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1. I NTRODUCT I ON 

1.1. Why modification of electrode surfaces? 

The structure of the interface electrode/electrolyte, i.e. where the 
electrochemical reaction proceeds, is of decisive iniportance for an 
electrode reaction. If one is able to control the physical and 
chemical properties of this interface, then an impravement of 
reactivity, selectivity, etc., can be obtained. Moreover, an access 
to new types of electrode reactions may become possible. Sometimes, 
the electrode reaction can be extra influenced from the salution 
phase, e.g. by actdition of an electrocatalyst to the solution. In 
general, however, this approach is rather improfitable, because 
catalysis is usually required at the interface itself and not in 
the bulk of the solution. This does not mean that the electrolyte 
side of the interface is of minor importance; the structure of the 
electrochemical double layer is decisive too for the course of the 
electrode reaction. Nevertheless, it is mostly appropriate to 
change the electrode side of the interface. Many electrode materials 
like metals, metal alloys, metal-oxides, etc., have therefore been .· 
more or less successfully applied. It is, however, in prin~iple not 
necessary to change also the bulk of the electrode material, because . 
only the surface of the electrode participates in the electrode 
reaction, provided the bulk material merely functions as an elec
tron conductor. The electrode reaction can therefore be affected by 
modification of the electrode surface via immobilization of an apt 
("tailor made") catalyst onto the surface (surface modified elec
trode (S.M.E.)). The desired functionality is thus fixed in the 
interface electrode/electrolyte. The immobilized (adsorbed, covalent
ly bonded, etc.) molecules canthen perferm reactions parallel to or 

in tandem with the charge transfer. They can also function as an 
intermediate in redox-catalysis or provide a stereo-selective 
environment for the electrode reaction. The most suited manner of 
immobilization of the catalyst molecules; is covalent bonding. This 
approach requires knowledge of the different types of groups present 
at the bare or pretreated electrode surface. Carbon, for example, 
possesses several surface groups, i.e. carboxyl, hydroxyl, quinone, 
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etc., which relative and absolute concentration can be managed by 
certain oxidation techniques like oxygen rf-plasma treatment. A very 
sensitive and promising technique for characterization of electro

active surface groups or of immobilized species, is phase-selective 

ac-vo 1 tammetry. 

One of the main purposes of surface modification is the introduetion 
of specific catalytic eentres at an electron-conducting material. 
This can be illustrated with the following example. The cathodic 

reduction of oxygen to water is a very important reaction in energy 
conversion systems (fuel cell, metal-air battery). Usually, the 

expensive platinum is used as active electrode material, but it is 
economically of interest to look for cheaper electrode materials 
like carbon, modified with a catalyst for oxygen reduction, e.g. 
certain metal-porphyrins. At a bare carbon electrode, oxygen is only 

reduced to hydrogen peroxide, but immobilized metal porphyrins can 

catalyze this reduction directly to water. Not only in electro
catalysis, but also in electro-analysis, the surface modified elec

trode has found application, i.e. as a sensor for the detection of 

metal ions, even at pico-molar concentration levels. A very inte
resting and promising application field is that of bio(electro-) 

chemistry. Modification of electrode surfaces with enzymes·, where 
direct electron transfer from electrode to enzyme is realized, 
(enzyme modified electrode (E.M.E.)), is only recently applied. 
Enzymes are of special interest because of their high activity and 

specificity. A glucose-oxidase modified electrode surface used as 

an in vivo glucose-sensor or a ferredoxin-NADP-reductase modified 
electrode for regenerating the co-enzyme NADPH, are two examples of 
the numerous valuable applications in biochemistry. 

1.2. Outline of this thesis 

In this thesis, an exploring study of the preparation, characteriza

tion and applications of surface modified electrodes (SME) is under
taken. As a substrate material, mainly glassy carbon and transparent 

tindioxide (Sn02) are used. Characterization of the (modified) 

electrode surfaces is performed by electrochemical techniques in 
protic and aprotic media. A general review on the different types 
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of modification procedures and the possible applications is given in 
chapter 2. Chapter 3 deals with the theory of several electrochemical 
techniques (cyclic voltammetry, ac-voltammetry and impedance measure
ments) for characterization of the (modified) electrpde surface. A 
brief survey on the theory of these techniques for electrode reactions 
of species in solution, is also given. Characterization of the neat 
glassy carbon surface, after different rf-plasma pretreatments, by 
means of electrochemical techniques in combination with chemical 
derivatization of the (generated) surface groups, is described in 
chapter 4. Chapter 5 deals.with the preparatien and characterization 

of modified glassy carbon (Cg) and Sno2-electrodes. Also the effect 
of the uncompensated resistance (Ru) OT) the ac-voltammogram will. be 
discussed. Except for the synzymes (synthetic enzymes), described 
in chapter 5, also enzymes and redox-proteins (immobilized and in 
solution) are studied, see chapter 6. Because of the complex nature 
of the enzymes and their principal resistance against non-specific 
electron transfer, an extensive study of the electrochemical beha
viour of a simple redox-protein like .cytochrome-c (in solution) is 
also reported. At last, in chapter 7, a general discussion is given 
on surface modified (S.M.E.) and enzyme modified electrades (E.M.E.). 
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2. SuRFACE MoniFIED ELECTRODES (S.M.E.) 

GENERAL REVIEW 

2.1. Introduetion 

As already said, the main purpose of surface modification is the 
introduetion of specific catalytic eentres at a normally inactive, 
electron-conducting material. Although it is only eight years ago 
that Murray [1] and Miller [2] introduced the first preparatien 
procedure (silanization), respectively the first application (chiral 
induction) for modified electrodes, this type of surface treatment 
is now in the centre of electrocatalytic studies. Research is now 
initiated in many laboratories and directed to a variety of appli
cations. Murray [3] introduced the organo-silane reagentand started 
a series publications on preparation, characterization and electro
catalytic applications of modified electrodes. Kuwana [4], first 
used the radio-frequency (r.f . ) plasma pretreatment for increasing 
the concentratien of functional groups at carbon surfaces, while 
Anson [5] and Laviron [6] published theoretical models for electro
chemical characterization and interpretation. Several reviews of 
modified electrades have appeared [7]. Surface modified electrades 
can be subdivided according to the function of the immobilized 
species (I.S.)f or the immobilization procedure used. The manner of 
functioning of the l.S. is aften complex, nevertheless a division 
can be made into two main groups: electro-active and electro-inactive 
l.S., with regard to the potential region of interest. 

Electro-active l.S. usually function as fast electron transfer 
mediators and the electrochemical response should be reversible to 
preclude additional complications. Immobilized catalysts, one of the 
major objectives for modified electrodes, are aften electro-active 
(for instance: porphyrins). This makesthem suitable alsoaselectron 

tIn the following we use the abbreviation l.S., which means immo
bilized species or species to be immobilized. 
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mediators. The catalyst is electrochemically regenerated (I) 

(substrate 
Cat. 

\product 
(I ) 

The electron transfer occurs either in the inner or outer sphere. 

Electro-inactive l.S. may func~ion as anchors (silane reagent) for 
subsequent immobil.ization. They mayalso build up a suitable inter
face for solution species to interact with the electrode surface 
(like cytochrome-c at a 4,4'-bipyridyl modified gold electrode). 
Finally, they may catalyze. the electrode reaction without being 
reduced or oxidized themselves. Besides the electro-activity, the 
optical activity of l.S. (like polyviologens, rhodamine-B and 

several other dyes) is exploited. 

2.2. Modification procedures 

In general, the properties of the l.S. are known, but a suitable and 
reproducible immobilization procedure must be established. The pre
ferred type of procedure not only depends on the structure of the 
l.S. and/or the electrode surface (kind of functional group(s) 
present), but also on the function of the l.S. (electron mediator, 
anchor, catalyst, etc.). In principle, for modification of electrode 
surfaces there are three main procedures: 

o Covalent modification 
o Adsorption modification 
o Polymer film modification 

The polymer-film modification may be considered to form a part of 
first two procedures, but is generally treated as a special class. 
It is a very fast developing modification procedure with its own 
merits, and needs a special treatment from a theoretical point of 

view. A combination of these three main procedures is also possible, 
like covalent modification of polymer films or adsorption modifica
tion at a covalent attached monolayer. 
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lmmobilization of enzymes on electrode surfaces is a rather new topic 
in surface modified electrades and will be treated separately in 

chapter 6. 

2. 2.1. Covalent modification 

The covalent modification procedure implies a covalent bonding of the 

l.S. to the electrode surface. Three procedures will be distinguished, 

i.e. covalent modification 

o via an functional group at the electrode surface 

o via a bridge molecule (anchor) 
o via an activated surface. 

Usually a pretreatment (for instance: oxidation of a carbon .surface) 
is necessary to increase the concentration of the surface groups, in 

order to obtain an acceptable surface coverage of the l .S. 

i) Covalent modification via a functional group at the electrode 
surface. 

