and important question of how the cations spread in­
side the crystal, once they have entered it via the three-phase junction. This 
spreading has been assumed to be so rapid that their concentration is al­
ways uniform throughout the crystal. This is more a limiting case than a 
realistic description of real experiments. It is, however, of interest to de­
termine 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 re­
sponses. 

For this, the insertion electrochemical Reaction XXXV has been consid­
ered. The diffusion has been supposed to occur under cylindrical condi­
tions and therefore the cylindrical version of the differential equation of 
Pick's second law 

8 c I 8c I 8c /£• > i i \ 
dr r 8r D dt 

has been solved for the two cases: a) assuming a constant concentration of 
cations at the three-phase junction, and b) assuming a variable concentra­
tion 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. 5.41 has the form: 

._-7!FD(c'-c^) 
'~ , ,ri^t^ (5.42) 

a 

where c' 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 t] is defined 
as 7 = 2 exp(-j^ = 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. 5.42 to voltammetric pur-
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poses, one needs to estimate the length of the three-phase junction. If a to­
tal volume of the electroactive solid is V, and if it consists of isolated, uni­
formly 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 VL'^, while the total 
length of the three-phase junction is 4VL'^. By multiplying this term with 
Eq. 5.42, one obtains the following equation for the current as a function 
of the length of the cube edges: 

-2;d^DV(c"-c^) (5-43) 

Z ^ l n i ^ 
a 

This equation shows that after subdivision of the solid crystal, the three-
phase junction length is a predominant parameter determining the magni­
tude of the total current. Using the constant values for the other parameters 
in Eq. 5.43, the values of the current estimated for different values of Z, 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 cur­
rents can flow into an adherent electroactive solid via the three-phase junc­
tion line, especially when the crystals are sufficiently small and numerous. 
The parameter n̂un in Table 5.6 is very important since it represents the 
minimum time in which total reduction can be achieved. Typical times 
corresponding to voltammetric experiments are encountered for L being a 
few micrometers. 

Table 5.6. Dependence of the current / on the edge length L of the crystal cubes. L 
is the edge length of cubes, # denotes the number of cubes, / is the overall steady 
state current, and <niin is the time necessary for total reduction [B 88] 

L/nm 
464 
215 
100 
46 
22 
10 
4.6 
2.2 
1.0 

0.46 
0.22 
0.10 

# 
1 

10 
100 
10' 
10^ 
10' 
10^ 
10^ 
10* 
10' 
10 °̂ 
10" 

-I 
1.2 nA 
5.6 nA 
26 nA 

0.12 nA 
0.56 |xA 
2.6 nA 
12 ^A 
56 liA 

0.26 mA 
1.2 mA 
5.6 mA 
26 mA 

Imiii/S 

3.4 X 10* 
7.4 X 10' 
1.6 X 10' 
3.4 X lO'* 
7.4 X 10' 
1.6 X 10' 

340 
74 
16 
3.4 
0.74 
0.16 
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"•' -3 -

Fig. 5.82. Cyclic 
voltammograms ob­
tained for several 
rather slow scan 
rates [B 88] 

Fig. 5.83. Cyclic 
voltammograms ob­
tained for scan rates 
one range of magm-
tude faster than that 
presented in Fig. 
5.82 [B 88] 

Applying the solution of Eq. 5.41 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. 5.82 and 5.83, respectively. 
Their shape considerably differs from what is common in solution electro­
chemistry. At the slowest scan rates (see Fig. 5.82) the cyclic voltammo­
grams have inversion symmetry about the origin and resemble their coim-
terparts for reversible thin-layer voltammetry. Another similarity to thin-
layer cyclic voltMnmetry 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 voltammo-
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grams 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 to­
tal reduction is delayed until after reversal (cf. Fig. 5.83). At faster scan 
rates the total reduction is never approached under CV conditions. Consid­
erably higher anodic currents are flowing, but for shorter periods. The rea­
son for that is that the junction concentration d can decrease to zero upon 
reduction, but can exceed ^ many-fold during anodization. This is equiva­
lent with the idea that the ions can escape fi-om the crystal through the 
three-phase junction much faster than they can enter the crystal from solu­
tion. The model has been solved also for the conditions of 
chronoamperometry (at constant potential). The main result obtained in 
this study is 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 [B 142]. An electrochemically reversible reduction of redox cen­
ters in a crystal followed by insertion of cations from the adjacent aqueous 
phase can be described by Reaction XXXVI [B 69]. The authors have con­
sidered 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 diffusion 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. 5.84. The total 
flux of electrons and cations is a fimction of the concentration gradients 
between each box (k, m) and its two neighbor boxes. Both fluxes follow 
Fick's first diffusion law (Eq. 5.44), where AA'̂  represents the change of the 
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Fig. 5.84. Two-dimensional matrix 
of discrete boxes with AxAz being 
the size of the bulk boxes, AxoAz 
and AxAzo being the size of the 
surface boxes and AXQAZQ repre­
senting the three-phase junction [B 
142] 
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Fig. 5.85. Chronoamperogram for a potential step of a value 200 mV more nega­
tive than the formal potential of Reaction XXXVI. A . = Dc+ = 5x10"* cm^ s"': AjCo 
= Azo=10"'*Ax[B142] 

^C+ 

J^- = 

1 
YAz 

1 

AN 

At 

AN 

(5.44) 

(5.45) 
YAx At 

moles of cations or electrons and 7 is the length of the infinite three-phase 
junction, defined similarly as given in Fig. 5.84. Equations 5.44 and 5.45 
imply that both currents, i.e., the surface (due to the electron diffusion) and 
bulk (or volume) currents (due to the cations diffusion) are condidered 
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Fig. 5.86. Concentration profiles of a partially converted two-dimensional micro-
crystal at different times after a potential step A) 3 s, B) 10 s and C) 40 s. De. = 
5x10"' cm^ s"'; Dc+ = 10"* cm^ s"' [B 142] 

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. 5.85). The time dependence of the total current is: 

FY 1 

m=^{V^} 
V„ l + exp(-^) 

(5.46) 

Here, Fm is the molar volume, while ^ is the dimensionless potential of the 
Nemstian equation representing the thermodynamic equilibrium of Reac­
tion XXXVI. De- and Dc+ are the diffusion coefficients of electrons and 
cations inside the crystal. The increasing of the bulk current in Fig. 5.85 
can is ascribed to the growing of the reaction zone as shown in Fig. 5.86A. 

The semi-infinite diffusion model applied to the three-dimensional 
model is more realistic since for real cuboid crystals the three-phase junc­
tions of these objects include the edges of the rectangular base. The conse­
quence of this is that the cations in the real three-dimensional system can 
enter the crystal from different directions. The total current in this three-
dimensional model has the following form: 

F 1 
/(0 = { } 

+ '^oV"c+ j I (5.47) 
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Fig. 5.87. Concentration profile inside 
partially (10 %) converted crystals: 
cross-section through x-y plane at half 
height; A crystal of L=H= 10 jim, B 
= 40 nm and B Z = 5 = 7f = 10 ^m 
size [B 142] 

Compared to the expression of the current in the two-dimensional model 
(Eq. 5.46) the three-dimensional model (Eq. 5.47) has an additional sub-
tractive term. This has been interpreted as an "edge effect" describing the 
overlapping of the cation diffusion (which now proceeds in x and y direc­
tions) near the comer and thereby its influence on the entire diffusion 
process. Equations 5.46 and 5.47 are a consequence of the diffusion of 
electrons and cations into a semi-infinite space. This diffusion is accompa­
nied by the growing 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 begiiming of the conversion of a crystal of limited size. Since the crys­
tal considered in the simulation has a very small size (some \im) 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 electro­
chemical conversion through the crystal? For a certain geometry (cube or 
cuboid) of the microcrystal, the ratio Z)e-/Z)c+determines the spatial course 
of the development of the reaction zone and thereby the resulting current-
time functions. In Fig. 5.87, the isoconcentration lines along the (jc, 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 tremendous changes in the 
chronoamperometric curve. This is also obvious from the different shapes 
of the cyclic voltammograms given in Fig. 5.88. The voltammograms are a 
result of a cyclic oxidation and reduction of differently 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 
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Fig. 5.88. Cyclic voltammograms of differently shaped cuboid particles of con­
stant volume with a square base of different size; Concentration profile inside par­
tially (10 %) converted crystals: cross section through x-y plane at half height; D^. 
= Dc = 10"̂  cm^ s\ Vra = 153.8 cm^ mol"̂ ; (A) crystal ofL=B = 28 |im, H= 10 
H-m, (B)L = B = H= 20 ^m; (C)L=B= 16 \imH= 31 îm [B 142] 

the total conversion of the solid. The geometry of the spatial development 
of the reaction zone additionally depends on the ratio of the diffusion coef­
ficients of the electrons and cations. Due to the different values of diffu­
sion 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 con­
version along the corresponding interface either the crystal|electrode, or 
the crystal|solution interface. The further course of the conversion is de­
termined by the slowest diffusion process. In principle, the results of this 
study [B 142] can be utilized for determining the diffusion coefficients 
fi"om experimental data and to derive the geometric parameters of the at­
tached 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 XXXVI it was assumed that 
the solid phase transforms in a series of completely miscible solid solu­
tions fi"om {ox} into the final form {C„red}. In fact, in intercalation elec­
trochemistry there are known many examples in which a continuous series 
of mixed crystals exists between the oxidized and reduced forms. Several 
hexacyanometalates are discussed as examples in Chapter 5.3. The phase 
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transformation of {ox} to {C„red} via {ox;c(C„red)i.;(:} 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 thermod5mamic conditions in the solid phases, Reac­
tion XXXVI can be defined as follows: 

'̂ ox + V d = ̂ ' '̂ ox = ̂ red exp(<3); (p = ^{E-Ef) (5.48) 

In the case of partial miscibility of {ox} and {C„red}, the formal concen­
trations Cox and Cred are linked to the molar fractions of the corresponding 
compounds via the following relations: 

»̂ ox "'red , ^ . „ , 
^ox = 7 ' ^red = 7 (5-49) 

'"ox +'"red '«ox+'«red 
where Wox and Wred are mole numbers of {ox} and {red}, respectively. If 
the mutual solubility is limited, the concentrations (or more precisely ac­
tivities) of both components can be changed only within a restricted range. 
Consequently, the Nemst equilibrium (Eq. 5.48) will not be satisfied at all 
potentials. This will lead to an immiscibility polarization as shown in Fig. 
5.89. If {ox} is gradually reduced to {C„red}, the activity of {C„red} may 
increase up to a certain limiting value Zred/ox = nired/imred + ŵ ox), which de­
pends on the maximal solubility of {C„red} in {ox}. In that case, the po­
tential of the saturated mixed crystal is given by: 

^ RT 
Ecy=E^ +2.3 log 

^'^ ° nF 
1 •^red/ox ^ ' ' 

•^red/ox , 

where Zred/ox is the maximal solubility of {C„red} in {ox}. The second 
critical potential {EQS) depends on Zox/red ^ 'Wox/('Wred + "Jox), that is the 
maximal solubility of {ox} in {C„red}: 

C 2 ~ c ^S 
nF 

•^ox/red 
^"•^ox/red. 

The ratio a{ox}/a{c«red} in the crystal can be changed continuously for E > 
Ec,\ and E < Ec;i, but between Ec,\ and Ec,2 it will remain constant as 
shown in Fig. 5.89. 

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 reduc­
tion of {ox} to {C„Red} forms mixed crystals of the type {oxj;(C„red)i.x} 
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Fig. 5.89. Schematic plot of 
the logarithm of the activity 
ratios of the oxidized to the 
reduced form in the solid 
state as a function of the ap­
plied potential [B 79] 

Fig. 5.90. Plot of log(x/l-A:) 
for a solid solution system 
{oX;c(Cnred)i_;c} vs. potential 
[B 158] 

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 
{ox;c'(C„red)i_;c'}- Then there might exist a solubility gap between the com­
position {ox;c'(C„red)i.jc'} and {ox_j;'(C„red)iy} (x' is much bigger than jv'). 
The mixed crystal {oXj,'(C„red)i_;;'} can be flirther reduced until {C„Red} is 
reached. The mixed phase {oxx'(C„red)i_;t'} has a structure a, and the 
mixed phase {ox_j;'(C„red)iy} a structure p. a and |3 are so different that a 
miscibility gap arises. The difference in the Gibbs free energies AGA/B of 
the two phases a and P is equivalent to the difference in the formal poten­
tials of both systems, and it can be split in two terms, i.e., 
AĜA« = AGred/ox + AGjattice > wherc AGiattice is the difference in the free ener­
gies due to the different structures of the lattice of phases a and p. Gener­
ally, AGiattice may have very different values. If P 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 a that within the miscibility gap 
the phase P will be formed at the expense of a until a is converted into P 
(line 1 in Fig. 5.90). An interesting situation arises when AGiattice is much 
smaller than AGred/ox- In such a case, we can say thatAG /̂B =AGred/ox5 
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which would mean that the formal potentials of the redox systems in a and 
P are the same (line 2 in Fig. 5.90). This leads to the situation that, within 
the miscibility gap, there is no sufficient stabilization of p for phase segre­
gation. In other words, within the miscibility gap the potential corresponds 
to the composition neither of a nor of p. Thus, no net oxidation of a to 
form p 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 complet­
ing the reduction of {ox} to the composition {oxx'{C„red)ux'}, there will 
appear an inert zone until the formation of {oXy'(C„red)i.̂ '} may take place. 
This inert zone is bigger than the miscibility gap by the difference in for­
mal potentials of ox/red in a and P (see line 3 in Fig. 5.90). 