Functional groups, already present at the surface or induced by 

special preparation techniques, are used for covalent bonding of the 
l.S. Carbon surfaces are very suitable for this procedure because a 

variety of surface groups are already present (Fig. 2.1) [8a]. 

Fig. 2.1 Functional groups present at the edge plane of graphite or 
glassy carbon. 
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It is possible to create or to increase surface groups like: carboxyl, 

hydroxy, quinone, amino, nitro, bromide, etc., at the carbon surface 
via chemical [8b,c,d], thermal [8] or rf-plasma treatment [4a,b]. 
Covalent types of bond like amide, ester, ether, azo, etc., are now 
possible between the electrode surface and the l.S. Covalent modifi
cation via the surface carboxylic group is shown in Fig. 2. 2. 

R-NH2 + DCC 

lrr. 

"I /fJ soc~ 
cY~ 
'oH I 

1\ H 
C*R 10 

~'--------• ~to-R 
R-OH +DCC ~ 

D.C.C. - Dicyclohexyl carbodiimide 

fl • thermal ; r . f - radio frequency plasma 

Fig. 2.2 Covalent modifîcation via the carboxylic surface group on 
glassy carbon. 

Procedure I and !1 show the possibility for immobilizing a species 
with an amine functional group, like tetra(p-amino)phenylporphyrins at 
a glassy carbon electrode surface. Conversion of the carboxylic group 
into the carbochloride can be avoided by use of a dehydrating agent 
like N,N'-dicyclohexylcarbodiimide (DCC) [9]; route 11 . Alkyl amines 
react spontaneously [10] with carboxylic surface groups, in contrast 
with aryl amines, so both thionylchloride and DCC are now superfluous. 
For covalent modification, carbon electrades like glassy carbon [11] 
or pyrolytic graphite [12] are frequently used, but also metals like 
Pt [13] and Au [14], metal oxides like Sn02 [15], Ti02 [16] and Ru02 
[17], and semi-conductors 1 ike Si [lB] and Ge [19]. Covalent modifi
cation of the metals is accomplished via the surface oxide groups 
created by oxidation techniques, while bulk oxides like Ti02, Sno2, 
etc., already possess surface groups of their own. Carbon electrades 

usually are modified via carboxylic and/or hydroxylic surface groups, 
but also via surface groups like amine, bromide, etc., which can be 
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generated via r.f.-plasma pretreatment [46]. Metal oxides are usually 

modified via ester or ether bonding with the surface hydroxyl group. 

Osa [15c] modified Sno2 and Ti02 electrades with dyes like Rhodamine-B 

as a sensitizer, which shifted the optical sensitivity from the UV 
towards the visible region. 

Ferrocene, covalently bond to n-type semiconducting Ge-photoelec
trodes, nat only functions as an electron transfer mediator but also 

as a passivator with respect to semiconductor decomposition in 

aqueous media [19a]. 

ii) Covalent modification via a bridge molecule. 

Bridge molecules are very suitable for introducing a desired functio

nal group at the electrode surface. The bridge molecule possesses 

at least two functional groups; one for covalent bonding to the 

electrode surface and one for covalent bonding of, for instance, a 

catalyst. 
Same examples of functional groups of the bridge molecule {for subse

quent modification) are amine, carboxyl, cyanide, sulfide and pyri

dine. Pyridine groups are very suitable for complexation of metal 

i ons. 

OH X 

OH + X~ Sl "'-..J 

OH X 

F.G 

X = Cl CH30 ; FG = Functio na l Group (-NH
2

, - COOH, etc . ) 

F.G 

Fig. 2.3 Silanization of a metaloxide electrode surface. 

Murray [20a-gl introduced the silane reagents, like aminopropyl
triethoxysilane, which are now commonly used for "silanizing" the 

electrode surface [20h-ol (Fig.2.3). However, by using a silane 

reagent, one creates an isolating chain between the electrode surface 

and the l.S. This implies that electron transfer must praeeed over 

large distances. Consequently, other mechanisms, like hopping or 

tunneling, might be involved. Kuwana [21] introduced cyanuric chloride 
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as a bridge molecule. This, however, possesses only one kind of func
tional group (chloride) for subsequent immobilization. Especially 
metaloxide electrodes, like Sno2, Ti02 and Ruo2, have been covalently 

modified via a bridge molecule. A variety of I.S . , like ferrocene 

[31), metal complexes [13b) and even polymers (polymethacrylchloride 
[22]) were thus immobilized. 

iii) Covalent modification via an activated surface 

Activated electrode surfaces (mostly carbon or platinum) are created 
by removing surface groups "and/or disrupting the surface structures,so 

exposing the bulk structure with very reactive sites to the surface. 
This can be accomplished via vacuum pyrolysis [23), mechanical 
abrasion in an inert atmosphere [24) or by Ar r.f.-plasma pretreat
ment [25). The activated surfaces are reactive towards vinyl- and 
amine-functional groups (Fig. 2.4), but probably justas well towards 
many other functional groups, molecules and even atoms. Vinyl- and 
amino-ferrocene were thus immobilized by Murray [3m) . A bridge mole
cule like vinylpyridine was also immobilized this way, and subse
quently used for coordinating ruthene complexes [26). 

R 

J d 1H2 

CH 

l'"" I· 
'-..._R 

ARGON 
OH 
CH10ti 

rf-p lasma 

1-R' -Nt7 
. ~-R' 

Fig. 2.4 Covalent modification via an activated carbon surface . 
The oxidic surface groups are removed by Ar r.f -plasma 
treatment. This results in an activated surface (*), which 
is reactive towards e.g. vinyl- or amine-groups . 
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2.2.2. Adsorption modification 

Despite the fact that adsorption modification produces less stable 

systems than covalent modification, this procedure is often applied 
because of its rather simple preparation technique. Several of such 

techniques, like sublimation, adsorption from dilute solutions or 

electrosorption, are frequently used. A clear distinction between 

adsorption modification and covalent modification is not always 

possible. Ordinary adsorption, accomplished via van der Waals or 

eaulombic interactions with the surface, is well defined, as is 

covalent bonding. However, for adsorption of halagens or ethylene 
compounds [27] at a platinum surface, the type of bonding is less 

well-defined and one speaks of chemisorption. Several exampJes of 

chemisorption are described in literature. For example, Lane and 

Hubbard [28] adsorbed functionalized olefins at platinum electrades 

(Fig. 2.5a) and Edström [29] used adsorbed allylamine as a bridge 

molecule for subsequent covalent bonding of ferrocene carbaldehyde. 

1,;'--~1 ./-f-)' ,,, 
VN I Br 

Br 

Fig. 2.5 Adsorption modification. 

10 

a) chemisorption of a functionalized vinyl compound at a 
platinum electrode [28] 

b) ruthenium-complexes immobilized via an adsorbed bridge 

molecule, at a pyrolytic graphite {CP) electrode [32]. 



Although a multilayer of 40-3000 ~ thickness [30] is no langer 
defined by adsorption only, this group will also be included in this 

section. Numerous systems have been immobilized via adsorption 

modification. We mention here adsorption of phthalocyanines and por

phyrins on carbon electrades [31], while adsorption of a bridge mole
cule like pyridine substituted phenanthrene, made it possible to immo
bilize ruthene complexes [32] (Fig. 2.5b). Besides carbon, also metals, 

metaloxides and even polymer compounds like (SN)x [33] were used for 

adsorption modification. The (SN)x electrode possesses a structure 
comparable to graphite, i.e. parallel planes (conjugated n-system) 

and perpendicular (edge) planes. Adsorption modification aften results 
in a multilayer while covalent modification only creates a monolayer. 

Adsorption of polymers at electrode surfaces will be treated in the 

next section. 

2.2.3. Polymer film modification 

During the past three years increasing attention has been paid to 
polymer film modification of electrode surfaces. The polymer film 

can be immobilized by covalent bonding or by adsorption, but also by 

mechanical ancharing (rough electrode surface). Polymer film modifi
cation is treated separately because an entirely new type of elec

trades (multilayer) is created; this requires a special theoretical 
[34] and practical approach. 

The polymer film is formed at the electrode surface by covalent 

bonding [22], adsorption (dip-coating [35], spin-coating [36]), 

electrochemical polymerization [37] and/or deposition [38], and 
r.f.-plasma polymerization [39]. Except polyacrylonitril (black orlon) 

[39a] and polymerie sulfur nitride (SN)x [40], polymers like poly
acetylene [41], poly(p-phenylene) [42], etc., are rather poor conduc
tors (K~ 10-4 

Q-
1cm- 1). The specific conductivity (K) can be improved 

by controlled doping with alkali metals or halogens, which leads to 
n- or p-type semiconductors. Diaz [43] introduced the surface syn
thesis of polypyrrole, which belongs to a new class of electrochemi
cally synthesized conducting polymers (like polyaniline, polyfuran, 

polyindole and polyazulene [44]) having conductivities of up to 
+2 -1 -1 10 Q cm . Polymers like poly(4-vinylpyridine) [45] already 
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possess a functional group, so metal complexes like Ru(Ill)-EDTA can 

be immobilized (Fig. 2.6). Covalent bonding [46] and entrapment [47] 

of electro-active species are also possible. Electro-active species 

like vinylferrocene [48], vio1ogen [49] and even phthalocyanine [50] 

can be polymerized to obtain an electro-, photo- or catalytically 

active polymer film. An extensive study has been made by Bard c.s. 