The mathematical modeling was considered identically as in [B 87] us­
ing the differential Eq. 5.34 under the initial and boundary conditions 
given in Eq. 5.35. The numerical solution has been applied to cyclic stair­
case voltammetry and linear scan voltammetry [B 79]. The influence of the 
volume of the substance and of the redox kinetics on the voltammetric fea­
tures have been investigated, too. The influence of the limited miscibility 
of redox components of the mixed crystal on staircase cyclic voltammo-
grams simulated for semi-infinite diffusion is depicted in Fig. 5.91. Curve 
A is the voltammogram for complete miscibility, while curve B shows the 
case of a miscibility gap assuming Z^ed/ox = ôx/red ̂  0.3. It can bee 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 ^c i . 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 £'c,i, until the value of the second critical poten­
tial Eca is reached. When the potential is equal to £'c,2, 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 branch of the voltam­
mogram. Under anodic polarization, a second sharp peak appears. The 
separation between these two peaks increases as the miscibility of the 
components decreases (see Fig. 5.92). 

The influence of the finite crystal volume on the staircase voltammo­
gram is shown in Fig. 5.93. The miscibility parameters are the same as 
those in Fig. 5.92, but the results in Fig. 5.93 are calculated for a very 
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Fig. 5.91. Staircase cy­
clic voltammograms of 
ideally miscible A and 
partly immiscible B 
solid redox components. 
Miscibility limits: ^d/ox 
= -̂ ox/red = 0.5 (A) and 
0.3 (B). Reversible re­
dox reaction, AE = 
5 mV [B 79] 

(E-EfVmV 

Fig, 5.92. Stan-case cy­
clic voltammetry of a 
reversible solid-state re­
dox reaction influenced 
by the limited miscibil­
ity of the components: 
2red/ox = -Zox/red = 0-1 

[B79] 
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Fig. 5.93. Stau-case cy­
clic voltammetry of 
hemispherical solid 
electroactive micropar-
ticle with a dimen-
sionless radius 
5rQV°\DAE)-°-^ = 20. 
Reversible redox reac­
tion influenced by the 
limited immiscibility of 
the components Zred/ox = 
2ox/«d = 0.1[B79] 
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small hemispherical particle with the dimensionless radius 5?-ov° (̂DA£)'°'̂  
= 20. The major difference between Figs. 5.92 and 5.93 is that such small 
particles can be electrolyzed completely within a single potential scan. 
Thus, the peaks are narrower, containing no diffusion "^Is" , and the cur­
rent 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 [B 79]. The outlined 
treatment of the effect of a miscibility gap on voltammogrMns is a purely 
thermodynamic treatment. However, when a phase transformation occurs 
due to a miscibility gap, a more or less pronoimced nucleation process 
must be observed. Therefore, it is not surprising 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) \B 56 and B 101] under conditions of immobi­
lized microparticles. Figure 5.94 shows cyclic voltammograms for the re­
duction of TCNQ to different alkali salt 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 essen­
tial prerequisite for the occurrence of the nucleation phenomenon is a mis­
cibility gap and the authors have shown that the crystallographic structures 
of the educts and products are indeed very different [B 101]. 

In a further paper [B 158] on the theoretical effects of miscibility gaps 
the focus was on the influence of the structure of the interface of the two 
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Fig. 5.94. Cyclic voltammograms of TCQN microcrystals in 0.1 mol L"̂  aqueous 
solutions of NaCl, KCl, RbNOa and CsCl. Scan rate is v = 50 mV s"̂  [B 101] 
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Fig. 5.95. Cyclic voltammograms of partly immiscible solid redox compoimds. 
Reversible redox reaction. Miscibility limits: Zoed/on = 2ox/crcd = 0.4, d = 0.4, A^ = 
0.2 mV. No transition zone was assumed \B 158] 
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Fig. 5.96. Staircase cyclic voltam­
mograms of 1-1 OHSQ/ HOPG 
electi'odes (dipping mode) in 0.1 
mol L'̂  aqueous solution of LiCl. 
In each panel, the first scan (dotted 
line) ^id the eleventii a or tentii b 
scan (solid line) for two different 
samples are shown. Scan rate v = 
10mVs'[B169] 

immiscible solid phases. When an interfacial interphase is assumed to ex­
ist at the place where the two structures transform, a smooth voltammetric 
response is expected. However, when a rather sharp interface exists, con-
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concntration barriers are build up that lead to very unusual voltammetric 
spikes as depicted in Fig. 5.95. 

Shortly after the publication of these theoretical results [B 158], Parkin­
son et al. [B 169] published voltammograms of electrodes covered with the 
solid compound (4-dimethylamino-2-dihydrox5^henyl)squarine that ex­
hibit such curious spikes in addition to the typical feature of a miscibility 
gap (cf Fig. 5.96). 

5.11.7 Electrochemically Driven Formation of Bllayered 
Systems 

In Chapter 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. 5.54 to 5.55). This substitution re­
action has been simulated on the basis of a theoretical model considering 
semi-infinite planar diffusion applied to a particle cylinder [B 173]. In a 
solution containing K^ as the sole cation, Prussian blue microcrystals ad­
hering to a graphite electrode (see Fig. 5.97) can be both reduced and oxi­
dized in cyclic voltammetry: 

{KFe'Ve'̂ c(CN)6},oiid ^ { Fe'Ve'VCN)6}soUd + K^ + e" (XXXVII) 

Prussian blue Berlin green 

{KFeVe'̂ c(CN)6},oUd + K̂  + e"^ {Kj Fe%Fe'VCN)6}«,M (XXXVIII) 

Prussian blue Berlin white 

(Fê "̂ N and Fê "̂ c denote the N-coordinated high-spin and the C-coordinated 
low-spin iron ions, respectively). If these reactions are reversible, the fol­
lowing equations govern the concentration ratios: 

Co F(,E-E,) 
^ = exp{^^ ^ } ; x = 0,t> 0; 
'-1 

F(E-E^) 
= exp{^ }; x = 0,t>0 

RT 

(5.52) 

where CQ, C\ and Ci 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 Reaction XXXVII and XXXVIII are given by the corre­
sponding diffusion equations: 
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Particle cyclinder 

^ ^ ^ ^ . Three-phase boundary 

Fig. 5.97. 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. hiitiated 
at the three-phase junction, the new solid phase advances into the bulk particle, 
following the diffusion of cations B [B 173] 

dc. d'c. 
—^ = D—; x>0,t>0 
dt dx^ 

(5.53) 

Equation 5.53 has been solved by the standard finite difference method for 
all species in Reactions XXXVII and XXXVIII. 
When the electrochemical transformation of iron hexacyanoferrate into 
cadmium hexacyanoferrate takes place, the following reaction occurs: 

.3+ .3+ 2{Fe^Ve'c(CN)6}soiid + 3Cd 2+ 

Cd̂ ""! Cd%Fe\(CN)6}2 + 2 Fê "" 
(XXXIX) 

This reaction is characterized by kf, the rate constant of the electrochemical 
transformation (or substitution). In order to quantify the progress of the re­
action, a parameter m is defined as GT = O^^^y /(Og^y + O^f^^j-). This is 

the ratio of the oxidation currents of cadmium hexacyanoferrate to the sum 
of the oxidation currents of cadmium hexacyanoferrate and iron hexacyan­
oferrate. The dependences of the m on the number of the potential cycles 
for several simulations assuming different values of ^, and the same plot 
with the experimental values obtained under the same conditions as in the 
simulation, are given in Fig. 5.98. Assuming a dimensionless rate constant 
kf = 0.5 of Reaction XXXIX provides the best fit of the experimental re­
sults. Simulated cyclic voltammograms based on this dimensionless rate 
constant are depicted in Fig, 5.99. Figure 5.100 depicts the dependence 
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Fig, 5,98. Dependence of the ratio m on the number of potential cycles for a cou­
ple of simulations assuming different values of the kinetic contribution kf, and for 
the real experiment [B 173] 
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Fig. 5.99. Simulated multiple cyclic voltammograms for the solid state conversion 
of Prussian blue (first and third redox couple) to cadmium hexacyanoferrate (sec­
ond redox couple), v = 100 mV s"\ h = 0.25, d£ = 2 mV [B 173] 
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F^. 5.100. Dependence of the reaction rate on the number of the potential cycle 
during the solid-state conversion of Prussian blue to cadmium hexacyanoferrate. 
Simulated data are the same as in Fig. 5.99 [B 173] 

of the rate of the substitution reaction on the number of potential cycles. 
As can be seen in Fig. 5.100, after an induction period of 4-6 potential cy­
cles, 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 avail­
able for substitution. 



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 speciflc 
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, 
fi-om a physical point of view, not fimdamentally different to that of solid 
particles, the magnitude of forces keeping the droplet adhering are differ­
ent. In addition, the fluidity of the droplet allows a fast establishment of 
the equilibrium offerees, which is not the case with solid particles. 

Figure 6.1 depicts the situation when a three-phase electrode is com­
posed of a droplet of liquid, phase U, immobilized on a solid electrode sur­
face (phase I) and immersed in an electrol5rte solution (phase III). The 

Phase 

Oil. 

^-111, ••• ' • f i r i t : 

Phase 1 

q-ii 

(-) 
\ 

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 HI). $ is the con­
tact angle and a is the interfacial tension between the phases indicated in the sub­
scripts 
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relation between the interfacial tensions between the three phases and the 
contact angle is described by the Young ' equation: 

005^="^™""^^-" (6.1) 
'̂ n-m 

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, what is clearly not desirable in the experi­
ments 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 6 approaching 180° even detach the droplet immediately. 
The consequences of electrode potentials for the adhesion of oil droplets ,̂ 
and of liposomes ' suspended in an electrolyte solution has been demon­
strated with mercury electrodes. 

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

1 9 
<j = — C^E + const. (6.2) 

where C^ is the differential double layer capacity and E the electrode po­
tential. This means that changing the electrode potential will alter in any 
case the interfacial tensions ĉ .n and oi.m. Consequently - as the interface 
between the two liquid phases II and III is in series with interface I-II, the 
interfacial tension on-m changes too, provided the droplet has a sufficient 
ionic conductivity. If the conductivity of the droplet is high in all its vol­
ume 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 
elecfrochemical 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 Fig. 
6.2.2 in Chapter 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 junc­
tion and near the droplet surface. A change of composition will always af­
fect the interfacial tension, and this parameter may even become strongly 

1 Young Th (1805) Philos Trans 65-87 
2 Ivosevic N, Zutic V (1998) Langmuir 14:231-234 
' Hellberg D, Scholz F, Schauer F, Weitschies W (2002) Electrochem Commun 

4:305-309 
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anisotropic over the interface. This could deform the interface, and it may 
induce the so-called Marangoni" streaming. The latter is an effect of an in­
duced flowing of a liquid along an interface from places with low interfa-
cial tension to places with a higher interfacial tension. This way a convec-
tive mass transport may act at a three-phase electrode. The feedback 
effects between electrode potential, interfacial tension, mass transport, 
electrode reaction, etc., are certainly very complicate. Fortunately, the 
changes of interfacial tensions caused by the electrode potential are in 
many cases practically negligible; esp. when lipophilic droplets are at­
tached 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 po­
tential variations. However, when an organic liquid droplet is attached to a 
metal electrode, 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, 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 hydro-
philic. Uhneanu et al. [B 180] reported experiments with a very small 
aqueous electrolyte droplet attached to a platinum microelectrode in a Tef­
lon holder. 

The mechanisms of electrode reactions observed at three-phase elec­
trodes with immobilized droplets resemble those observed with immobi­
lized particles. Table 6.1 gives an overview of some frequently observed 
cases. There are certainly more possible cases, and especially catalj^ic re­
actions at such three-phase electrodes 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 non-ionic compound X is dis­
solved in a polar organic solvent. The oxidation to X^ may be accompa­
nied by the fransfer of anions B" from the aqueous to the organic phase 
(case la) if the free energy for that transfer is smaller than that for the 
transfer of X^ to the aqueous phase (case lb). When a nonpolar solvent is 
used, the fransfer of X"̂  to the aqueous phase is the most probable reaction 
(case 2). When a reducible non-ionic compound X is dissolved in a polar 
organic solvent, the reaction to X' may be followed by the fransfer of 
cations A"̂  to the organic phase (case 3 a) or by the fransfer of X" to the 
aqueous phase (case 3b). Again, the free energies of the ion fransfer of X" 

Marangoni CGM (1871) Aim Phys Chem (Poggendorf) 143:337-354 
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Table 6.1. Overview of possible reaction mechanisms at three-phase elec­
trodes with immobilized droplets 

1 

2 

3 

4 

Phase II 

Polar organic 
solvent 0 with 
dissolved non-
ionic oxidizable 
compound X 

Nonpolar organic 
solvent 0 with 
dissolved non-
ionic oxidizable 
compoimd X 

Polar organic 
solvent 0 with 
dissolved non-
ionic reducible 
compound X 

Organic oxidi­
zable 
liquid 0 

Phase III 

Aqueous 
electrolyte 

Aqueous 
electrolj^e 
A ^ -

Aqueous 
electrolyte 
A ^ -

Aqueous 
electrolyte 
A ^ -

Phase 1 

Mechanism 

la)Xo + Baq-i5Xo^ + Bo- + e-

lb)Xot;Xaq^ + e-

Xot5Xaq+ + e-

3a)Xo + e" + Aaq^tfXo" + Ao^ 

3b)Xo + e-t;Xo-

4a) Oo + Baq- ^ Oo 
+ Bo" form an ionic 

+ + Bo- + e-(Oo^ 
liquid) 

Ref. 

[B 132] 

[B 132] 

[B 271] 

[B 166] 

5 Organic reducible Aqueous 
liquid O electrol)^e 

A ^ -

4b) Oo ^ Oaq"̂  + e" (follow-up pre­
cipitation of [O^"] is possible) 

Oo + e"+ Haq̂  ^ OHo (the organic [B 273] 
liquid remains non-ionic) 

to the aqueous phase and of A^ to the organic phase decide what will hap­
pen. 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 la 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 
[O^B'] in the organic liquid may occur). Alternatively, the cations O^ can 
be transferred to the aqueous phase, where they remain dissolved, or they 
may form a precipitate [O^B'] with the anions. Again the free energies of 
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ion transfer determine the pathway. Case 5 in Table 6.1 describes the re­
duction 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 ex­
ist. 

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 fiorther in­
vestigations. Detailed explanations are discussed on the following pages. 

6.1 The Electrochemistry of Redox Liquids 

The first report that involved the voltammetry of immobilized redox liq­
uids was a study of the n-hexyldithiocarbamate complex of lead(II) [B 13]. 
It was found that the voltammetry of the immobilized droplets of this com­
pound 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 redoxactive liquids [B 74]. The immobiliza­
tion of droplets was meant to provide a controlled environment to sepa­
rately 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 liq­
uids has been gathered. As it is presented in the latest review on the field 
by Banks et al. [B 285], the A^^A ÎA '̂.A'̂ '-tetraalkylphenylenediamines, 
TRPDs (R = alkyl), are the by far the most investigated redox liquids (see 
Fig. 6.2 and Table 6.2). 

NR2 NR2 

^ 

. ^ 

^ 

. ^ 

NR2 

R = n-butyl (TBPD) 

n-hexyl (THPD) 

n-hq)tyl (THepPD) 
M-nonyl (TNPD) 

NEt2 

R = «-butyl(DEDBPD) 

n-hexyl (DEDHPD) 
n-hq)tyl (DEDHePD) 

Fig. 6.2. Structure of the 
7V;iy,iV',iV'-tetraalkyl-/>ara-pheny-
lenediamines (p-TRPD) and the 
JV,iV-diethyl- iV'.JV'-dialkyl-para-
phenylenediamines (p-DEDRPD) 
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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 B 285) 

Redox liquid Reference (B) 

A';A'iiV',Af'-Tetrahexyl-;7ara-phenylenediamine 74, 97, 149, 150, 166, 
(p-THPD) 168, 171, 182, 230, 254, 

284,287, 288 

A'; AT, Af'.A'^'-Tetrahexyl-weto-phenylenediamine 166 
(/n-THPD) 

A(,iV;Ar',Ar'-Tetrabutyl-para-phenylenediamine 230,254, 284 
(p-TBPD) 

A';A'iAr',Ar'-Tetraheptyl-/7flra-phenylenediamine 230,254, 284 
(p-THePD) 

A(,iV;Ar',Ar'-Tetraoctyl-para-phenylenediamine 213,214, 254 
(p-TOPD) 

iy;A/;Ar',iV'-Tetranonyl-para-phenylenediamine 230,284 

A'iA'-Diethyl-A'^'.A'^'-dibutyl-para-phenylenediamine 284 
(p-DEDBPD) 

iy;Ar-Diethyl-Ar',Ar'-dihexyl-/>ara-phenylenediamine 284 
(p-DEDHPD) 

A';A'-Diethyl-A'̂ ',A'̂ '-diheptyl-/>ara-phenylenediamine 284 
(p-DEDHePD) 

Ar,iV, A^'-Trihexyl-para-phenylenediamine 171 
(p-TriHPD) 

A'l A'i AT', Ar'-Tetrakis(6-methoxyhexyl)-^flra- 166 
phenylenediamine (p-TMHPD) 

Ar^-[4-(Dihexylamino)phenyl]-Ar^,A^,A^-trihexyl-l,4- 289 
phenylenediamine (DPTPD) 

3-Methylthiophene 197 

n-Butylferrocene 241 

4-Nitrophenyl nonyl ether 286 

Vitamin Kl 273,287 

* Studied as single millimetric drop immobilized on a PIGE. 

These compounds combine an extremely low miscibility with water, a suit­
able oxidation potential, the formation of colored radical species and the 
possibility to tailor their physical and chemical properties by changing the 
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the length and the nature of the alkyl chains. In contrast to the solid, water-
soluble tetramethylphenylenediamine, 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 pre­
vent crystallization. That all makes the TRPDs very well suited as model 
compounds for the study of the voltammetry of immobilized redox liquids. 

The tetra-A'-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: 

TRPD < » TRPD"̂  + e (I) 

\2+ 
TRPD*" < > TRPD"" + e" (II) 

The electrochemical oxidation of TRPD in the biphasic system of the im­
mobilized microdroplets has been studied from very different viewpoints 
including the electrochemically and chemically facilitated ion transfer re­
actions, reactive chemistry, photochemistry and catalysis. In the following 
sections these different aspects will be appreciated, demonstrating the po­
tential of the voltammetry of immobilized microdroplets as a simple and 
yet powerful electrochemical tool. 

6.1.1 Electrochemically Driven Ion Transfer Reactions 

A(,A(,AA',A'̂ '-tetrahexyl-/)ara-phenylenediamine, THPD, was the first com­
pound of the phenylenediamine family to be studied in detail [B 74, B 97]. 
The authors have compared the electrochemistry of THPD, dissolved in 
acetonitrile, and the electrochemistry 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 electrolyte solution in or­
der to maintain electroneutrality within the droplets: 

THPD(„, + X;^ < = ^ THPD;^ + X;„, + e- (HI) 

The authors also observed that the mid-peak potential of this reaction and 
the shape of the voltammetnc signals (see Fig. 6.3) depend on the nature of 
the elecfrolyte anion, whereas the nature of the cations did not contribute 
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NQCIO/, 

KPF6 

NaCl 

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

Fig. 6.3. Multicycle voltammograms for the oxidation of 1.24 \ig THPD deposited 
on a 4.9-rmn diameter basal plane pyrolytic carbon electrode and immersed in 
aqueous solutions of different electrolyte salts (electrolyte concentration 0.1 M, 6 
cycles, 22 °C, scan rate 10 mV s"') [B 74] 

significantly. As a consequence, the authors suggested utilizing this effect, 
which they attributed to specific interactions between the phenylenedia-
mine cation and the inserted anion, for the detection of anions in aqueous 
solutions [B 74]. 

Initiated by these studies a series of papers have appeared dedicated to 
the systematic investigation of the voltammetry of differently substituted 
phenylenediamines. Thus, the anion insertion and chemical reactions in 
microdroplets of /)ara-tetrakis(6-methoxyhexyl)phenylenediamine, para-
and weto-tetrahexylphenylenediamine (Fig. 6.4) has been compared 
[B 166]. In this study the effects 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 dis­
solved in droplets of inert solvents, such specific and none-specific interac­
tions between the constituents in the liquids are very likely. The very nar­
row peak shape that was found for the oxidation of THPD microdroplets 
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Fig. 6.4. Structures of para-N, N, N',N' tetrahexylphenylenediamine (p-THPD), 
meta-N, N, N'.N' tetrahexylphenylenediamine (w-THPD) and /7ara-tetrakis(6-
methoxyhexyl) phenylenediamine (p-TMHPD) [B 166] 
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~~'^H/^a 
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E/V (vs. SCE) 

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 M NaBr, 
andb0.1MKI[B166] 

[B 74] 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 
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a number of possible explanations that comprise (i) possible crystallization 
processes upon oxidation, and (ii) 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 charac­
teristics 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 num­
ber of carbon units in the alkyl chains of the TRPD, for a given anion, 
leads to a shift of the midpoint potentials towards more positive values, viz 
DEDBPD < TBPD < DEDHPD < DEDHePD < THPD < THePD < TOPD 
< TNPD [B 284]. Also, increasing the hydrophilicity of the supporting 
electrolj^e anion leads to more positive midpoint potentials. Inspired by a 
new approach to access thermodynamic quantities of electrochemically 
driven ion transfer reactions at nitrobenzene droplets (B 132, see Chapter 
6.2), the voltammetry of immobilized redox liquids has been compared 
with experimental data achieved when droplets of TRPD dissolved in ni­
trobenzene were used instead of the pure redox liquid. 

Table 6.3. Enud/mV datâ  obtained from cyclic voltammograms'' for the oxidation 

of DEDRPD and TRPD oils" [B 284] 

PFfi-
CIO4" 
SCN" 

Br" 

NO3" 
OCN" 

cr 
S04^" 

F" 

IO3" 

DEDBPD 
-30' 
45" 

105"* 
125" 

117"* 

117"* 
126" 

135" 
113" 
134" 

TBPD" 
-20' 
63' 

129" 

185" 

180"* 
188" 

193" 

203" 
198" 
238" 

DEDHPD 
3' 

86' 
141' 

259"* 
245** 

265"* 
266"* 
281" 
274" 
268" 

DEDHePD 
18' 
91 ' 

153' 

269* 

253* 
290" 

310' 

318" 
330" 
336" 

THPD" 
26' 

109' 
178' 

296' 

298' 
365" 

371" 
444t 

465^^ 
470" 

THePD" 
41 ' 

126' 
188' 

318' 

313' 
381" 

383" 

467^ 

489^^ 
481" 

TNPD" 
64' 

146' 
201' 
324' 

327' 
385" 

383' 

481" 
513" 
501" 

" All data are reported in mV vs SCE; error = 5 mV. * Oil (5 nmol) was deposited 
as microdroplets on a 4.9-mm diameter basal plane pyrolytic carbon electrode and 
immersed into 0.1 M aqueous electrolyte. The data were obtained using a san rate 
of 100 mV s"\ ' indicates that the oxidation follows Reaction I, " indicates 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 effec­
tively type (") behavior, only with very fast kinetics; * indicates those systems that 
give rise to split waves at slow scan rates. "^ Data taken from [B 230 and B 254] 
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Although the basic methodology of both approaches, the voltammetry of 
compounds dissolved in inert solvents, and the voltammetry of unsup­
ported redox liquids is practically identical, and it can be expected that 
their basic features are comparable, there are fundamental differences: Per­
forming voltammetric measurements at droplets of inert solvents that con­
tain an electro-active species generally means that the concentration of the 
electro-active species within the droplet is significantly lower than the 
concentration of the solvent. Due to the low concentration, interactions be­
tween 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, gen­
erally do not completely change the physical and chemical phase charac­
teristics 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 concen­
tration 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 [B 213]. Additionally to the phase transi­
tion, the high density of redox centers increases the impact of inter-
molecular interactions on the electrochemical behavior [B 74]. 

In a comparative study the electrochemically driven ion transfer proc­
esses across liquid | liquid interfaces of droplets of para-N, N, N',N' 
tetraalkylphenylenediamines and of the same compounds diluted in drop­
lets of nitrobenzene has been elucidated [B 254]. As expected, the volt­
ammetric 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 voltammo-
grams of the undiluted compound deviates from that behavior. Beside 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 P2, Fig. 6.6a). At elevated temperature, however, 
and at high scan rates (above 100 mV s"') this peak vanishes and is re­
placed by a new signal. Pi. This signal can be assigned to the reversible re­
action 

[THPD^CIO; ],„) + ClO; (^ < = ^ [THPD^̂  (CIO;), ](„, + e" (IV) 
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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 M NaC104 electrolyte solution, 0 = 42 °C; b Cyclic voltammogram for the 
oxidation of THPD dissolved in microdroplets of nitrobenzene (CTHPD= 25 mM), 
deposited at a basal plane pyrolytic graphite electrode and immersed in a 0.1 M 
NaC104 electrolyte solution; scan rate = 100 mV s"' [B 254] 

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 reduction processes Pi and P2 to a phase transition of the 
THPD̂  (0104)2 ionic liquid phase towards a higher packing density caused 
by geometrical config:uration changes of the THPD scaffold upon oxida­
tion. Naturally, such a reorientation would not be expected to take place in 
the diluted system. 

Apart from these differences, however, the thermodjmamics of the volt-
ammetric reactions of the immobilized tetraalkylphenylenediamines has 
been found to be very similar to that of the compounds dissolved in nitro­
benzene. 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 inter­
face. So, despite of the differences in the appearance of the voltammetric 
signals the redox processes are predominately ruled by the Gibbs free en­
ergy of the transfer of the electrolyte anions across the water | redox liquid 
interface, A^° *. (see Eq. 6.3). 

^ r^e A o o RT. RT, "TRPDt,"x;„, 

TRPD(„) 
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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 [B 
254] 

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 oxida­
tion, the transfer of the oxidation product, the radical cation TIIPD*^, takes 
place from the organic phase into the aqueous solution (Reaction V; see 
also section (ii) in Fig. 6.3): 

TRPD(„, < = ^ T R P D ; ^ + e - (V) 

•^aq,™.D* p (6.4) 

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

Gibbs free energy of transfer of the electrolyte anions, S.qf *. , but on that 

of the TRPD radical cation, Ac?" * ^. This process is chemically irre-

versible. It leads to the dissolution of the redox liquid. 
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In order to electrochemically drive the transfer of strongly hydrophilic 
anions from the aqueous into the organic phase by means of the voltam-
metry of immobilized microdroplets the redox liquid is required to be ex­
tremely hydrophobic even in its cationic form. Marken et al. have been the 
first to report the transfer of sulfate into droplets of /?ara-tetrakis(6-
methoxyhexyl)phenylenediamine (TMHPD), which, however, was accom­
panied by dimerization and oligomerization reactions of the formed 
TMHPD'̂  radical cation [B 166]. In a later study the same authors have re­
ported the reversible insertion of sulfate, chromate and dichromate into 
microdroplets of j3ara-A ,̂A ,̂A '̂,A'̂ '-tetraoctylphenylenediamine, TOPD 
[B 214], following Reaction VI: 

2 TOPD(„, + X^^ < = ^ 2 TOPD; , + X̂ „-, +2 6" (VI) 

The authors determined the mid-peak potential of the TOPD oxidation in 
the presence of a 0.1 M Na2S04 solution with Enud = 0.428 V (vs. 
Ag/AgCl). However, in a similar study Wadhawan et al. could not confirm 
these results [230]. They systematically examined the electrochemically 
induced ion insertion and expulsion processes at microdroplets of TRPDs 
with R = n-butyl, «-hexyl, n-heptyl, and n-nonyl. In contrast to the «-octyl-
substituted compound examined by Marken they interpreted the voltam-
metric 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 
fransfer between water and nonpolar solvents (A^G^_ = 88 kJ mol"', for the 

water to acetonitrile transfer % the oxidation of the TRPDs, connected 
with the uptake of sulfate, would have to be expected to proceed at consid­
erably higher potential values than those found for TOPD. 