[51]. Not only the physical (conductivity) and chemical properties 

(functional group) are studied but also the morphology of the polymer 

film [52]. 

C PVP 
p , 

I . ,., , "" """'"'' - ~~-:;II)(EDTA) 

~--.Ru(III)(EDTA) 
le· 

::Ru( II) (EDTA) 

Fig. 2.6 Polymer film-modified electrode. Immobilized ruthenium

complexes at pyrolytic graphite (CP) electrode modified 

with PVP, i.e. poly(4-vinylpyridine) [45]. 

Polymer films have several advantages over covalently bonded or ad
sorbed monolayers. The polymer films are more rigid, possess a high 

active-center site concentratien and offer a wide area for exploita

tion. However, the electrochemistry of polymer film electrades is 

difficult to treat theoretically and problems of electron transfer 

and mass transport may loom up. 
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2.3. Applications 

Possible applications of S.M.E. are numerous. This is one of the reasons 
why much research attention has been focussed on surface modified elec

trodes . As shown above, the electrode surfaces can be tailor-made, 
which allows electrochemical reactions to be catalyzed in both a 
reactive and a specific sense. Applications are found in the field 
of electro-synthesis (stereospecific reactions, e.g.), electro
analysis (sensors), electro-catalysis and photo-electrocatalysis. 

Electro-synthesis . The first report on surface modified electrodes, 
by Miller [2], was an example of chiral induction . Optically active 
alcohols were synthesized at a graphite electrode, modified with 
optically active (5)-(-)-phenylalanine methyl ester by covalent 
bonding. At this electrode asymmetrie synthesis of sulfoxides was 
also pos sible [2]. Osa [53] reported the selective chlorination of 
anisole at a cyclodextrin-modified graphite electrode. The anisole 
fitted exactly in the cyclodextrin cavity (Fig. 2.7) which protected 
the o-position for chlorination; a para/ortho ratio of 18/1 was 

obtained . At a metal (Mo,W)-electrode, modified with 1,2-bis
(diphenyl-phosphino)ethane (M(dppe) 2) complexation of dinitrogen 
was possible, which can be reduced and converted into an or9anic 
nitrogen compound [54] . The electro-organic synthesis of expensive 
pharmaceuticals may also be an application field of modified elec
trodes. 

c 

~
0 

~ d. - CD- OH· 

'a ., 

C • graphi t e 

2 e -

2 Cl Cl
2 

(a t anode) 

HOC ! + HC l 

Fig. 2.7 Selective chlorination of anisole at an a-cyclodectrin 

modified graphite electrode [53]. 
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Pt Pt 

H 

Fig. 2.8 Iodide-modified platinum electrode (chemisorbed) for quan

titative (in vivo) detection of catacholamines in brain 

tissue [55]. Dopamine (R = H) and norepinephrine (R =OH). 

Electro-analysis. Lane and Hubbard [55] developed an iodide-modified 

platinum electrode for quantitative (in vivo) electrochemical detec

tion of catecholamines in braintissue (Fig. 2.8). Catecholamines 

(dopamine, norepinephrine) are essential participants in the neuro

transmission process. Poly(4-vinylpyridine)-modified electrades 

(Fig. 2.6) are very suitable for detection of metalions at a low 
-8 concentration level (up to 5 x 10 M) [45a], and can therefore be 

useful for analysis of polluted water, etc. Carbon paste electrodes, 

modified with diethylenetriamine, can be applied to analysis of the 

silver ion in aqueous media [56], even for concentrations in the 

picornalar region. The poly(1,2-diaminobenzene)-coated platinum elec

trode exhibits a nearly Nernstian response to changes in the pH and 

can be used as a potentiometric sensor [57]. 

In aprotic media (e.g. acetonitrile) a poly(vinylferrocene) modified 

platinum electrode [51a] can be applied as reference electrode, so 

concentration-dependent liquid junction potentials can be avoided. 

High selectivity and sensitivity make modified electrades especially 

suitable for in vivo analysis. 
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Electro-catalysis. Modification of electrode surfaces by catalysts 

adds an extra dimension to the scope of electro-catalysis. The modi
fied electrode can act as a redox catalytic system (see (I)). For 

example, metal phthalocyanine-modified pyrolytic graphite electrades 
catalyze the oxidation of hydrazine [31e,k,m] and cysteine [31f], 

while a cabalt porphyrin-modified carbon electrode, in contrast to 
the bare electrode, readily reduces 1,2-dibromophenylethane 
(~-CHBrCH2Br) [11i]. The reduction of horse heart cytochrome-c is 

catalyzed by a poly(vinylviologen)-modified electrode [49]. 
In view of the application in fuel cells, the catalytic reduction of 
dioxygen to water is studied intensively, This reduction could also 
be catalyzed by several types of modified electrades [58]. In Fig. 

2.9 the reduction of dioxygen to water is shownat a dicobalt face

to-face porphyrin-modified graphite electrode. r~aintaining the proper 
distance between the cabalt sites is very important to prevent re

duction to hydrogenperoxide . A mechanistic study on metal phthalo
cyanines as electrocatalysts for oxygen reduction was published 

recently [59]. At an iron phthalocyanine-modified electrode, the main 

reaction is a direct reduction of oxygen to water, while for cabalt 

phthalocyanine the reduction product is mainly hydragen peroxide. 

Fig. 2.9 Catalytic reduction of dioxygen to water at a dicobalt 

face-to-face porphyrin-modified graphite electrode [31c, 
58b]. 
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Photo-electrocatalysis. The efficiency of solar energy conversion by 

photo-electrodes can be improved by modification with appropriate 

dyes such as phthalocyanine, erythrosine, rhodamine-8, etc. [60]. 

The photo-sensitivity of the electrode is thereby shifted from the 

U.V. towards the visible region, which process is called sensitiza

tion. The stability of the photo-electrodes in aqueous solutions is 

improved by modification with these dyes or, for example, trimethyl

chlorosilane [18c]. An increase of the photocurrent density can be 

achieved by increasing the dye surface concentration. 

Si 

Si 

H 
B

- 8 r + + ' o i~@-@~si-o 
B -r 

n 

Fig. 2.10 Photo-assisted hydragen evolution at a [(PQ2+/+.) .nPt(o)J-
n 

modified p-type silicon semi-conductor electrode [61]. 

PQ = [N,N'-bis[3-(trimethyl~ilyl)propyl]-4,4'-bipyridinium]

dibromide. 

The photo-assisted electrochemical oxidation of isopropanol to 

acetone was catalyzed at a 2-amino-anthraquinone-modified carbon 

electrode [12c], while a photo-assisted hydragen evolution is 

achieved at a poly(benzylviologen)-modified p-type Si electrode [49a]. 

Wrighton [61] modified Pt, Au and p-Si electrades with [N,N'-bis

[3-(trimethylsilyl)propyl]-4,4'-bipyridinium]dibromide in which the 

16 



- - 2-bromide anion is exchangeable with Cl , Cl04, so4 , but also with 
Ru-, Co-, Mn-cyanide and Pt- or Pd-chloride. A surface system like 
[(PQ2+/+.)n- nPt(o)J (Fig. 2.10) is obtained by photo-reduction of 
PtCl~- to Pt(o), soPt (but also Pd) are dispersed in the polymer. 
Such a modified electrode yields an improved hydrogen evolution and 
an optimum pH for catalysis exists, consistent with the pH-independent 
formal potential of the (PQ2+/+.)-redox couple (-0.55 V vs. SCE) and 
the pH-dependent formal potential of the (H+/H2) couple. 
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3. ELECTROCHEMICAL (HARACTERIZATION 

3.1. Introduetion 

For the characterization of modified electrode surfaces, a variety 

of techniques are available. Identification of immobilized species 
is possible by FT-IR, ESCA, etc. However, only a few techniques are 

suitable for in situ measurements, which are important for kinetic 

studies of surface reactions. 
Resonance Raman Spectroscopy [1,2] and Photoacoustic Spectroscopy [3] 

are examples of methods already applied in in situ measurements. 

Electrochemical techniques are particularly suited for in situ ana

lyses of surfaces modified with electroactive species. By using 

optical transparent electrades {O.T.E.), it is possible to combine 

spectroscopie techniques like UV/VIS with electrochemical methods 

[4]. Perturbation techniques like impedance measurements, ac-voltam
metry and differential pulse voltammetry, are extremely sens i tive 

towards changes at the electrode surface; so, even fractions of a 

monolayer can be detected. A very elegant and fast methad is cyclic 

voltammetry. Although less sensitive, it is often used because of 

its power for qualitatively revealing mechanistic aspects of the 
electrode reaction and because of the rather simple experimental 

set up. The theories for these electrochemical techniques are in 

this case deduced from adsorption theories [5]. For the adsorption 

coefficient we have 

(3.1) 

where ~G is the standard free enthalpy of adsorption. The surface 

standard potential Es is defined by 

Es = Eo' RT l bO 
-nr nER (3.2) 

For chemically bonded redox systems the enthalpies ~G0 and ~GR 

will represent the energy of the chemical bonds with the electrode 

surface. Since these energies will not differ very much for the 
oxidized and reduced forms of the attached molecule, the standard 
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surface potential and the standard potentia1 for the same redox 
syst~m irr salution are nearly equal, i.e. Es~ E0 '. In the next 
sections, the characteristic elements of the theories of cyclic 
voltammetry, ac-vo}tammetry and impedance measurements will be 

presented for a surface-immobilized redox system. 

~0 + ne- ~R (3.3) 

Non-ideality caused by interactions between the molecules will be 
treated, as well as the procedure for deducing kinetic information 

from the techniques mentioned above. The corresponding electro
chemistry for the redox system in salution will be explained only 
in brief followed by a discussion of the pitfalls, limits, etc. of 
the different techniques. 

3.2. Cyclic voltammetry (C.V.) 

Voltammetry with linear potential sweep (L.P.S.) can be used as a 
single- or multisweep technique. The single-sweep technique, usually 
referred to as linear sweep voltammetry (L.S.V.), implies only a 
single potential scan in one direction. For the cyclic voltammetric 
experiment the potential sweep has the form of an isosceles triangle 
(Fig. 3,1) described by 

E Ei - vt (o < t < tr) (3.4a) 

(3.4b) E E. - 2 vt + vt (t > tr) 
1 r 

where Ei is the initial potential, tr the time the potential scan 
is reversed, and v the potential scan rate. The expressions derived 

Fig. 3.1 Variatien of the electrode 

potential for the cyclic voltammetry 
experiment. 
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for L.S.V. are also valid for cyclic voltammetry [6] and even for 
continuous scanning [7] if the potential at which the potential scan 

is .reversed (Et ) , is at least 250/n mV different from the halfwave 
r 

potential {E~) (jE~- Etrl > 250/n mV). This restrietion is less 
stringent for immobilized redox species, because mass transport is 
irrelevant here. 

3.2.1. Reversible surface redox reaction [8]. 

For an n-electron surface redox reaction with reversible charge 
transfer and no interaction between the molecules, the Nernst 
equation can be written as 

rO nF o' 
~ = rR = exp ~ (E - E ) (3.5) 

where ri is the surface concentratien of species i and E0
' is the 

standard potential of the surface redox reaction. Both 0 {Oxidator) 
and R (Reductor) species are confined to the electrode surface, so 

(3.6) 

where rT is the total surface concentratien of the redox species. 
(If initially only 0 is present, then rT = rg, etc.). Substitution 
in equation (3.5) and rearrangement gives 

( 3. 7) 

For the cathodic, resrectively anodic, current we can write 

dr0 -nFA ""'(l""t and i a (3.8) 

and therefore 

( 3. 9) 

where v (=~)is the potential scan rate. This expr~ssion for the 
current represents a symmetrical curve around E = E0 (Fig. 3.2a) . 

30 



-3 

'c 
[1JAJ 

'p 

o,L-~~~~~----~------o'.1-----.-1--_-.o.3 
-o(E-E"') [VJ 

3 (a) 

l i cathoef ie 

(b) 

Fig. 3.2 Cyclic voltammogram for the redox reaction 0 + n e :t. R 

a) both 0 and R attached to the electrode surface. 
-10 -2 2 rT = 1.1 10 mol cm , A= 0.348 cm , n = 1 and 
-1 

V = 0.1 V s . 

b) both 0 and R in solution. 
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The peakwidth at mid-height (W~) is equal to 90.6/n mV at 25°C. , 
Cathadie and anodic current are both at its peak value for E = E0 , 

and have equal magnitudes. 

i Pa = I i Pc I 
n2F2A rT v 

(3.10) 
4 RT 

The capaci ti ve current (i c) in the voltammogram is defi ned by 

ie= A cd v (3.11) 

where cd is the double layer capacity. 
The peak area (Q') in the cyclic voltammogram is Q' J idE, with 

defined by equation (3.9), so 

Q' = nFA rT v (3.12) 

In summary, the cyclic voltammogram fora reversible surface redox 
reaction shows the following characteristics (Fig. 3.2a) 

* symmetrical curve around E = E0
' 

o' } * ~EP = (Epe - Epa) = 0 (Ep = E ) (3.13) 
* i ~ V p . 

This is in contrast with the electrode reaction of species in solu

tion (Fig. 3.2b) 
* no symmetrical curves 

* ~EP = 59/n mV 
* i ~ lv p 

} (3.14) 

Especially the difference in the dependenee on the potential scan 
rate (v) makes it possible to distinguish between a surface and a 
salution redox reaction. 
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3.2.2. Non-ideality caused by interactions between molecules [9~11] 

To account for the non-ideal behaviour of the attached molecules, 

surface activities must be used instead of surface concentrations. 
The Nernst equation is now 

nF o' _ aD _ Yo rO 
exp 1"1""1'" (E - E ) - - - -r-

1\1 aR_ YR R 
(3.15) 

where a; and Y; are the surface activity and activity coefficients 
of species i, respectively. The activity coefficients are defined 
by [10) (c . f. a Frumkin isotherm) 

Yo - exp - (rooro + rORrR) 

YR = exp - (rRRrR + rRoro) 

(3.16a) 

(3.16b) 

where r . . and r .. are the non-ideality or interaction parameters 
11 lJ 

describing the mutual interaction between species i and i, respec-
tively i and j. 

Simtlar to section 3.2.1 the current-potential behaviour for cyclic 
voltammetry can be derived. 

n
2
F
2
ArT v ~* 

---- x ~---.""------
RT ( 1 + ~*) 2 - 2 rr T ~* 

(3.17) 

where 

(3.18) 

The individual parameters have been grouped as ra = raa - rRa' 

rR = rRR- raR and r = a.5 (ra+ rR). For r =a e~uation (3.17) 
reduces to equation (3.9). The cathodic and anodic currents are at 
their peak values at the same potential, i.e. 

(3.19) 
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The currents are also of equal magnitude 

n2
F

2AfT v 
;Pa lipcl = ___ .;___ 

RT (4 - 2 rfT) 
(3.20) 

The peak potentials are equal but shift along the potential axes as 

a function of the total surface concentratien (fT) unless r0 = rR. 
The width of the current peak at mid-height (W~) is 

2 RT P - 1 
w~ = -nr- 1 ln P- 2 rrT 2 P + 2 I ( 3. 21) 

where 

(3.22) 

For negative values of r, i.e. repulsive or destabilizing inter

actions, the current-potential peak is broadened, compared to the 
90.6/n mV for r = 0. Stabilizing or attractive (e.g. crystallization) 

interactions are denoted by positive rvalues and the peak in that 

case becomes narrowed. 
The interaction parameter r can be determined from the cyclic voltam

mogram. First, the total surface concentratien (fT) is calculated 
from the peak area Q' (see equation 3.12). Substitution of fT and 

ip, determined from the cyclic voltammogram, in equation (3.20) 

gives r. Now P, and therefore W~, can be calculated. 

3. 2.3. Quasi-reversible surface redox reaction 

-1 Determination of the surface reaction rate constant ks (s ) from 
the cyclic voltammogram was described byE. Laviron [12). A current

potential relationship similar to the Butler-Volmer equation was 

used. 

(3.23) 

where a is the transfer coefficient and ks the surface reaction rate 
o' constant for E = E and fo = fR. The current can be defined by the 

dimensionless function W· 
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(
r r 
0 -a R 1-a) m -~ --~ 

rT rT 
(3.24) 

where 

(3.25) 

The anodic and cathadie values of ~ are defined by an integral 
equation [12], which can be calculated numerically fora given value 
of the parameter m. When m + oo (or v + 0), the anodic and cathadie 
peaks are described by equation (3.9), i.e. the reversible case, 

and the peak width at mid-height (WJ.) becomes independent of a. 
2 

When m approaches zero, the peaks tend towards irreversible beha-
viour. 
The difference between the anodic and cathodic peak potentials {óEP) 
is the most informative quantity for determination of ks and a. It 
was shown [12] that the relative error of nóEP remains smaller than 
2% if m- 1 > 12. This corresponds to the experimental condition of 

óEP > 200/n mV. 

2 
AEp 

[mVJ 

1 

m-1 
12 

Fig. 3.3 Variation of the peak 

potential difference (óEP) in the 
cyclic voltammoaram as function of 

m- 1, where m = ~ ~ (a= 0.5). 
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For values of ~EP/n larger than 200 mV, a and ks can be determined 
from 

EPe E o' RT a 
- anF ln TiiiT (3.26a) 

and 

EP a 
Eo' + RT l-a (3.26b) (1-a)nF ln-m 

When ~E < 200/n mV,the curve in Fiq,3. 3 can be used for calculation p . 
of ks, provided a is not too different from 0.5 (0.3 < a < 0.7). In 

that case the transfer coefficient a cannot be determined precisely 

anymore because the difference in ~EP does not depend very much on a. 