Recently, Marken et al. have also claimed the insertion of extremely hy­
drophilic anions such as phosphate and arsenate into microdroplets of 
para-N, N, N',N' tetraoctylphenylenediamines [B 213]. Upon oxidation, 
the redox liquid transformed into a crystalline compound, forming needle 
structures on the elecfrode surface (Fig. 6.8). It can be supposed that again 
a fransfer of TOPD cations to the aqueous phase takes place with a follow-
up precipitation of the salts at the elecfrode surface. 

Marcus Y (1997) Ion properties. Marcel Dekker, New York, Basel 
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100 fim 

Fig. 6.8. Field emission gun scanning electron microscopic image of a deposit of 
6.5 Âg TOPD on a 1-cm̂  basal plane pyrolytic graphite electrode after 30 s im­
mersion in aqueous 2.0 M phosphate buffer at pH 2.3 with a potential of 0.5 V vs. 
SCE applied [B 213] 

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. How­
ever, the delocalization of charge via the conjugated 7i-system of the 
phenylene ring leads to a decreased electron density, hence to a considera­
bly 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 reac­
tion requires the uptake of protons from the surrounding aqueous into the 
organic phase. In order to mamtain charge neutrality the transfer is accom­
panied by the transfer of an equivalent number of anions (Reaction VII). 
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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 M 
NaC104 electrolyte solution; a pH = 8, b pH = 5.9, c pH = 3.7; scan rate = 
10 mV s"̂  [B 254] 

TRPD(„, + H ; ^ +cio;(^ <=^ TRPDH;, +cio;(„, (VII) 

As expected, the protonation has a tremendous effect on the voltam-
metry of the redox liquid [B 97]. The voltammetric redox system lox/Ired 
(see Fig. 6.9), recorded at neutral pH, and based upon reaction (III), Chap­
ter 6.1.1, disappears with increasing proton concentration for a new volt­
ammetric system, Ilox/IIred- 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 aque­
ous phase: 

[TRPDH^CIO-](„, < = ^ [TRPD^CIO-](„, + H ; ^ + e" (VIII) 

The second oxidation step (signals Illox/IIIred, Fig. 6.9) remains unaffected, 
showing that only one amine group is involved in the protonation. As de­
picted in Fig. 6.10, the new voltammetric signal shows different voltam­
metric behavior. 
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Fig. 6.10. a Cyclic voltanmiograms for the oxidation and re-reduction of 0.5 fig 
THPD deposited onto a 4.9-mm diameter basal plane pyrolytic graphite electrode 
and immersed in aqueous 0.1 M KNO3 solution. The pH was adjusted by addition 
of 0.1 M HNO3. Scan rate 10 mV s'\ b Plot of the mid-peak potential, 
£̂ mid̂ l/2(£'p,ox+̂ p̂ d). for the oxidation and re-reduction of 0.5 ng THPD, im­
mersed in aqueous 0.1 M KNO3 (pH adjusted with HNO3), 0.1 M KSCN (pH ad­
justed with HNO3), 0.1 M NaC104 (pH adjusted with HCIO4), 0.1 M KPFg (pH ad­
justed with HNO3) [B 94] 

A first attempt to determine the acidity constant PKA2 for THPD from 
voltammetric data has been made by Schroder and coworkers [B 171]. The 
authors have derived PKA2 from the extent of ionic (protonated) liquid 
formation, as a fimction of the pH of the elecfrolyte solution, and deter­
mined from the analysis of the voltammetric responses process lox/Ired and 
Ilox/IIred (Fig- 6.9). This approach, however, is oversimplified since it does 
not include the Gibbs free energy of the transfer of the accompanying ani­
ons. This quantity needs to be taken into account in order to appropriately 
regard the influence of the electrolyte anion co-inserted into the redox liq­
uid 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 non-conducting the liquid now turns into 
an ionic liquid with the consequence that electrochemical reactions are not 
anymore initially confined to the three-phase junction but can start at the 
entire droplet | electrode interface (Fig. 6.11) 
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Fig. 6.11a. 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 or­
der to form the colored radical cation. A the neutral redox liquid and B the proto-
nated, ionic liquid [B 171] 
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Fig. 6.12b. Schematic drawing of the mechanism of the oxidation of deposits of 
TRPDs of the unprotonated form A, and of the protonated form B [B 171] 

6.1.3 Photochemical and Chemical Reactions at Immobilized 
Microdroplets of Redox Liquids 

The known ability of TMPD" ,̂ Wurster's blue, to mediate the homogene­
ous solution oxidation of biological redox compound, like ascorbic acid, 
NADH, or ferrocytochromes inspired researchers in the lab of Richard 
Compton, to study the heterogeneous catalysis of immobilized microdrop-
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Fig. 6.13. Cyclic voltammograms (scan rate 10 mV s"̂ ) illustrating the electro-
catalj^ic oxidation of ascorbate; 5.4 nmol of THPD deposited on the surface of a 
4.9-nim diameter bppg electrode immersed into aqueous 0.1 M sodium perchlorate 
solution, in the presence (solid line) and absence (dotted line) of 50 mM ascorbic 
acid at pH 7. The insert illustrates the charge difference inferred from cyclic volt-
ammogram (scan rate 5 mV s"̂ ) variation with ascorbic acid concentration for the 
oxidation of 5.4 nmol of THPD; 0.1 M potassium hexafluorophosphate containing 
0.1 M phosphate buffer solution at pH 7 [B 284] 

bppg electrode 
Fig. 6.14. Schematic diagram illustrating the electrocatalysis of L-ascorbate by 
THPD"̂ C104". For simplicity, only one microdroplet is considered. Reproduced 
from [B 284] 

lets of long-chain TRPDs. Thus, Wadhawan et al. [B 284] reported on the 
electrocatalytic oxidation of L-ascorbate at the electrode-oil-electrolyte tri-
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pie phase junction of THPD microdroplets. They demonstrate that the 
presence of ascorbate ions in 0.1 M 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 I 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 hexafluorophosphate. 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 electrochemi­
cal reduction of THPD^. 

[THPD-̂ CIO; ](„) + A H ; ^ - ^ ^ THPD,„, + AH^^ + ClO^^^ (IXa) 

[THPD-^CIO, ](„) + e- < = ^ THPD(„, + ClO,^^ (JXb) 

From their observations the authors have derived a kinetic model describ­
ing the electrocatalytic oxidation of ascorbate at immobilized droplets of 
TRPD. The model is based on the assumptions that: (i) TRPD"̂  is electro-
chemically generated at the three-phase junction electrode | redox liquid | 
electrolyte, however, for simplicity reasons, the electrochemical oxidation 
is considered as in a "thin film" regime; (ii) the catalytic oxidation of 
ascorbate proceeds at the droplet | electrolj^e interface, and no transfer of 
ascorbate into the droplet takes place; (iii) the microdroplet-modified elec­
trode consists of a monodispersed set of N femtoliter, each of radius RQ. 
The increase in the charge passed in the presence of ascorbate (bulk con­
centration in the aqueous phase [AH"]buik), ^Qohs, is then expressed by Eq. 
6.5. 

A a . = ^ ^ - ^ ^ ^ o [ A H - U (6.5) 

d represents the spherical thickness of a TRPD^ ion; T is the time, in which 
the electron transfer rate across the oil | water interface can take place. It is 
defined by the scan rate of the voltammetric experiment, v, and the differ­
ence between the starting and finishing potentials of the sweep, AE, with 
T = AE/v; No is the number of moles TRPD immobilized at the electrode 
surface. 
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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 [B 284]) 

DEDBPD' 

DEDHPD'' 

TBPD° 

THPD^ 

DEDHePD^ 

THePD'' 

TNPD' 

Gradient of plot 

/CM"^ 

0.2373 ± 0.012 

0.1298 ±0.012 

0.0798 ±0.012 

0.0553 ±0.012 

0.0289 ±0.012 

0.0245 ±0.012 

0.0232 ±0.012 

6rffcca/Ro 

/M"'s"^ 

10.9 ±0.5 

5.8 ±0.5 

2.3 ± 0.3 

3.2 ±0.7 

1.3 ±0.5 

1.8 ±0.9 

3.0± 1.6 

k '• 
"•cat 

/M-^s"' 

7237 ±366 

3876 ±358 

1257 ± 230 

2139 ±464 

866 ±360 

1184 ±580 

2005 ± 1039 

" Data obtained from cyclic voltammograms recorded at a scan rate of 5 mV s"\ in 
0.1 M phosphate buffer solution containing 0.1 M potassium hexafluorophosphate, 
using a modified 4.9-mm diameter bppg electrode. * Assuming d= 5 A andi?o ^ 
2 jum. " Elecfrode modified with 5.7 mnol of DEDBPD, 7 = 40 s. "̂  Elecfrode 
modified with 5.8 nmol of DEDHPD, z" = 40 s. ^ Electrode modified with 6.0 
mnol of TBPD, 7= 60 s. ̂ Electrode modified with 6.0 nmol of THPD, z" = 30 s. ^ 
Electrode modified with 5.8 nmol of DEDHePD, v = 40 s. * Elecfrode modified 
with 6.0 nmol of THePD, z" = 24 s.' Elecfrode modified with 5.7 mnol of TNPD, 
T= 14 s. 

Based on these assumptions, the rate constants of the electrocatalj^ic 
oxidation of ascorbate by different TRPDs are given in Table 6.4. The ta­
ble shows that the reactivity generally increases with decreasing length of 
the substituent, viz in the order DEDBPD > DEDHPD > TBPD = THPD > 
DEDHePD = THePD > TNPD. The authors attribute this order to the 
greater number of cations per unit surface area for lower homologous. 

For elecfrodes modified with tetrahexylphenylenediamines, Wadhawan 
et al. have reported photoelecfrochemically induced catalytic processes [B 
284]. The authors made use of the property of THPD to undergo facile 
photoexcitation coupled to redox conversion when exposed to light of ca. 
300 nm wavelength. This behavior, which was already known for the 
teframethyl-substituted phenylenediamine, TMPD ^ has been investigated 
by Wadhawan with respect to (i) its occurrence at THPD microdroplet-

Richtol 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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Fig, 6.15. Photocurrents observed 
for the oxidation at 0.4 V vs. SCE 
(a) and for llie photoreduction at 
O.OV vs. SCE Ob) of 80 nmol THPD 
(35 ng) deposited onto a 3x3 tnm 
basal plane pyrolytic graphite elec­
trode immersed in 0.1 M NaC104 
(10 mW cm"̂ , 280 nm, solution 
flow rate 0.02 cm^ s'̂ ). The arrows 
indicate the initial part of the trace 
with the light switched ofF[B 182] 

Aqueous 
electrolyte 

Fig, 6.16, Schematic drawing of the THPD|electrode|electrolyte triple interface re­
action zone [B 182] 



6.1 The Electrochemistry of Redox Liquids 205 

No halothane 

lOmMhalothane 

Fig. 6.17. Phototransients (2 mW cm'̂  illumination at 320 nm) observed for 
5.4 nmol of THPD deposited on the 3 x 3 mm^ basal plane pyrolytic carbon elec­
trode potentiostated at 0.0 V vs SCE, immersed 0.1 M NaC104 containing 10 mM 
halothane (solution flow rate 0.003 cm ŝ"̂ ) [B 284] 

modified electrodeSj (ii) the role of the three-phase junction, and the ef­
fects introduced by anion insertion processes associated with the redox 
processes [B 182]. As Fig. 6.15 demonstrates, both, a significant photore-
duction, and photooxidation current 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 photoelectro-
chemical processes are confined to the triple-phase interface 
THPD|electrode|electrolyte. 

In a later communication [B 284] the authors have demonstrated that 
this photoactivity can be utilized for the photochemically induced catalytic 
reduction of the lipophilic anaesthetic halothane (2-bromo-2chloro-1,1,1-
trifluoroethane). Fig. 6.17. The mechanism of this process is proposed as 
follows: 

THPD,„^+hv ^ T H P D ; (Xa) 

THPD; +cF3CHciBr̂ ^ ^ THPD;; + CF,™^!^; (xb) 
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CF3CHClBr,; ^ CF^CHCi;; +Br^^ (Xc) 

Noteworthy, imder similar conditions photoinduced electron transfer from 
excited chlorophyll a to vitamin Ki has been observed [B 287], which 
bears possible potential in the development of solar cells based on photo-
sjoithesis. 

Recently, the same group interrogated the electrochemistry of vitamin 
Ki, deposited as an array of microdroplets onto the surface of a pyrolytic 
carbon electrode. The results of this study [B 273] are highly interesting 

o 

Fig. 6.18. Structure of vitamin Ki, phylloquinone [B 273] 

from several viewpoints. The electrochemical reduction of vitamin Ki at 
low pH (Reaction XI) is accompanied by a proton uptake and the protona-
tion of the reduced phylloquinone. 

VKl,, + 2H;^+2e- ? i VK1H,,„, (XI) 

That means that very much in contrast to most other examples of electro­
chemical reactions of immobilized microdroplets or particles, both, the 
precursor liquid and the product are ionically non-conducting. 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 droplets 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 re­
sponse. The voltammogram (see Fig. 6.19) now shows an additional peak 
in the reductive scan. The appearance of two well-defined reductive sig­
nals 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 con­
clude the following mechanism: initially, vitamin Ki is reduced in a two-
electron two-proton wave to yield quinole as in process III. The second 
Faradaic process is likely due to fiirther reduction within the redox liquid. 
The authors suggest that, due to the strong naphthaquinole-potassium ion 
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Fig. 6.19. Cyclic voltammograms (scan rate 20 mV s"̂ ) for the reduction of 5.6 
nmol vitamin Ki immobilized on a 4.9-mm-diameter basal plane pyrolytic carbon 
electrode immersed into both 0.1 M aqueous HCl and 0,1 M HCl containing 2,0 M 
KCl [B 273] 

pair bonding and the formation of the strong H-H bond process XII occurs, 
leading to hydrogen evolution: 

VKIH , + 2 K ; , 
2 (o) (aq) 

2e" VKr"K 2(o) H 2(o) (XII) 

In the presence of strongly alkaline solutions, the electrochemical reduc­
tion again takes place in a two-electron two-cation reaction that is sensitive 
to the nature of the transferred cation (Reaction XIII). 