The relative error in ks is at most 6% if the curve with a = 0.5 is 

used (Fig. 3.3). 

3.3. ac-Voltammetry 

In ac-voltammetry, the applied ac-tension is given by 

E E sin wt (3.27) 

where E is the amplitude of the alternating tension and w ( = 2rrf) 

its angular frequency (f: frequency in Herz). The alternating 

tension (of small amplitude) is superimposed on the dc-potential 

scan which is considered to be constant in the ac-time domain if 

v << E w. The current response generally is out of phase with the 
applied potential and is defined by 

i = I sin(wt + ~) (3.28) 

where ~ is the phase-angle and I the amplitude of the alternating 

current. 
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3.3.1. Reversible surface redox reaction [13] 

Using a derivation analogous to that used insection 3.2.1, one 

obtains 

~ sin(wt + n/2) 
(1+~)2 

{3.29) 

This equation also represents a symmetrical curve around E = E0
' and 

the peak width at mid-height· (W~) is again 90.6/n mV (Fig. 3. 4). , 
Similarly as equation {3.9), the peak current (maximal for E = E0 

) 

is 
2 2 

n F A rT E w 
----'--- sin(wt + n/2) 

4 rn 

where the phase angle ~ = n/2. The current is positive in the 

{3.30) 

forward as well as in the reverse scan and one does not speak anymore 
of cathadie and anodic current. 

5 

002 0 CE-E'l [V) -0.2 

Fig. 3.4 ac-Voltammogram fqr the redox reaction 0 + n e- ~ R, 

where both 0 and R are attached to the electrode surface. 
0 À = 90 , Cf(max) = 50 ~F, Cd = 10 ~F, Rf = Ru= 0 n, 

w = 2n20 s-1, E = 0.01 V, ·n = 1 and A = 1 cm2. 
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For the phase-selective ac-voltammogram at a detection angle À 90°, 

the capacitive current (ie) is defined by 

{3.31) 

and the peak area (Q') of the faradaic peak is 

Q' = nFA rT E w {3.32) 

similar to the eq. {3.11) and (3.12), for the cyclic voltammogram. 

Characteristic for the ac-voltammogram of a surface redox reaction 

are 

* <1> = rr/2 and 
* i ~ w p 

} 

while for an electrode reaction of species in solutton, we have 

* <1> = 45° and 

* i ~ Iw p 
} 

{3.33) 

(3.34) 

So, phase-selective ac-voltammetry allows differentiation between a 

surface and a solution redox reaction, not only because of the 

difference in the dependenee on w, but also because of the phase

angle difference. 

3.3.2. Non-ideality caused by interactions between molecules [14] 

The equations which describe the current peak in the ac-voltammogram, 

taking into account the non-ideal behaviour {Frumkin isotherm), are 

analogous to those derived for the cyclic voltammogram (section 

3.2.2). Only the potential scan rate (v) is now replaced by E and w, 

while the phase angle remaîns rr/2. The peak current, for example, 

is now given by 
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2 2 n FA rT E w 
------'--- sin(wt + rr/2) {3.35) 
RT[4-2rrT] 

The effect of the interaction between the molecules on the shape of 

the current peak is also similar to that observed in cyclic voltam
metry, so the interaction parameter (r) and the peak width at mid
height (W1 ) can be determined in the same way. 

2 

3.3.3. Quasi-reversible surface redox reaction [14,15] 

For a quasi-reversible charge transfer, the derivation of the current
potential relationship in ac-voltammetry usually proceeds via the 
faradaic impedance concept . The faradaic impedance consists most 

simply of the faradaic resistance (Rf) and capacity (Cf) in series 

~ 11 Cf ___,_____,___, r- ( 3. 36) 

If the alternating current is i = I sin wt, then 

(3.37) 

The potential is a function of r0 , rR and the current, so 

dE= (aE) di + ·(~) dr o + (~) 
at a,,ro,rR at· aro i,rR crt arR i,ro <ft 

(3.38) 

From these equations and the general equation for a quasi-reversible 
charge transfer, see eq. (3.23), one can derive 

and 

n
2
F
2
A rT 

Cf=----'
RT 

(3.39) 

(3.40) 
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The phase angle ~f is defined by cotg ~f 

w ( -a [1-a)-1 cotg ~f = ~ ~ + 7 

s 
(3.41) 

The standard reaction rate constant, ks can therefore be determined 

trom the slope of,the plot cotg ~f vs. w, fora given value of E 
arid a. For E = E0 

, equation (3.41) becomes independent of a and 

reduces to cotg ~f = 0.5w/ks . If interactions are present between 

the attached molecules, Laviron [15] has shown that cotg ~f 

becomes a complicated tunetion of the interaction parameters. The 

latter then have to be determined trom other measurements, like 
cyclic voltammetry and differential capacity measurements. 

3.4. Impedance measurements 

3.4.1. Equivalent circuit 

Perturbation of the electrochemical system by an alternating input 

of small magnitude and observation of the system's response at 

steady state, are the principal features of an impedance measurement. 

A sinusoidal alternating tension (E(t)) i s applied to the electro
chemical cell at a fixed dc-potential, while the current res ponse 

(T(t)), transferred into the impedance (Z), is observed. 

z = ~(t) 
i ( t) 

(3.42) 

For the theoretical description one has to adopt an equivalent 

circuit representing the electrochemical system. The equivalent 

circuit consists of an electrical network of resistors and capaci

tors representing the "electrical" phenomena of the cell. The equi

valent circuit tor an immobilized reactant is given in Fig. 3.5, where 
Rf i s the faradaic ar charge transfer resistance, Cf is the faradaic 

capacity, Cd is the double-layer capacity and Ru is the uncompen

sated salution resistance. Unless one deals with a ditfus i on-con

trolled system Rf and Cf are nat functions of the angular frequency 
and are a true resistance and a true capacity, respectively. 

Impedance measurements of a diffus ion-controlled system wi ll be 

treated in section 3.5 .3. 
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~ 
~ 

Fig. 3.5 Equivalent circuit for surface modified electrode, both 

0 and R attached to the surface. 
Ru uncompensated salution resistance 
cd double layer capacity 
Rf faradaic resistance 
Cf faradaic capacity. 

3.4.2. Complex-plane analysis 

To obtain some characteristic information about a quasi-reversible 
electrochemical reaction, it's often very useful to analyse the 
frequency dependenee of the impedance plotted in the complex plane. 

The total impedance is defined by 

z = z I - j Z" (3.43) 

where Z' is the real part and Z" the imaginary part of the total 
impedance. For the equivalent circuit in Fig. 3.5 we have 

2 
RfCf 

Z' = Ru + 2 2 (3.44) 
(Cf + Cd) + (wRfCfCd) 

2 
cd + cf + (wRfCf) .cd 

Z" (3.45) 

where Cd is the double layer capacity and Ru the uncompensated 
solution resistance, defined by [19] 

-1 R = (2 Kd) u (3.46) 
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fora disc electrode (diameter d). This is the case of a primary 

current distribution (K being the specific conductivity). Ru can be 
obtained directly from the impedance plot (Fig. 3.6), since at 
high frequencies Z" -+ 0 and Z' -+ Ru. 

At very low frequencies (w -+ 0), the electrochemical system behaves 

more reversible and the impedance plot turns into a straight line, 
described by 

Z' -+ R + u (3.47) 

For a reversible reaction Rf -+ 0 and the total impedance reduces to 

(3.48) 

2 

3 
2 

0 400 
Z'[ÇlJ 

Fig. 3.6 The total impedance Z of the equivalent circuit in Fig. 
3. 5, plotted in the compl ex plane Z' vs. Z". 

1) Ru = 100 n, cd= 50 ~F . Rf = 200 n and Cf = 500 ~F. 
Frequency-range: 1 Hz - 65 kHz. 

2) Rf = 100 n 
3) Cf = 1000 )JF 

4) cd = 100 ~F. 
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At very high frequencies (w + oo) the total impedance plot assumes the 
-1 2 farm of a ·semi-ellipse, since w (Cd +Cf) << (wRfCf) Cd, we have 

R c2 2 c2 R2c4 
r, z. -R ) _ f f ] + f , z .. ) 2 = f f ( 3 49 ) l u 2 2 4 . 

2(Cf + Cd) (Cf + Cd) 4(Cf + Cd) 

The ellipseis centeredon the Z'-axis, i.e. at 

(3.50) 

while the main axes are given by 

Z' (3.51) 

If also Cf >> Cd, then (3.49) reduces to a semi-eirele 

(3.52) 

For this particular case, the faradaic resistance Rf' and therefore 

the reaction rate constant ks (see eqn. 3.39), can be determined 
from the diameter of the circle. Faradaic impedance studies only 

include the faradaic resistance and the capacitance as is obtained 

by elimination of Ru and Cd from the total impedance. The plot of 
the faradaic impedance (Zf) in the complex plane gives us the same 
result as equation (3.52), except for Ru, and is therefore of special 

interest for determination of ks. 

3.4.3. Impedance measurements and ac-voltammetry [5,15,18] 

Impedance measurement and ac-voltammetry are closely relàted tech

niques. Bath measure the response ~f the electrochemical system to 
a sinusoidal alternating perturbation of the potential. For impedance 
measurements the frequency of the alternating tension is varied and 

the dc-potential is kept constant, while for ac-voltammetry the 

dc-potential is varied keeping the frequency constant. ac-Voltammetry 

in fact measures the admittance as a function of the dc-potential. 
The admittance is defined by 
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y 1/Z y I + j Y" (3.53) 

so 
z I Z" 

Y 1 = and Y" = ---..-----.... 
(ZI)2 + (Z")2 (ZI)2 + (Z")2 

(3.54) 

The current response to the alternating perturbation of the potential, 

=(E/IZI)sin(wt + ~), can be written as 

E 
2 (Z 1 sin wt + Z" cos wt) 

(Z I )2 + (Z") 
(3.55) 

where the phase angle is defined by 

~ = co tg -1 z~ 
cotg- 1 VI 

(3.56) 
Z" Y" 

The current in phase with the applied tension (E E sin wt) is 

described by the sine-term 

i(À = 0°) = E Y1 sin wt (3.57) 

and the current measured at a detection angle (À) of 90° out of 

phase is described by the eosine-term 

i(À = 90°) = E Y" COS wt (3.58) 

The real (Z 1
) and imaginary part (Z") of the total impedance for the 

equivalent circuit in Fig.3.5 are given by eq. (3.44) and (3.45). 

For the faradaic current at a detection angle À= 90° (see eq. 3.58), 

using the equivalent circuit of a resistor (Rf) and capacitor (Cf) 

in series, it can be derived that (see eq. 3.58) 

(3.59) 

The total faradaic current is given by 

(3.60) 
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After substitution of equations (3.39) and (3.40), taking into 
account the expression for the phase angle (eq. 3.41), we have 

n
2F2A rT c w 

if = sin<Pf l; 2 sin(wt + <Pf) (3.61) 
RT (1 + !;) 

This is the general expression for the total faradaic current in 
the ac-voltammogram of a quasi-reversible surface redox reaction, 

where <Pf is defined by eq. (3.41). For <P f = 90°, i.e. a reversible 
surface redox reaction, this equation reduces to eq. (3.29). For 

phase-selective detection, at a certain detection angle À, the 

amplitude of the current should be multiplied by cos(<Pf- À). The 
faradaic peak current (ip) at a dateetion angle of 90° is therefore 

given by 

2 2 
n F A rT c w 0 - ----'--- sin <Pf cos(<Pf - 90 } coswt 

4 RT 
(3.62) 

This can be shown to be identical to equation (3.59). 

The uncompensated salution resistance (Ru) only appears in the real 

part of the total impedance and therefore merely shifts the impe
dance plot in the complex plane along the real axis. However, the 
effect of Ru on the ac-voltammogram is very complex (literally and 

figurative) because Ru appears in both the real (Y') and the imagi
nary (Y") part of the total admittance. In order to get kinetic 
information out of the measured ac-voltammogram, it is necessary 

first to correct for Ru and Cd. Usually vectorial correction is 
applied [20] (Fiq.3.7}. The total current measured, i.e. the magni

tude (it) can be corrected for Ru by a phase-angle correction. The 

phase-shift (<Pul' caused by Ru can be calculated from 

sin <P = it Ru sin <Pm-

u [V2 
+ (itRu) 2 - 2 V itRucos <Pml ~ 

(3.63) 

where V is the amplitude of the applied tension and <Pm the measured 

phase-angle. The effective applied tension, c , is given by the 

denominator of eq. (3.63). The corrected phase-angle is obtained 

by actdition of <Pu to <Pm· The correction of V is maximal for <Pm ~ 0, 

i.e. c =V- it Ru. 
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Fig. 3.7 Scheme for the vectorial 
correction of the uncompensated 

solution resistance (Ru) and the 
double layer capacity (Cd). 

Subsequently, the correction for the double-layer charging current 
(ie), determined from measurements in absence of the faradaic process, 

gives the faradaic phase-angle (~f) 

it cos(~m + ~u) 
(3.64a) 

The faradaic current (if) becomes 

(3.64b) 

The capacitive current (ie) in presence of the faradaic wave, differs 
from the capacitive current (it) in absence of the faradaic wave, 
because the effective applied tension (i.e. s and s*) are not the 
same in the two experiments. The capacitive current, ie, is there
fore calculated from 

( 3.65) 

where s* is determined from eq . (3.63), using it as the total current 
measured in absence of the faradaic process. The total current (it) 

is equal to the capacitive current (i~) if the process is purely 
capacitive . 
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3.4.4 . Reaction rate constant [16,17] 

In section 3.4.2 it has already been shown that analysis of the 

faradaic impedance (Zf) in the complex plane readily yields the 

surface reaction rate constant ks. Usually the rate constant is 
determined from the slope of the plot cotg <Pfvs. w. This is only 
possible usin9 the faradaic phase-angle <Pf and not the measured 
phase-angle <~>m,which also depends on Ru and Cd (see eq. (3.41) and 
section 3.4.3). For the faradaic phase-angle it can be derived that 

( 3.66) 

and so ks can be calculated from eq. (3.41), if a and ~ are known. 

200 

Fig. 3.8 Plot of the real part of the faradaic admittance 

Yf//w vs . Iw, where Rf = 1 Q and Cf = 500 ~F. 

wm = /3 Rf Cf . 
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A less common methad is the determination of ks from the plot of 

Y'/lw vs. Iw (Fig. 3,8), described by 

2 
w Rf Cf 

Y'jlw = -------,..2 Iw 
1 + (w Rf Cf) 

( 3.67) 

This exhibits a maximum for 

(3.68a) 

or 

(3.68b) 

For E = E0
' this equation reduces to wm = 2 13 ks. 

3.5. Electrochemical methods for characterizing redox 

species in salution [15, 21] 

3.5.1. Cyclic voltammetry (C.V.) 

For a reversible electrode reaction of redox species in solution, 

assuming semi-infinite linear ditfusion and only 0 initially present, 

it can be derived that, at 25°C, 

(3.69) 

where o0 is the ditfusion coefficient and C~ the bulk concentration 
of 0. The peaks in the cyclic voltammogram are not symmetrical (see 

Fig. 2b) and the difference between the cathadie and anodic peak 

potential is ~EP = 59/n mV, at 25°C. A characteristic difference 

between the cyclic voltammogram of a surface, as compared to a 

solution, redox reaction is the dependenee of the peak current (ip) 

on the potential scan rate (v) i.e. ip ~ v, respectively ip ~ lv. 
For a quasi-reversible redox reaction the reaction rate constant 
k0

' can be determîned [22] from · 

(3.70) 

where ~ is a dimensionless rate parameter plotted in Fig. 3,9 as 

tunetion of the peak potential difference (~EP). 
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Fig. 3.9 Variation of the peak potential difference (~EP) in the 
cyclic voltammogram as a function of the dimensionless 

rate parameter ~-

3.5.2. ac-Voltammetry 

The expression of the ac-peak current, derived for a de- and ~c~ 
reversible electrode reaction of redox 0 species in solution, is 

given by 

(3.71) 

It is important to note that this expression is only valid for the 
faradaic current and not for the total measur~d current. The ac-peak 
is symmetrical for both surface and solution redox reactions (with 
a peak width at mid-height of90.6/nmV),in contrast to cyclic voltam
metry. The peak current is proportional to € for both surface and 
solution reaction . The major dUferenee is the discrepancy of the 

phase-angle ~f' i.e. ~f = 90° for the surface reaction and ~f = 45° 
for the solution reaction. Analogous to the ip vs. v behaviour in 
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cyclic voltammetry, ip ~ w for the surface reaction and ip ~ Iw for 

ac-voltammetry in solution. The reaction rate constant ko' is 

usually determined from the slope of the plot of cotg ~f vs. Iw. 
At E = E1 

2 

cotg ~f = 1 + (3.72) 

For species in salution the intercept is 1, in contrast to equation 

(3.41) with intercept zero. 
For a dc-reversible redox reaction the forward and reversed scan in 

the ac-voltammogram overlap precisely, regardless of the ac-reversi

bility. ac-Quasi-reversibility yields phase-shifts and broadened 

waves, relative to the pure Nernstian behaviour. For non-Nernstian 

dc-behaviour the forward and reversed scan no langer overlap, and 

a cross-over point is observed. The potential at this cross-over 

point (Ec0 ) is insensitive towards k0
, but exclusively dependent 

on the transfer coefficient a, as follows [23] 

Eco Er + RT ln ~ 
~ nF 1-a (3.73) 

From the difference in the peak current of the forward and reversed 
o' scan it is possible todetermine k [23,24]. 