VKl + 2 M ; +2e" ^ VKf"M". 
(o) (aq) ^ 2(0) 

(XIII) 

Apart from a study of the redox switching of 4-nitrophenyl nonyl ether 
by Wain et al. [B 286] 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 [B 197]. In their communication the authors report on 
the electropolymerization that takes place when droplets of 3-methyl-
thiophene are oxidized in the presence of aqueous solutions of LiC104. 
As Fig. 6.20 shows, during the first redox cycles, only the oxidation of the 
starting material can be seen. During repetitive voltammetric cycling addi­
tional redox systems in the potential range between 0.3 and 0.8 V appear 
and start 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 
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Fig. 6.20. Consecutive cyclic voltammetric curves obtained for 3-methylthiophene 
droplets attached to a paraffin-impregnated graphite electrode, PIGE, in the pres­
ence of an aqueous solution containing 0.5 mol L"̂  LiC104. Cycles 1-5 (curves 2-
5, curve 1 shows the background current), scan rate 100 mV s"̂  [B 197] 

0.2 0.4 0.6 0.1 

E/V{vs. SCE) 
1.2 

Fig. 6.21. Consecutive cyclic voltammetric curves obtained for 3-methylthiophene 
droplets attached to a paraffin-impregnated graphite electrode, PIGE, in the pres­
ence of an aqueous solution containing 0.5 mol L"̂  LiC104. Cycles 15-34, scan 
rate 100 mV s"' [B 197] 

the electric charge of the redox process caused by polymethylthiophene, 
however, showed that only about 1% of the monomer was electropolmer-
ized up to the SS*'' cycle. 

Reactive chemistry in deposited redox liquid microdroplets can be inter­
esting also from the anal)^ical point of view. Thus, a reaction mechanism 
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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]-iV',A/^,A^-trihexyl-1,4-phenylenediamine (DPTPD) 
with HS" leading to the formation of a methylene blue derivative [B 289]. 

6.2 The Electrochemistry of Compounds Dissolved in 
Droplets 

The electrochemistry of electroactive compounds dissolved in water im­
miscible 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 fea­
ture of such electrodes, namely the ion transfer between the adjacent liquid 
phases, which always accompanies the electron transfer between the solid 
electrode and the electroactive compound. Figure 6.22 schematically de­
picts the situation at the electrode when a droplet of a solution of an elec­
troactive compound is attached to an electrode surface. Very similar to the 
situation of immobilized solid particles that are undergoing insertion elec­
trochemical reactions (see, for example, the electrochemistry of metal hex-
acyanoferrates in previous chapters), and even more similar to the situation 
of immobilized electroactive droplets (Chapter 6.1) one can observe a re­
action scenario that could be called "insertion electrochemistry with drop­
lets". This approach offers a unique access to the standard Gibbs energy of 
ion transfer across a liquid | liquid interface [B 132]. 

reference 
electrode 

three-phase 
junction 

graphite 
(worldng electrode) 

aqueous eiectroiyte 
(Cat% X ) 

(aq) 

counter 
eiectrode 

Fig. 6.22. Three-phase electrode consisting of a droplet of an organic solvent con­
taining 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 [B 280] 
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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 i in two solvents a and p. 
The standard Gibbs energy of ion transfer from phase a to phase P 
(AG^ f) is related to the standard potential of ion transfer (A^^ f), and to 
the standard partition coefficient ( Pj) through the following equations: 

-AG^ ? 

i^=exp 
RT 

(6.6) 

(6.7) 

The logarithm of the partition coefficient (logP) is a measure of the lipho-
philicity of compounds. It helps understanding a variety of biological phe­
nomena, such as passive transfer through membranes, enzjmie-receptor in­
teractions, drug activities, etc., and it is a major parameter in quantitative 
structure activities relationships (QSAR) and quantitative structure proper­
ties relationships (QSPR) '. While logf of neutral compounds is relatively 
easily accessible by different partition techniques, such as shake-flask 
methods, partition chromatography, high-performance liquid chromatogra­
phy, extraction \ 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 electrol5^es in 
the two immiscible solvents, as well as the non-polarizability of some im­
portant 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 in­
terface, 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 ^L) of that solution is attached to the surface of a suit-

Testa B, van de Waterbeemd H, Folkers G, Gay R (2001) Pharmacokinetic 
Optimization in Drug Research. Wiley-VCH, Weinheim 
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) [B 280] 

able 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 elecfrolj^e solution of the salt Cat̂ A". In this solution the 
reference and counter electrodes are placed as in a conventional voltam-
metric cell. A prerequisite for the proper operation of the experiment is the 
existence of the three-phase junction line where the three phases working 
elecfrode, 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. 

The potential drop at the graphite | organic phase interface is given by 
the following expression: 

^^giaph|org = ^^graph|aq ~ ^^ohmic ~ ^^aq|org ( 6 . 8 ) 

The potential drop A^^^^ at the interface graphite electrode | aqueous so­

lution in Eq. 6.8 is controlled potentiostatically. However, the potential 

drop Â gfapjjiojg at the interface graphite | organic solution is in fact the ap­

plied potential difference (Aĵ grapjjjaq) diminished (i) by the value of the 

ohmic drop A[/ohmic inside the organic phase, and (ii) by the value of the 
potential drop AjiSaqiôg (i.e., the potential drop due to the partition of ionic 

species) at the interface aqueous solution | organic solution. Indeed, the 
value of A^^gjg will be different for different ions that are initially present 
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in the aqueous phase. Consequently, the potential A<̂ gjap,j|oj.gWill 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 electro­
lyte AC/oi,n„gWill 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 elec­
trode reaction because Ox^ and X" are ions that provide ionic conductivity 
(the concentration of Red is usually rather high, e.g., higher than 10"̂  M). 

The electron transfer process occurring at the electrode | organic phase 
interface is necessarily coupled to a transfer of ions across the aqueous 
phase I organic phase interface in order to maintain the electroneutrahty 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 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 electrochemi­
cally created cations Ox^ in the organic phase is stronger than the hydra­
tion 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 or­
ganic phase, created by reduction of a neutral electro-reducible 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 micro-
droplet-modified electrode can be written as follows: 

Red(o) + A"(aq) <:̂  Ox"'(o) +A"(o) + e" (XIV) 

If no kinetic constraints exist with respect to the electron and ion transfer, 
the thermodjmamic treatment applied to Reaction XIV leads to the follow­
ing form of the Nemst equation: 
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In Eq. 6.9 £• is the applied potential between the working and the reference 
electrode, E^+ ^^ is the standard potential of the redox couple Ox^/Red 

in the organic solvent, A^^ is the standard potential of transfer of ani­

ons from the aqueous phase to the organic phase, 0̂^̂+ and a are the 

activities of the oxidized and reduced forms of the electroactive compound 
in the organic phase, while a., and a., are the activities of anions in 

the organic phase and aqueous solutions, respectively. In a first approxi­
mation, the activities in the Nemst equation have been replaced by concen­
trations. Since the concentration of the anions in the aqueous phase does 
not change significantly during the experiment, Eq. 6.9 can be rewritten as: 

c + c _ 

E = E\ .AC1--^C , K ^ ^ M ^ (6.10) 

Electroneutrality requires that 

The mass conservation law in respect to the organic phase leads to 

where c*^, is the initial concentration of the oxidizable compound in 

^ (o) 
the organic phase. When the applied potential equals the formal potential 
of the redox pair it follows that 

^Red(o)^"ox+^ (6.13) 

By substitution of Eqs. 6.11-6.13 in Eq. 6.10 allows calculating the formal 

potential (E^ ) of the system: 
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E^ =E ^ +A^an A- Inc + In ^ ^ (6.14) 
Ox+)/Red(„) " I 'A F A(aq) F 2 

Since the voltammetric systems obtained by these experiments, at least 
with the used redox probes, possess all features of electrochemical reversi­
bility and the transfer coefficients are obviously near to 0.5, it is reason­
able to take the mid-peak potentials of cyclic voltammograms as the for­
mal 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 Â °q ). Generally, the more lipophilic the anions are, the more nega­

tive is the value of Â °q . 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 di­
rection for a ten-fold increase of the concentration of the transferable ani­
ons in aqueous phase. This criterion, taken together with the stability of the 
voltammograms recorded during consecutive cycling serves as an impor­
tant 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 fr-om water to the organic phase. This can be described by the fol­
lowing reaction: 

Ox(„) + Cat̂ (aq) + G :^ Red"(„) + Cat%) (XV) 

Analogously to the previous case, the thermodynamic treatment of Reac­
tion XV leads to the following Nemst equation, which is valid when 
cations are transferred from the aqueous to the organic phase: 

Ox /Red" ^ 'Ca t+ p CM+ p ^* (0.15) 
"' '(0)' '^^%) P C a t ( ^ F c Q^^^^ 

The more lipophilic the cations present in the aqueous phase are, the more 

positive will beA^° + . Subsequently, the reduction of the organic com-

pound Ox in the oil phase will occur at more positive potentials as the 
lipophilicity of the cations in the aqueous phase increases. The formal po­
tential of the coupled electron/ion reaction at the three-phase electrode will 
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shift by 59 mV in positive direction for a ten-fold increase of the concen­
tration of the transferable cations in the aqueous solution. 

6.2.1 The Determination of Standard Gibbs Energies of 
Transfer of Anions 

The oxidation of a neutral lipophilic organic compound dissolved in an or­
ganic solvent is a precondition for transferring anions across the aqueous | 
organic interface. The compound decamethylferrocene (dmfc) 
(bis(pentamethylcyclopentadienil)iron(II)) possesses that ability (see Fig. 
6.24). It is a lipophilic compound, soluble in various organic solvents, but 
almost insoluble in water i". It exhibits an electrochemically reversible one 
electron redox reaction in organic solvents and it is commonly used as a 
reference standard for potential in measurements in nonaqueous media "*. 
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 poten­
tials 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 pro-

Fig. 6.24. Structure of decamethyl­
ferrocene (dmfc) 

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. 6.25. Normalized 
square-wave voltammo-
grams recorded at elec­
trodes modified with drop­
lets of a dmfc solution in 
nitrobenzene (0.1 M) and 
immersed in 1 M aqueous 
solutions of different so­
dium salts. The instrumen­
tal parameters were: fre­
quency (/) of 100 Hz, 
amplitude (Esw) of 50 mV, 
and scan increment (d£) of 
0.15 mV 
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Fig. 6.26. Dependence of 
the formal potentials of the 
square-wave voltammo-
grams depicted in Fig. 6.25 
on the standard potentials 
of transfer of anions across 
the water nitrobenzene 
interface [B 240] 

ceeding at the three-phase electrode can be written as follows: 

dmfC(NB) + A"(aq) ^ dmfc"'(NB) +A"(NB) + le" (XVI) 

The dependence of the formal potentials of the square-wave voltammo-
grams (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 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 evaluated the standard potential of the couple dmfcVdmfc in ni­
trobenzene which reads -0.184 V (vs. Ag/AgCl, saturated KCl). This value 
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Fig. 6.27. Forward {I]), backward (4) and net (/„e() components of a square-wave 
voltammetric response of a nitrobenzene droplet containing 0.1 M dmfc attached 
to the surface of the working electrode and immersed in 1 M aqueous solution 
containing SCN" anions. The experimental conditions were: frequency f = 100 Hz, 
amplitude Esw = 50 mV, and scan increment dE = 0.15 mV [B 240] 

can be also determined by common measurements in the non-aqueous 
phase in the presence of a reference standard. 

Knowing the value of the standard potential of dmfc" /̂dmfc in nitroben­
zene, and studying the oxidation of nitrobenzene solution of dmfc at a 
droplet-modified electrode which is immersed in aqueous solutions con­
taining different anions, one can estimate the standard potentials of transfer 
(and thus the standard Gibbs energies of transfer) of the anions fi^om water 
to nitrobenzene using Eq. 6.14. To identify the electrode system to follow 
Reaction XVI, one can use the dependence 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 fi^e-
quency (in square-wave voltammetry) or on the scan rate (in cyclic volt-
ammetry). Representative square-wave voltammogram of all current com­
ponents 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 [B 132, 
206, 240, 259] as well as of various organic anions, such as the anions of 
aliphatic and aromatic carboxylic acids [B 240, 259], substituted phenols 
[B 240, 269], drugs [B 269], and amino acids and peptides [B 262, 266]. 
As organic phases the common solvents nitrobenzene and dichloroethane 
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[B 132, 240, 259, 262, 266] have been used. Remarkably, also «-octanol 
[B 206, 269], nitrophenyl octyl ether [B 282], and D- and L-menthol [B 
221] have been exploited as organic solvents. Some of the data of lipo-
philicities 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 inter­
face became feasible with the help of the three-phase electrode approach 
[B 206, 269]. This is so important because the traditional measure of lipo-
philicity as a predictor of solute membrane partitioning is the partition co­
efficient in the n-octanol-water system {\ogP"^°^). The lipophilic chain of 

«-octanol together with the hydrophilic hydroxyl group make n-octanol a 
good mimic for the major constituents of biological membranes 
(i.e., phospholipids). However, due to the non-polarizability of the water | 
«-octanol interface in the 4-electrode ITIES technique, no lipophilicity 
data of ions measured in that system were accessible until now. The non-
polarizability of that interface is a result of not having yet found an appro­
priate lipophilic electrol5^e 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 wa­
ter I n-octanol interface is quite easy [B 206, 269]. 