3.5.3. Impedance measurements 

For an electrode reaction of redox species in solution, Rf and Cf 
are frequency dependent, contrary to the case where ditfusion is 

absent. The faradaic impedance is devided into a kinetic part, i.e. 

the charge transfer resistance (Rct)' and a rnass-transport part, 
i.e. the Warburg impedance (Zwl· The equivalent circuit is given 
in Fig.3.10.For the real and imaginary parts of the total impedance 

eq. {3.44) and (3.45) are still valid, only Rf and Cf are now 
defined by 

Rf = Rct + o w-~ (3.74) 

and 

-1 -1 
Cf = 0 w 2 (3.75) 
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Fig . 3.10 Equivalent circuit for an electrode reaction of a redox 

system in solution. 

Ru uncompensated salution resistance 

cd : double layer capacity 

Rct: charge transfer resistance 

Zw : Warburg impedance. 

if only 0 is initially present in solution, and if a= ~ and 

Ede = E~, then 

and 

R = 2 RT 
ct n2F2A c~ ko' 

(3.76) 

( 3. 77) 

The expression for Rct is similar to eq. (3.39). Fig. 3.11 shows the 

plot of the total impedance in the complex plane. Two important 

regions can be observed. At low frequencies (w ~ 0) the curve, des

cribed by 

(3.78) 

becomes linear with unit slope. In this region the frequency depen

denee is caused only by the Warburg impedance term, which is 

characteristic fora ditfusion controlled electrode reaction. At 

high frequencies (w + ~) the kinetics become more important and the 

impedance plot is described by the equation of a circle 

[ (Z'-R ) - 0 5 R ] 2 + (Z") 2 = (0 5 R )2 
u · ct · ct (3.79) 

which is identical with eq. (3.52) for Rct = Rf. 
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Z"[Q) 

1000 

kinetic 
control 

1H 

z· [m 3ooo 

Fig. 3.11 The total impedance (Z} of the equivalent circuit in 
Fig. 3.10 plotted in the complex plane Z' vs. Z". 

o' -3 2 -1 A cm2 Ru= 200 n, cd= 0.1 ~F. k = 2.10 cm s , = 0.07 
1 10-6 2 -1 * 3 -6 1 -3 * o0 = DR = . cm s , c0 = .10 mo cm , CR = 

0 mol cm-3 and n = 1. Frequency range 1 Hz + 65 kHz. 

For every {*), the frequency is multiplied by 1.5. 

The charge transfer resistance (R t) can be determined from the dia-
c I 

meter of the circle, and from eq. (3.77) k0 can be obtained. For the 

electrode reaction of species in salution it is more common to use 

the exchange current i
0 

instead of Rct or k0
'. The exchange current 

is defined by 

(3.80) 

where Rct is expressed by eq. (3.77). 
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3.6. Dh;cussion 

The major difference between the electrochemistry of immobilized 

redox species (surface reactiQn) and of redox species in salution 

(solution reaction) is that rnass-transport phenomena are irrelevant 
in thé farmer case. If n0 salution species are involved, the surface 
reactions are independent of convection, diffusion, etc. This is 
reflected in the linear dependenee of .the current on the potential 

scan rate (v) (cyclic voltammetry) and on the frequency (w) (ac
voltammetry) fora surface reaction, in contrast to the square rooth 

dependenee fora salution reaction. A shift of the phase-angle (~f) 
towards 90° is a first indication for adsorption phenomena. The 

immobilized species, often called a diffusionless system, may show 

quite different electrochemical behaviour. Non-ideal behaviour 
caused by interactions (stabilizing or destabilizing) between the 

attached molecules can be described by the theories for a Frumkin 
isotherm. The expressions thus obtained match very well with the 
observed broadening of the current peak in both cyclic and ac
voltammogram. 

The. Temkin isotherm, which is practically indistinguishable from a 

Frumkin isotherm with negative interaçtion coefficient, assumes no 
interaction between the molecules at different adsorption sites. 
Fora chemically modified electrode, where the molecule~ are co

valently bonded to the electrode surface, the Temkin isotherm is 

unlikely to apply because the "adsorption" sites are equal, unless 
of course, the environment of the surface group is of influence. 
At low surface concentrations the non-ideal behaviour is more likely 

to be accounted for interaction of the attached molecules with the 
electrode surface. Electrochemical analysis of chemically modified 
electrades at different surface concentrations should reveal whether 

the interaction is mutual between molecules or between the molecule 
and the electrode surface only. 
The cyclic-and ac- voltammogram are affected differently if the reac
tion becomes less reversible. For cyclic voltammetry an increased 

peak potential difference (~EP) is observed, while for ac-voltammetry 
the phase-angle shifts towards zero. Whatever isotherm is valid, the 
cotg ~f is a linear function of the frequency and ks can be deter-
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mined from the slope of the plot cotg~ vs. w. However, if interaction 

between the attached molecules is present, cotg~ becomes a compli

cated function of the surface concentratien and the interaction 

coefficient, so only an apparent rate constant can be deduced [16]. 

For both ac-voltammetry and faradaic impedance measurements an upper 

limit for the reaction rate constant detectable by these techniques 

was estimated [17] i .e. ks < 2.104 [s-1]. 
As was shown in section 3.4.3, it is very important to correct for 

the uncompensated solution resistance in an ac-voltammogram, contrary 

to impedance measurements. Ru has a similar effect on the ac-voltam

mogram as the faradaic reststance (Rf). This can easily beseen in 

the equivalent circuits {Fig. 3.5, 3.10) if the double layer capacity 
is neglected. If no uncompensated resistance is present, it would be 

possible by phase selective measurements at ~ = 0° to meas ure only 

the faradaic current (i(0°) = ~12 if) fora solution reaction, 

because the capacitive current will be 90° out of phase with the 

app 1 i ed potent i a 1 . 

By methods similar to those employed by Marcus [25], {for relating 
o' o the heterogeneaus (k ) and homogeneaus (k ) rate constant), Brown 

and Anson [26] deduced an expression which relates the rate constants 
o' of attached (k ) and unattached reactants (k ) . It was found that 

o s 8 o' -1 at 25 C ks = 6 x 10 k [s ]. However, both expressions deduced 

rarely show agreement with experimental results. 
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4, SURFACE PRETREATMENT AND (HARACTERIZATION OF GLASSY 

CARBON 

4.1. Introduetion 

Surface groups are a prerequisite for the chemical modification (i.e. 
by covalent bonding of electrocatalysts) of the carrier electrode. 
The nature of surface groups on several types of carbon, like (pyro

lytic) graphite and glassy carbon, has been studied by spectro
scopie [1,2], chemical [3,4] and electrochemical [5-12] techniques. 

lt is known that a variety of oxygen containing surface groups, like 
carboxyl. hydroxyl. lactone, phenol, quinone, etc .• exists. Most of 
these surface groups have been identified via chemical analysis. 
Spectroscopie techniques are rather difficult to apply because carbon 

absorbs most radiation, but also because the respective surface 

groups are difficult to discriminate. Electrochemical techniques can 
only be successfully applied in the potential region where no oxygen 
or hydrogen evolution can take place; for this reason, detection of 

carboxylic and hydroxylic surface groups at a carbon electrode sur

face is difficult, if not impossible in most protic media. The irre

versible electrochemical behaviour of many surface groups makes 
detection also very difficult in aprotic media. 
The quinone-like surface groups, however, can easily be detected in 
protic media, because of their quasi-reversible behaviour in a 

suitable potential region. The presence of quinone-like surface 
groups has been mentioned before in the literature [3,5,8]. A quasi
reversible, pH-dependent redox wave at +0.6 V vs. NHE is generally 

noted in cyclic voltammetry measurements at carbon electrodes. This 
quinone-like redox couple often interferes with the detection of 
other redox couples, either immobilized or in solution, at carbon 
electrodes. In this chapter a study is reported, mainly by electro
chemical techniques, of the nature of these quinone-like surface 
groups at the glassy carbon electrode surface. A powertul technique 

for the detection of surface-immobilized electroactive species is 
phase-selective ac-voltammetry. Even sub-monolayer surface concen

trations can easily be detected. In addition, chemical conversion of 
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a surface group into another electroactive compound can be very 
helpful for identification: for example, o-quinones can be converted 
into phenazines by reaction with o-phenylenediamine. 
Carbon surfaces can be oxidized by strong oxidizing chemicals, by 
reaction with oxygen at high temperatures or by (oxygen) rf-plasma 
treatment [12,13]. Pretreatment of the carbon surface by argon rf
plasma abrades the surface and so creates an activated surface, 
reactive towards oxygen but also towards vinyl- or amino-groups [14]. 
Changes in the experimental conditions of the rf-plasma treatment 
result in a different composition of surface groups; therefore it 
is of interest to study the parameters of the rf-plasma treatment. 