The knowledge of the lipophilicities of amino acids and peptides [B 
262, 266] is of essential importance to understand their biological activity, 
peptide interactions and peptide folding. Studying the transfer of mono 
anionic forms of various oligo peptides was performed to determine the 
individual contributions of the amino acid residues to the overall lipo­
philicity of the oligo peptides [B 266]. The effect of the position of an 
amino acid residue in the chain of a peptide is in some cases very pro­
nounced, especially when an aromatic amino acid residue is placed next to 
the terminal amino acid at which the negative charge is located in the ani­
onic form. Therefore, it is unreasonable to approximate the entire lipo­
philicity 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 [B 262, 266]. A part of 
the data is given here in Table 6.6. 
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Table 6.5. Formal potentials E^, slope of the formal potentials vs. concentration of anions 
in aqueous phase, standard deviation of formal potentials, and standard GKbbs energies of 
ion transfer of some anions across the waterlNB interface [B 259] 

Anion 

CIO3" 

BrOj" 

IO3" 

IO4" 

OCN" 

SeCN" 

CN" 

N3-

Monofluoroacetate 

Difluoroacetate 

Trifluoroacetate 

Monochloroacetate 

Dichloroacetate 

Trichloroacetate 

Monobromoacetate 

Dibromoacetate 

Tribromoacetate 

Monoiodoacetate 

Formiate 

Acetate 

Propionate 

Butjrate 

Valeriate 

Capronate 

Oenanthate 

Caprylate 

Pelargonate 

Caprinate 

Cyclopropane carboxylate 

Cyclobutane carboxylate 

Cyclopentan carboxylate 

Cyclohexane carboxylate 

Cycloheptane carboxylate 

Ee^ 
/mV 

2 

60 

74 

-132 

45 

-136 

41 

14 

44 

34 

-2 

36 

9 

-66 

12 

-7 

-94 

0 

58 

52 

29 

11 

-31 

-75 

-115 

-125 

-120 

-118 

-20 

-61 

-100 

-131 

-155 

slope Ec^ vs. 

log (c) / mV 

-55.3 

-58.7 

-54.3 

-56.4 

-50.5 

-43.0 

-58.1 

-52.1 

-54.4 

-48.5 

-60.1 

-51.5 

-58.0 

-60.1 

-39.3 

-59.0 

-59.8 

-54.6 

-56.4 

-58.0 

-54.6 

-53.1 

-63.5 

-60.3 

-55.2 

-57.4 

-52.9 

-58.4 

-60.0 

-57.8 

-63.2 

-56.8 

-55.4 

s(Een 
/mV 

6.43 

7.17 

8.08 

2.00 

2.45 

5.30 

4.43 

3.44 

5.48 

3.90 

1.79 

4.73 

1.15 

1.97 

3.44 

2.00 

1.03 

1.20 

2.40 

1.50 

0.80 

2.20 

2.80 

1.40 

1.80 

4.20 

3.20 

2.50 

1.10 

1.40 

1.60 

2.80 

2.00 

AG^ 

/kJ mol"' 

25.40 

30.90 

32.40 

12.50 

29.50 

11.80 

29.60 

26.80 

29.90 

28.90 

25.30 

29.10 

26.40 

18.80 

26.70 

24.80 

16.00 

25.10 

30.60 

30.10 

27.98 

26.25 

22.30 

18.10 

14.20 

12.64 

13.40 

13.60 

23.25 

19.30 

15.54 

12.54 

10.22 
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Table 6.6. The standard Gibbs energies of transfer, the standard potential of trans­
fer, and the logarithm of the partition coefficients of monoanionic forms of amino 
acids and peptides as determined by three-phase electrode approach [B 266] 

Peptide ani- ApT,l / ^^^'l-' ^ ^ N B o . - ' ^ " ^ ' v s 

Trp-

Trp-Ala" 

Trp-Gly" 

Trp-Val" 

Trp-Leu" 

Trp-Tyr" 

Trp-Phe" 

Trp-Trp" 

Trp-Gly-Gly" 

Trp-Gly-Tyr" 

Trp-Gly-
GlyTyr" 

Leu-Leu" 

Leu-Leu-Ala" 

Leu-Leu-Gly" 

Leu-Leu-Leu" 

Leu-Leu-Tyr" 

Leu-Leu-Phe" 

Gly-Gly-Val" 

Gly-Gly-Leu" 

Gly-Gly-Phe" 

Gly-Trp-Gly" 

Gly-Gly-Trp" 

Lys-Tyr-Thr" 

Tyr-Ala-Gly" 

0.115 

0.165 

0.162 

0.120 

0.100 

0.075 

0.055 

0.050 

0.165 

0.165 

0.160 

0.245 

0.293 

0.290 

0.240 

0.205 

0.180 

0.275 

0.280 

0.270 

0.165 

0.195 

0.310 

0.260 

10.80 

15.75 

15.60 

11.60 

9.50 

7.40 

5.30 

4.80 

15.80 

15.00 

15.50 

23.70 

28.20 

28.00 

23.20 

19.70 

17.50 

26.40 

26.80 

26.00 

15.80 

19.00 

30.00 

24.90 

-1.90 

-2.75 

-2.73 

-2.05 

-1.66 

-1.30 

-0.93 

-0.85 

-2.75 

-2.65 

-2.70 

-4.15 

-4.95 

-4.91 

-4.05 

-3.45 

-3.05 

-4.60 

-4.70 

-4.55 

-2.75 

-3.35 

-5.25 

-4.40 

-64 

-80 

-73 

-75 

-73 

-65 

-77 

-70 

-75 

-74 

-74 

-71 

-57 

-80 

-80 

-56 

-64 

-57 

-56 

-58 

-48 

-56 

-58 

-48 
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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. Thus, it was possible to 
measure the differences in Gibbs energies of transfer for chiral ions from 
water to chiral liquids. By attaching a single droplet of a chiral liquid con­
taining decamethylferrocene on a paraffin-impregnated graphite electrode 
and immersing that electrode in an aqueous solution containing chiral ani­
ons, the Gibbs energies of all four ion-solvent combinations can be deter­
mined (see Fig. 6.28). 

For sjmimetry reasons it is expected that the Gibbs energies of trans­
fer 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, tj^osine, 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 AG^'^^J^'''^ 
and AG^^XJ^-"", i.e. AAG '̂!;r*/-''«= -̂««, and between AG^LII"^-'''and 

D-ion: 

water phase 

L-ion 

AG D~ion 

D-liquid 

AG; *,w—>D-iiq 

chiral organic phase 

Q,w—>L—Iiq 
^GT^on 

AG L~ion 

L-liquid 

Fig. 6.28. Accessible Gibbs energies of transfer of D- and L-ions between water 
and a D- and L-liquid 
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Fig. 6.29. Relations between the Gibbs energies of transfer of the anions of D- and 
L-phenylalanine fi-om water to D- and L-2-octanol. The values for D-Phe- and L-
Phe- have been set arbitrarily to zero. The values following the signs "±"denote to 
standard deviations 

^G^L-m'^~^^ , i.e., AAGI'^^^-''^'^-"^ . In all studied combinations symmetri­
cal solvation behavior has been observed, which is in complete agreement 
with theory. Thus, the energy of interactions between D-anions and D-2-
octanol were 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 illus­
trates that the three-phase electrodes with immobilized droplets allow a re­
producible measurement of the rather small energetic differences caused 
by the chirality of solvents and dissolved ions, which have not yet been de­
termined by other techniques. 

When the transfer of D- and L-monoanionic forms of the amino acid 
tryptophan was followed across the water|D-menthol and water|L-menthol 
interface, asymmetrical solvation behavior was observed [B 221]. The rea­
sons for this asymmetry may be adsorption or precipitation at the liq-
uid|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 elec­
trodes, the reduction of an electro-reducible compoimd dissolved in an or­
ganic liquid is required to transfer cations from water to an organic liquid. 
Figure 6.30 visualizes the electrode system. The reduction of Fe(III) tetra-
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Fig. 630. Processes occurring at a tiiree-phase electrode when an electroreducible 
confound is dissolved in the organic phase and cations aie transferred across the 
interface water | organic liquid [B 271] 

Fig. 631. Fe(ni) tetraphenyl 
porphyrine chloride 

phenyl porphyrine chloride [Fe(III)TPP-Cl] (Fig. 6.31) in a nitrobenzene 
microdroplet in a three-phase 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 \B 271]. The more lipo­
philic the cations in the aqueous phase are, i.e., the TOOTQ positive the stan­
dard potentials of cation transfer from water to the organic liquid are, the 
easier is the reduction of [Fe(III)TPP-Cl]. As predicted by Eq. 6.15, this 
shifts the reduction to more positive potentials. Representative voltammo-
grams 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. 6.32. Normalized square-wave voltanunograms of the redox reaction of 
Fe(III)TPP-Cl in NB droplets accompanied by the transfer of cations fixim aque­
ous solution to NB [B 271] 

Table 6.7. Standard Gibbs energies of transfer of cations across the water | NB in­
terface determined from the formal potentials of the voltammograms of 
Fe(III)TPP-Cl at three-phase electrode [B 271] 

Cations 

r 
Rb" 
Tf 
Cs" 
TMA^ 
TEA"" 
TEA"" 
THxA"" 
THpA"" 
TOA"" 

<̂L̂ * 
Jmol"^ 

22.65 
19.80 
19.30 
17.80 
9.60 
-0.50 
-8.20 
-8.21 
-8.78 
-10.10 
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Standard Gibbs Energies of Transfer of Cations Determined by 
Utilizing tiie 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 hal-
ide anions but different cations, the electrode reaction of iodine is accom­
panied by the expulsion of created iodide anions from the NB to the aque­
ous phase [B 215]: 

I2(NB) + 2e- ^ 2r(NB) (XVII) 

I"(NB) ^ I"(aq) (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 [B 234]. Additionally to the previous peak 
(Reaction XVII and XVIII; 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 [B 215, B 234], and it is attributed to 
the reduction of iodine in the NB droplet followed by expulsion of chloride 
ions from NB into the aqueous phase. 

The electrochemical behavior of the system can be explained by assum­
ing a preceding chemical reaction, i.e., the partition of the chloride salt be­
tween the aqueous and the NB phases, mainly driven by the formation of 
l2Cr ions in NB [B 234]. The ratio of peak currents of peak II and I, i.e., 
/p(II)//p(I), increases linearly with increasing chloride concentration the 
water phase. This is mainly due to the absolute increase of /p(II). In chlo­
ride solutions with different cations, the peak current ratio depends linearly 
on the standard Gibbs energies of transfer of the cations across the water | 
NB interface (Fig. 6.34). The overall reaction associated with peak II is of 
CE type (electrochemical reaction coupled to a preceding chemical reac­
tion) [B 234] and can be formulated as follows: 

h(m) + CI (aq) + Cat (aq) <=^ I2CI (NB) + Cat (NB ( I X X ) 

l2(NB) + 2e- ?=> 2r(NB) (XX) 

CI (NB) ^ CI (aq) (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 
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Fig. 6.33. The net (1), forward (2), and backward (3) components of the square-
wave voltammetric response of a NB droplet containing 0.1 mol L"̂  iodine at­
tached to the paraffin-impregnated graphite electrode and immersed in 0.25 M 
aqueous solution of NaCl: frequency/= 50 Hz, SW amplitude £'sw = 50 mV, scan 
increment d£: = 0.15 mV, and starting potential E^ = +0.90 V [B 234] 

0,9 . 

1 
~ 0,7 -

0,6 -

0,5 -

(CH3),N* 

°^^""\ 

^ ^ - < . NH4* 

H jO^O 

— 1 

Na* 

•B 20 25 

AG^(Cat*)/kJ mol"" 

Fig. 6.34. Correlation of the peak currents ratio with the standard Gibbs energies 
of transfer of cations across the water|NB interface. The other conditions are the 
same as in Fig. 6.33 [B 234] 

present in aqueous chloride solutions. This approach has been used to de­
termine these data of several amino acid cations for the transfer across the 
water | NB interface [B 234, B 262]. The application of the iodine method 
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is limited by the high reactivity of iodine towards organic compounds, as 
well as by the complexity of the entire mechanism. 

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 theoreti­
cally by different groups and some progress has been achieved. 

6.3.1 Droplets of Organic Solvents with Dissolved Electroactive 
Compound 

Semi-Infinitive Pianar Diffusion Modei 

Considering the reaction 

dmfc(o) + A"(aq) <=> dmfc\o) +A"(o) + e" (XXII) 

and following the analogy with the theoretical model for electron transfer 
across the liquid | liquid interface developed by Stewart et al. ' ' , a theoreti­
cal model has been developed taking into account the diffusion of all spe­
cies [B 174, B 188]. The model considers a mass transfer through semi-
infinite planar diffusion, and was solved under the following initial and 
boundary conditions: 

c =c >l< 

A7,_^ A (aq) ^(aq) (6.16) 

c _ =c . = 0 

Stewart AA, Campbell JA, Girault HH, Eddowes M (1990) Ber Bunsen Ges 
Phys Chem 94:83-87 
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'>0'^^«';^dmfc(o)^^*dmfc(o)' 

A(aq) A(aq) (6.17) 

c _ =c , ->0 
A(o) dmfc. , 

*>0 : 

.2 
2 ^ ^ 4 - ^ '̂  4-

io) Sx (6.18) 
2 2 

9c 9 c 9c d c 

9< A(aq) 9x^ ' 9< A(o) 8x^ 

For jc = 0, the fluxes are given by: 

dc (6.19) 
^^dmfc(o) ^ ^f'^(o) ^ / 

9x dx nFSD 
dc 

^(aq) ^ / 
ax nî SD _ ' 

^(aq) 
5c 

^(o) ^ / . 
dx 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 dis­
tance 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: 
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1 ' I(T) -Q 5 
=^dmfc(o)(x=0)='^*dmfc(o)-7^J„^^VF^'~^^ ' ^" 

= €• 

^(aq)(x = 0) A(aq) ^ 
M / ( r ) 

n- OnFS D 
(t-T)~^-^dT 

'(aq) 

^o)(;c = 0) V^OnF^Vi) 
' f^?to-)-'-'d. 
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The solutions given in Eq. 6.20 were substituted in the below Nemst equa­
tion: 

^(o)(x=0) dmfc+^^^^ 

Vaq)(x=0)'^^(°X-0) 
= exp(^), where 

(6.21) 

E-E' dinfc+^/dmfc(o)-A(^,^_^ 
RTj 

Equation 6.21 was solved under conditions of cyclic [B 188] and square-
wave voltammetry [B 174]. The concentration gradients of all species in­
volved in the redox process are given in Fig. 6.35. 

nb 

Wmfcl^ 

[)^Ia[dmfc-l 

Fig. 6.35. A scheme of concentra­
tions of active species in the or­
ganic Qiere NB) and water (w) 
phases in the vicinity of the three-
phase junction [B 174] 
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Fig. 636. Relationship between the theoretical square-wave voltammetric peak 
potentials and the logarithm of tiie dimensionless parameter p[Bl 74] 

The formal potentials (i.e., the mid-peak potentials of the cyclic voltam-
mograms, 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., /j = c*^. /c*d„jfi.,.. If 

' • ( "q) 

c* D ĉ*j„jfef„̂  ^/D , then the dependence of the formal potential 

on the logarithm of the dimensionless parameter p is linear, with a slope of 

d£^'/dlogO) = -60mV(at 25 °C), which is identical with the slope in 

Equation 6.14, i.e., in an equation derived on a purely thermodynamic ba­
sis. This behavior has also been experimentally observed \B 132,174,206, 
240,259,262,266]. 

However, whenc*^. JD^- <c*^J^^^y^fD , then the slope of the de-
H-i} H-i} 

.^' pendence 6E^ /dlog(p) is +60 mV (see Fig. 6.36). This behavior has not 

been observed in the experiments, which suggests that the esqieriments are 
more complicate and affected by additional effects. 

A Convolutive Model for Cyclic Voltammetry In a Thin Organic 
Layer 

Considering the reaction 

N(o) + A"(aq) ^ P V ) +A"(O) + e" (XXIII) 
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> 

Fig. 6.37. Schematic drawing of the time dependence of all overpotentials affect­
ing the voltammetric response in the Oldham model [B 237] 

occurring in an insulating orgmiic layer vnih surface area A and thickness 
Z, that is sandwiched between the working electrode and an aqueous elec­
trolyte solution, Oldham et al. [B 237] have developed a rather robust 
model, comprising several effects which affect ihe voltammetric features 
of Reaction XXin. By assuming that the ion and electron transfer in Reac­
tion XXni occur without kinetic constraints, i.e., there is no activation po­
larization, the flow of current in such a set-up may induce at least three dif­
ferent kinds of polarization: the concentration polarization, the ohmic 
polarization (in both organic and aqueous phase) and an asymmetry polari­
zation due to the different diffusivities in the organic and aqueous phases. 
Each polarization can generate an overvoltage which will be reflected 
throughout ihe features of the obtained theoretical responses. A schematic 
drawing of all the overpotentials considered in the model [B 237] is given 
in Fig. 6.37. 

It is a complicate task to predict the behavior of such complex systems 
under potentiodynamic conditions. The transport of four species, 

i.e., Nĵ  •., ̂ Taa')' ^(6\ ̂ ^^ ^lo)' ™^̂ ^ ^^ modeled, three of them migrating, 

and all of them diffusing. Another major problem is the existence of a sig­
nificant time-dependent resistance in the organic layer, and the likely exis­
tence of a diffusion potential difference (asymmetry overvoltage) across 
the organic layer. By developing a rather complicated algorithm the au­
thors succeeded to elucidate all these effects theoretically. 

On the contrary to common cycUc voltammetry experiments, where the 
choice of the rest (starting) potential that is imposed on the working elec-
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Fig. 6.38. Cyclic voltammograms simulated for tiie thin-film voltammetry ob­
tained by varying the starting potentials of £in = -200 mV (doted line), -250 mV 
(solid line), -300 mV (dashed line), and -350 mV (chained line). The other simula­
tion conditions are: £* = 0 V, E^^^ = 300 mV, v = 50 mVs"', A = 10"̂  m^ Z = 20 
Hm, c(salt)(aq) = 0.01 mol V\ c(N){o) = 0.001 mol V\ D(N) =D(P^ = 10 

- i n - 9 
,-10 „ 2 -1 

m s i)(A-)(o) = 8 X 10-̂ " m^ s-M)(A-)(aq) = 10 m^s-^[B237] 

trode is innocuous, in this theoretical model the choice of the rest potential 
is die 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 choos­
ing a rest potential of -250 mV more negative than £J^+, will be about 

5 mM (if c(N)(o) = 0.05 M and c(salt)(aq) = 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 val­
ues of the starting potential are depicted in Fig. 6.38. Obviously, the ob­
tained 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 dif­
fusion. This is attributed mainly to the ohmic resistance in the organic 
layer. Figure 6.38 shows that the more positive the starting potential is, the 
lower will be the resistance in the organic phase due to &e higher ionic 
content there, and consequently the simulated voltammograms are getting 
closer to the conventional forms. The curve in Fig. 6.38 corresponding to 
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Fig. 6.39. Theoretical cycUc voltammograms obtained in thin-film voltammetry 
by varying the thickness of the organic fikn: Z= 10 ̂ mi (dotted Ime), 20 jun (soUd 
hne), and 40 ^m (dashed line). The rest potential was Ein = -250 mV. All other 
conditions were the same as in Fig. 6.38 [B 237] 

an electrolysis potential of 350 mV more negative than £® 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. 6.39. As expected, the distortion due to 
the resistance becomes more pronounced as the layer becomes thicker. The 
features of t^e simulated voltammograms are additionally affected by ihs 
scan rate, concentration of the electroactive compound N in the organic 
phase, as well as by the concentration of the salt in tiie aqueous solutions. 
A detailed overview of all contributing overvoltages is given in reference 
[B 237]. The interplay of the various factors makes the result of iMs type 
of e3cperiment complicate. In such an experimental set up, without an exist­
ing three-phase junction line, caution is needed in drawing conclusions 
fiom CV data. 

Modeling Cyclic Voltammograms at a Conic Drop Three-Phase 
Electrode 

A model ^ t more closely approaches the processes occurring at a ^ e e -
phase electrode has been developed using tiie geometry of a conic "drop" 
(cf. Fig. 6.40) [B 257]. Considering Reaction XVI, i.e., 
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Fig. 6.40. Scheme of a conic drop of an organic solvent (NB) attached to a graph­
ite electrode surface and immersed in an aqueous electrolyte a, and a radial section 
of the conic drop electrode in the Cartesian plane b. The axis of radial symmetry 
passing through the top of the cone is denoted by s [B 257] 

dmfC(>fB) + A"(aq) ^ dmfc"̂ (>fB) +A"(NB) + e" 

occurring at a three-phase electrode (where dmfc is dissolved in nitroben­
zene 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. [B 237], where the au­
thors have assumed that the initial conductivity of the organic film is es­
tablished as a result of the electrode Reaction XVI proceeding at potentials 
below the formal potential, the authors of [B 257] 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 NB modified elec­
trode is immersed in the aqueous solution, the partition of the salt can oc­
cur under open circuit conditions. Certainly, the delay time before apply­
ing the potential will be a major factor determining how far the partitioned 
ions can penetrate the NB phase. Assuming that concentrations of the salts 
in the aqueous solution are 1 M, from the partition constant across the 
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Fig. 6.41. a Cyclic voltammogram of 
reaction XVI in a conic drop of nitro­
benzene, b the components of the av­
erage current and, c the equivalents of 
the resistance that correspond to the 
parts of the conic drop with a thick­
ness 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 1000 time increments, and 
the partition constant of the salt MX 
w a s i i : ^ ^ = 2xl0-'*[B257] 

water|NB interface one can estimate that in some cases the concentration 
of partitioned salts in NB 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 di-
mensionless current and the equivalent of the resistance p, defined as: 

^ M L 
p = RT/2dF2^(l/c . ) , where d = D ,n = — . At and A;c are the time 

and 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 simu­
lated CV curves and on the equivalents of the resistance is shown in Figs. 
6.41a-c. The components of Fig. 6.41b 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. 6.41b). 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 
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Fig. 6.42. Three consecu­
tive cychc voltammo-
grams of the redox reac­
tion XVI considering a 
conic drop of nitroben­
zene simulated with 10 
space increments. All 
other conditions are the 
same as in Fig. 6.41 [B 
257] 

Fig. 6.41b as a function of the applied potential are given in Fig. 6.41c. 
The dependence of p on the electrode potential shows that the ingress of 
anions fi-om water starts at the edge of the cone. During the anodic polari­
zation (forward scan) the equivalence of the resistance p decreases with 
increasing applied potential. In the reverse scan of the cyclic voltammo-
grams, the equivalence of the resistance does not reach the initial value 
(see Fig. 6.41c). This is probably caused by the lateral diffusion of the cre­
ated decamethylferrocenium cations fi*om the center of the cone toward its 
edge. After the first cycle of the potential, the conductivity of the cone is 
significantiy enhanced. Consequently, the second and fiirther cyclic volt-
ammograms should be less affected by the ohmic drop than the first scan. 
Three successive cyclic voltammograms of the conic drop simulated under 
conditions of Fig. 6.41 are depicted in Fig. 6.42. The second and third cy­
cles 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 T^ 
and 3"̂  scans due to the influence of the ohmic drop in the first cycle. This 
is a very important observation since it shows that the ohmic overvoltage 
does not has 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 pronounced in the model of Oldham 
etal. [B237]. 
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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. Depend­
ing 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 reac­
tion 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 val­
ues. 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 con­
ventional thin-fihn techniques '̂ ' '^ The droplet can be treated theoretically 
as a thin-fihn electrode with a low conductivity of the film. When a fast 
technique like square-wave voltammetry (SWV) 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 voltammet-
ric properties of a simple electrode reaction occurring in a limited diffusion 
space under conditions of SWV has been studied theoretically as well as 
experimentally [B 281]. 

Considering the reaction 

Ox + ne ^ Red (XXIV) 

proceeding in a limited diffusion space (0<x< L), the voltammetric prop­
erties 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 ID), where L is the thickness of the film,/is the SW frequency, 
and D is the common diffusion coefficient. The dimensionless peak current 
is a sigmoid function of yl, 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)Sc^ .JDJ , where R^ 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. 

Shi C, Anson FC (1999) J Phys Chem B 103:6283-6289 
Shi C, Anson FC (1998) Anal Chem 70:3114-3118 
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Table 6.8. Minimal values of the resistance parameter yCVm that affect the SW 
voltammetric response of a reversible electrode reaction for different thicknesses 
of the film. The conditions of the simulations were: difiusion coefficient!) = 10"̂  
cm^ s"\ SW fi:equency/= 100 Hz, SW amplitude E^^ = 50 mV, and scan incre­
ment di" = 10 mV [B 281] 

L/|xm 

1 0.1 

2 0.03 

5 0.04 

10 2 

50 3 

500 4 

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 6.8. For films with lower thicknesses, the increase of the resistance 
parameter p influences all the components of the SW voltammetric re­
sponse (see Fig. 6.43). 

By increasing the resistance parameter p the symmetry of forward and 
backward components is lost, and the forward (cathodic) branch of the SW 
voltammograms shifts toward more positive potentials, whereas the back­
ward (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 spe­
cific chronoamperometric properties of a thin-film electrode reaction. Dur­
ing each potential pulse of the SW voltammetric excitation signal the cur­
rent diminishes severely with time, as the equilibrium of Reaction XXIV is 
rapidly established between the species of the reversible couple that dif­
fuse in a limiting space. Consequently, a low current remains for measur­
ing at the end of each potential pulse. However, when a significant resis­
tance is present in the thin-film, the equilibrium cannot be 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 situa­
tion without resistance (compare the net currents of Fig. 6.43c and b with 
that of a). In other words, the observed feature in the presence of uncom­
pensated resistance is a consequence of the coupled properties of the stud­
ied reaction, of the chronoamperometric properties of the used technique 
(SWV), and of the delay of the mass transfer (caused by increased resis­
tance of the thin-film). The shifting of the cathodic branch toward positive 
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Fig. 6.43. 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^w = 
50 mV, Z) =10"' cm^ s'\ 6E = 10 mV. !ff, !^, and !^et are symbols for forward, 
backward and net components of the SW voltammetric responses, respectively [B 
281] 
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Fig. 6.44. Influence of the re­
sistance parameter p on the 
dimensionless net-peak current 
Atf̂  of a reversible electrode 
reaction for different thickness 
parameters. The thickness pa­
rameter was: A = 0.632 a, 
0.948 b, 1.581c, and 15.811 d. 
The other conditions of the 
simulations were the same as 
in Fig. 6.43 [B 281] 

potentials and of the anodic branch toward negative potentials with in­
creasing p is opposite to the influence of the resistance parameter on the 
voltammetric features of the same reaction occurring under semi-infinite 
planar diffiision "*. The effect of p on the dimensionless net peak currents 
studied for films with different thicknesses is given in Fig. 6.44. For 
thicker films, a parabolic dependence exists between the dimensionless net 

'" Mirceski V, Lovric M (2001) J Electroanal Chem 497:114-124 
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Fig. 6.45. Influence of the kinetic parameter k on the dimensionless net-peak cur­
rent A tfj of a quasiieversible 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. 6.43 [B 281] 

peak currents A *^ and the logarithm of p. In the same direction, increas­
ing p causes a growing of the half-peak width of the net SW voltammo-
grams, however, the peak potentials remain unaltered. This effect of/? in a 
reversible reaction occurring in thin-film voltammetry resembles com­
pletely the effect of charge transfer kinetics in a thin-film without resis­
tance (see Fig. 6.45). The kinetic parameter k in Fig. 6.45 is defined 
as jfc = jfcj / ̂ [^, where ks (cm s"̂ ) is the standard rate constant of electron 
transfer. Considering a quasireversible reaction in a thin-film under condi­
tions of SWV the so-called "quasireversible maximum" (see curves a, b, 
and c in Fig. 6.45) appears in films with a thickness parameter A < 0.949. 
Within the same range of yl values (A < 0.949) a parabolic dependence of 
A IfJ, on log/7 appears (see Fig. 6.44). Since, in thin-film voltammetric ex­
periments, the frequency of the SW voltammetric signal simultaneously in­
fluences both p and k, criteria must be found to distinguish between the ef­
fect 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 sim­
ple and safe criteria for this purpose. The uncompensated resistance effect 
is associated with an increase of the half-peak width [B 281], 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 and this parameter remains unaltered. Both effects have 
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been experimentally observed for two different types of reactions proceed­
ing at three-phase electrodes [B 281]. 

The Effect of Migration 

Studying Reaction XVI, i.e., dmfC(NB) + A"(aq) <:̂  dmfc"̂ (NB) +A"(NB) + e", in 
a thin-film arrangement, one fundamental question concerns the tj^je 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. [B 237] where migration was also taken into account). How­
ever, since in thin-film experiments the flux of dmfc^ cations at the elec­
trode 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 electrolj^e 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^^x^^^ =4x10^. 

Figure 6.46a shows the profile of the dimensionless concentration of the 
electrolyte MX in the thin film after a short contact with the aqueous elec­
trolyte. Figure 6.46b is a theoretical cyclic voltammogram of dmfc ob­
tained in this set-up. Dimensionless concentrations of dmfc, dmfc^, X", and 
M^ in the thin film, estimated at four different potentials corresponding to 
the Fig. 6.46b are shown in Fig. 6.47a-d. Contrary to the situation shown 
in Fig. 6.46a, where c(X") = c(M^) 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 vs E^ = -0.30 V (see Fig. 6.47a) causes a change of 
c 

distributions of M^ and X" ions in order to compensate the charge of dmfc^ 
cations. However, at higher potentials the current is carried almost com­
pletely 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. 6.47b). 
The curves in Fig. 6.47c correspond to the cathodic (backward) branch of 
the cyclic voltammogram in Fig. 6.46b estimated at a potential of 0.1 V. At 
this potential the film is rapidly ex hausted of dmfc. As the current ap-

' ' Lovric M, Komorsky-Lovric § (2003) Electrochem Commun 5:637-643 
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Fig. 6.46. 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 volt-
ammogram of decamethylferrocene in the film electrode. [MX]*(̂ fB)/[dmfc]* = 10 ^ 
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Fig. 6.47. Dimensionless concentrations of decamethylferrocene (1), dmfc"̂  (2), X" 
anion (3) and M^ cation (4) in the film at the potentials EA^ = -0.3 a and -0.2 b on 
the anodic branch, and 0.1 c and -0.3 d on the cathodic branch of cyclic voltam-
mogram shown in Fig. 6.46b ^ 
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proaches zero in this potential range (see Fig. 6.46b) the gradients of con­
centrations 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 cy­
clic voltammogram causes migration of M^ ions toward the electrode sur­
face and the flux of X" anions from the film toward the water, as can be 
seen in Fig. 6.47d. 

The present model shows that in simple thin-film voltammetry the cur­
rent of the redox Reaction XVI mainly depends on the diffusion and mi­
gration of decamethylferrocenium cations and anions of the aqueous elec­
trolyte, 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 migra­
tion and diffusion currents of all species can be found in reference'. 

6.3.2 Droplets of Electroactive Liquids 

Numerical Modeling of Three Possible Mechanisms 

The mathematical modeling of the processes occurring in microdroplet ex­
periments conducted with electroactive liquids is similar to the theoretical 
considerations described previously in this chapter. Considering the reac­
tion ofthe type 

B(droplet) + X (aq) ?=^ A(diDplet) + C ( X X V ) 

Compton et al. [B 149] have developed theoretical models for three differ­
ent types of three-phase electrode voltammetry with droplets, considering 
different geometries, and corresponding to different electroactive regions 
(see Fig. 6.48): 
A) The electrochemical reactions starts 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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Electrode 

Fig. 6.48. Scheme of three mechanistic models for processes occurring at a three-
phase electrode with immobilized droplets [B 149] 

In all cases the diffusion is taken as the only way of mass transport and the 
solutions of Pick's equations corresponding to each separate case were 
solved numerically using the dual reciprocity finite element method. In 
model A the planar diffiosion 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 voltammo-
grams, on the potential separations, as well as on the normalized peak cur­
rents 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 trans­
port or geometry is evident. Unlike in the case of low scan rates, three dif­
ferent types of voltammograms are obtained by faster scan rates (see Fig. 
6.49). While the voltammograms corresponding to the models A and B 
have conventional diffusion forms, the result for model C exhibit an en­
tirely different feature. A steady state voltammogram was obtained similar 
to that known for microelectrodes. 
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Fig. 6.49. Superimposed linear sweep voltammograms for the three models shown 
in Fig. 6.48 obtained with intermediate scan rates [B 149] 

• 2 • 

0 1 

Fig. 6.50. Dependence of the dimensionless normalized peak currents on the di­
mensionless sciui rate for Ihe three models shown in Fig. 6.48 [B 149] 

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. 
6.50). 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 
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potential on dimensionless scan rate [B 149] 

the square-root of the scan rate, with a slope of 0.5. However, the normal­
ized 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 po­
tential of Reaction XXV for all three models is characterized by sigmoid 
dependences (see Fig. 6.51). 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 converging to 49 mV. The most pronounced 
peak-to-peak separation was observed in model C, where that value con­
verges toward 140 mV (at 298 K). 

Conducting the experiments with electroactive liquid para-
tetrahexylendiamine (THPD) microdroplets deposited on a pyrol3^c 
graphite electrode and immersed in SCN" solution, Compton et al. [B 150] 
have shown that the obtained experimental results fit best the theoretical 
results obtained with model C, i.e., for convex diffusion. However, the au­
thors have determined experimentally the values for the diffusion coeffi­
cient of SCN" that are three orders of magnitude lower than that estimated 
theoretically. It me^is 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 Maran-
goni type. Probably the neglecting of migration in the modeling is a major 
reason for the poor fit of experimental results. 
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Cyclic Voltammetry Response of Partially Blocked Electrodes 

In the last few decades significant attempts have been undertaken to quan­
tify the electrochemistry of partially blocked electrodes, primarily to pro­
duce a reliable method for interrogating the characteristics of surface 
blocking. Compton et al. [B 288] 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 in­
tervals. 

The first mathematical model considers a circular inert disk of radius R^ 
situated at the bottom of a cylinder of radius Ro (see Fig. 6.52) and the fol­
lowing electrode reaction: A ^ B + e". 

The authors developed a protocol that allowed calculating the dimen-
sionless peak current, !f^, from the dimensionless scan rate, Vdi, micro­
scopic coverage 0, and dimensionless rate constant, k^, using the relation 

?̂ W =y(̂ di> ^, *di)- The three variables on which the dimensionless peak 
current depends are given by: 

v d l = : 5 ^ v ; 

0 = { 

'd\ D 

(6.22) 

where v is the scan rate, l^ is the heterogeneous rate constant for the redox 
reaction, while the other symbols have their usual meaning. In the theo-

R. 

Fig, 6.52. The cylindrical polar co­
ordinate system used to model the 
blocked electrode surface [B 288] 
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retical 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 Rb. The diffiision 
around each droplet is symmetric and the volume of the blocking material, 
fbiock, is given by: 

Ĵ biock = - -̂ biock̂ ẑ b (6.23) 

where Âbiock is the number of the droplet locks. The global coverage, 0 , is 
given by: 

CY ^ b l o c k ' ^ b /-£ i i \ 
fc) = (6.33) 

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 diffiision domain is identical. Consequently, RQ is con­
stant for a certain value R^, and the dimensionless peak current for one dif­
fusion domain will be equal to that for the whole electrode (0 - 6). In this 
model no overlap of the droplets occurs. In such a case, one needs to cal­
culate a value oiRo for particular value of J?b. This can be done by using 

the relation i?o =R^l4® , where the global coverage 0 is given by Eq. 

6.33. However, in the case of microdroplets, one has no prior knowledge 
of 0 or iVbiock, so there is an equation with two unknowns. Thus, rearrang­
ing Eq. 6.32 to obtain an expression for A'biock, one can use Eq. 6.33 to ob­
tain an expression for 0 . The resulting equations contain just one unknown 
(f̂ biock can be measured experimentally, and it is assumed a certain value of 

\T block , ^ _ . , 

i V b i o c k = ^ ^ (6.34) 

0 = ^ i 5 ^ (6.35) 

For a certain volume of blocking material, using Eq. 6.35 with the relation­

ship 7?o = R^ /A/© one can calculate values of Vdi, 9 and k'^ for a given i?b. 
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Hence, !?Ux can be determined for a range of R^ values assuming that 
Fbiock is known. 

In the model of a polydisperse distribution of diffusion domains (model 
Bi) it is assumed that when the droplets overlap, their geometry at the sur­
face does not change, whereas their shape above the surface is undefined. 
Thus, one can use the following equation for calculating the !fUx for a 
range of i?b values: 

7^» V 3 ^ , (6-36) 

^elec " 

where P{Ro) is the probability of domains with radii greater than 2>RQ. 

In the additional model B2, the authors [B 288] have approximated over­
lapping droplets of model Bi as larger droplets that do not overlap. These 
larger droplets have a surface radius of J?b'. i?b'is related to the real cover­
age 0R, in exactly the same way as J?b is related to 0 , i.e, 

The relation between the real coverage, 0R, and the total coverage 0 is 
_ ( M ) 

given by © „ = 1 - e . For each value of R\„ one can calculate an average 
radius that accounts for overlapping, i?b', by using Eq. 6.37. Because the 
value of 0R is always less than 0 , R^ is always larger than R^. 

Figures 6.53a-f illustrate the dependence of the dimensionless peak cur­
rent on the droplet size, R^, for the models A, Bi and B2 over a range of six 
block volumes at a scan rate of 50 mV/s. The effect of taking an overlap­
ping into account is apparent in the differences between the models A and 
B. As /?b increases, there is a decrease in both 0 and iVbiock- Thus, the 
spread of probable i?o values in models Bi and B2 increases, and one ob­
serves a gentle increase to the limiting value of ffUx- At large values of J?b, 
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" 
[B 288]. 
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Fig. 6.53. Simulation of the dimensionless peak current response over a range of 
/?b values to models A, Bi and B2 for a microdroplet partially blocked electrode. In 
all cases v = 50 mV/s, D = 6.7 x 10"̂  cm^ s"\ A:" = 7 x 10"̂  cm s"\ .4eiec = 0.19 cm^ 
and r = 298 K. The volume of blocking material on electrode is: a 4.77 x 10"̂ , b 
9.55 X 10"̂  c 2.39 x l0-^ d 4.77 x 10"̂  e 7.16 x 10"̂  and f 9.55 x 10"̂  cm^ [B 288] 

Conclusions 

The theoretical modehng of the processes occurring at three-phase elec­
trodes 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 voltam-
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metric properties of the studied systems. The origin of the initial conduc­
tivity in the organic phase that enables the start of the electrochemical re­
action is another important point. Further, the modeling of the mass trans­
fer 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 [B 281]. All the features owing to the ohmic overvoltage have 
been experimentally confirmed [B 281]. 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 or­
ganic phase has been shown to be achieved by dif&sion and migration. 
The effect of the migration on the overall current should not be underesti­
mated, as shown in a recent publication'. 

The question of the three-phase junction line is probably the most excit­
ing 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 mi­
crodisk electrode [B 207]. 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 
fi-om 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 [B 207]. 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 jim from the carbon surface, the authors observed 
delay times for ferrocenium and decamethylferrocenium cations ranging 
from 10 to 30 seconds, depending on the experimental conditions (see Fig. 
6.54). However, one can easily estimate that the time necessary to pass a 
distance of 25 |j,m by taking into account the diffusion only is more than 
100 s. Similar results regarding the progress of the reaction zone have been 
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Fig. 6.54. Chronoamperometric oxidation of ferrocene at GC electrode-top, and 
reduction of Fc^ at Pt microelectrode in NB drop-bottom. NB droplets contain 
0.1 M ferrocene. Volume of NB drops: IjiL (1, 1'), 2nL (2, 2'), 4 ^L (3, 3') and 
8 nL (4, 4'). Water phase contains LiC104 at 0.01 mol L"̂  a, 0.1 mol L"̂  b, and 
1 M c [B 207] 

obtained also by conducting experiments in a specially designed spec­
troelectrochemical cell [B 280]. By an in-situ spectroelectrochemical study 
of the simultaneous transfer of electrons and ions at a three-phase elec­
trode, the authors [B 280] observed a rather fast propagation of the reac­
tion of dmfc oxidation that can not 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 [B 150] may play a role in the mass transport, too. These studies 
clearly showed that the reactions occurring at three-phase droplet-modified 
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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 
synthesis, chemical separations and ion transfer processes. An issue of par­
ticular 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 struc­
ture, orientation and bonding of the interfacial water Richmond et al. ̂ *"'̂  
have recently shown that the interfaces between water and nonpolar or­
ganic liquids, like alkanes (Ce-Cg) or CCI4, 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 ". 

Scatena LF, Richmond GL (2001) J Phys Chem B 105:11240-11250 
Brown MG, Walker DS, Raymond EA, Richmond GL (2003) J Phys Chem B 
107:237-244 
Scatena LF, Brown MG, Richmond GL (2001) Science 292:908-912 
Walker DS, Brown MG, McFearin CL, Richmond GL (2004) J Phys Chem B 
108:2111-2114 
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