4.2. Experimental 

~1~~!~29~~· Rod type glassy carbon (GC-A) was obtained from Tokai 
Electrode Mfg . Co. Ltd., Tokyö, Japan . Electrades were made by 
sealing 5 mm pieces of the glassy carbon rod (~ 5.6 mm) into pyrex 

glass tubes (~ 12 mm). The geometrical electrode area was 0.246 cm2 

~~~f~~~-e~~!~~~!~~~!· Before the plasma treatment, electrades were 
polished successively with 5 ~. 0.3 ~ and 0.05 ~ alumina on a 
polishing cloth (Buehler Ltd, Evanston, Illinois, USA), washed 
copiously with distilled water, treated for one hour in an ultrasone 

Fig. 4.1 

VAC. PUMP 

l 

l l 
Ar ~ 

750 V 

Experimental set-up for the rf-plasma treatment of 
glassy carbon electrodes. 
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bath, and then degreased in n-pentane. The electrodes were stored 
in n-pentane. A home-built radio-frequency generator (12.4 MHZ, 
150 W) was used for plasma treatments (Fig. 4.1}. The glassy carbon 
electrodes were exposed to the oxygen rf-plasma (pale blue} at 150 
mTorr, for only five minutes, because otherwise drastic surface 
roughening occurs. Exposure to the argon rf-plasma (purple-violet} 

was done for twenty minutes at 300 mTorr. 
Çb~~iç~!~· The ampulla of phosphate buffer solution pH = 7 (25.88 
mM KH2Po4, 40.82 mM Na2HP04.2H20}, obtained from Merck, was reple

nished with double distilled water. A specific conductivity (K} of 
-3 -1 -1 7.2 10 n cm was measured for the phosphate buffer; this value 

increased to 13.8 10-3 n-1 cm-1 by addition of LiCl04 (0.1 M). 
Perchloric acid (p .a.} was also obtained from Merck and a conduc
tivity (K} > 0.50 n- 1 cm-1 was measured for a 1 f~ aqueous solution. 
For measurements of the pH-dependency of the different surface 
groups, the following electrolytes were used: phosphate buffer solu

tion (Merck} for pH = ~· 0.05 M H2so4 (Merck) for pH = 1.4, 0. 2 M 
NaH2Po4 for pH = 4.4 and 0.2 M Na2HP04 for pH = 9.6. The quinones 
and o-phenylenediamine were obtained from Aldrich and used without 
further purification. The benzophenazines were prepared by reaction 
of o-phenylenediamine with the corresponding quinones for 45 minutes 
in ethanol [15] or in DMF, and recrystallized from acetic acid . 
Elemental analysis (theoretical values in parenthesis}: Benzophena
zine N:11.46 (12.17}, C:84.18 (83.45} and H:4.36 (4.38}. Dibenzo
phenazine, N:10.14 (10.0), C:85.25 (85.69} and H:4.61 (4.31) .. 
2-Anilino-1,4-naphtoquinone and 4-anilino-1,2-naphtoquinone were 
prepared by reaction of the corresponding quinones with aniline in 
DMF at 100°C and recrystallized from a mixture of ethanol/water (1:4}. 
Elemental analysis : 4-anilino-1,2-naphtoquinone, N:5.37 (5.62}, 
C:77.52 (77.09), H:4.33 (4.45). 2-anilino-1,4-naphtoquinone, N:4.61 
(5.62), C:78.87 (77.09), H:4.31 (4.45). The phenazines and substi
tuted quinones were also identified by IR-spectroscopy. 

~Q~ifiç~!iQ~_Qf_!~~-g!~~~t_Ç~~~Q~-~~rf~ç~. Modification of glassy 
carbon with o-phenylenediamine was carried out by placing the elec
trodes in a refluxing solution of 0.005 M o-phenylenediamine in 
ethanol (or at 100°C in DMF} for six hours. Ethanol and DMF were 
dried over 4 ~ molecular pieces. The electrodes are thoroughly 
washed with ethanol or DMF, to remove any adsorbed diamine. The 
reaction of glassy carbon with aniline was performed analogously. 
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Fig. 4.2 

P.5 

I.Ph/0<>-l-----+~ 

1 M/ Ph<>-l---+4f 

Î·out 
E -outo-t----+---t-<> DM 

C R WE 

R 

Experimehtal set-up for phase-selective ac-voltammetric 
measurements. 
E.C.: Electrochemical Cell. 

RE: Reference Electrode, WE: Working Electrode, 
CE: Counter Electrode. 

P.S.: Potentioscan 
Mod. In.: Modulation Input (amplitude E), 
i-out: current output, E-out: potential output. 

LI.A.: Lock-In Analyzer. 
REF.: Reference Signal Input, In: Input alter
nating signal to be measured, Output is: Magni
tude (M) and Phase (Ph) ar Quadrature (Q) and 
In-Phase (I.Ph) of the measured alternating 
signal with respect to the reference signal. 

F.G.: Function Generator 
F.C.: Frequency Counter 
R Recorder 
O.M.: Digital Multimeter. 
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Procedure 
Electrochemical measurements were carried öut in conventional cells. 
All solutions were deoxygenated with argon. The reported potentials 
are referred to the standard calomel electrode (SCE), connected to 
the electrochemical cell via an agar-agar/KCl bridge. A platinum 
coil served as counter electrode. 
Cyclic voltammetry was carried out with a Wenking Potenticscan 
POS-73, a Data Precision 2480 digital multimeter and a Phil ips 
PM 8041 XV-recorder. For phase-selective ac-voltammetry a PAR-5204 

(or 129A) Lock-In Analyzer, a Philips PM-5167 tunetion generator, 
a HP-7046A XYY'-recorder and a Fluke 1910A multi-counter completed 
the experimental set-up (Fig. 4.2). To avoid interterenee with the 

applied potential, no co~rection for the uncompensated solution 
resistance (Rul was applied. However, calculattons from the ac
voltammogram were corrected vectorially for R and the double layer 

u 
capacity Cd as described in section 3.4.3. The frequency-dependent 
phase-angle shifts, caused by the internal circuit of the potentia
scan and the external circuit, were corrected by adjusting the 
detection angle. 
Unless otherwise stated, the experimental conditions were: 
phosphate buffer pH= 7, w = 60 n s-1, E = 10 mV (rms), v 20 mV 
-1 s 

For immobilized species, a detection angle (À) of 90° was used, but 
for redox systems in solution, À = 45°. 
Impedance measurements were carried out with a Solartron/Schlum

berger 1250 Frequency Response Analyserand a 186 Electrochemi cal 
Interface, connected to a HP 9825A microcomputer set-up. 
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4.3. Characterization of the surface groups 

4.3.1. The oxidized glassy carbon electrode. 

The ac- and cyclic voltammogram of a glassy carbon electrode, after 
exposure to an oxygen rf-plasma, are shown in Fig. 4.3a,b. In the 
cyclic voltammogram {b), the redox peaks are poorly developed, while 

pronounced peaks are observed in the phase-selective ac-voltammo
gram (a). Oxidation of the glassy carbon by an oxygen rf-plasma was 
preferred to treatment by chemical or thermal methods in order to 

prevent contamination. Three reduction ·peaks are observed, i.e. at 
-0.05 V (I), -0.16 V (II) and at -0.5 V (III) vs. SCE (pH= 7). The 
relative intensity of the first two peaks is reproducible but the 
absolute peak heights are strongly dependent on experimental con
ditions, in particular the pretreatment procedure. Peak III is very 
braad and is sametimes no langer distinquishable from the backqround 

(a) 

20 

<t: 
::J. 

10 

Fig. 4.3 
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0 -0.8 0.-4 0 -0.-4 -08 
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ac-Voltammogram (a) and cyclic voltammogram (b) of a 
glassy carbon electrode after an oxygen rf-plasma treat-

o -1 ment. (À= 90 , respectively v = 0.5 V s ). 

61 



current. The observed redox peaks possess properties very similar to 
those of proton-involved immobilized redox species, like quinenes 
[16] (Q): 

First, there is no influence of convection: rotating the electrode 
or stirring the solution has no marked influence on the peak height 
(i.e. peak current, ip). This indicates also that the protonation 
of the quinenes is not the rate determining step. Second, ip in
creases linearly with the frequency (w), see Fig. 4.4. This linear 
dependenee of ip vs. w is characteristic for immobilized redox 
couples, in contrast to the /w-dependence for redox couples in 
solution (see chapter 3). Third, the pH-dependence of the peak 

potentials (EP) is -62 mV/pH for peak I and -64 mV/pH for peak II 
(Fig. 4.5). This is close to the theoretica] value of -59 mV/pH at 
25°C fora 2e-/2H+ redox couple. As mentioned before, peak III is 
often hardly distinguishable from the background current, so the 
pH-dependence, although present, could not be determined. 

Fig. 4.4 
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Plot of the ac-peak current (ip) vs. the angular fre
quency {w), for the surface quinone peak I {-0.38 V) in 
1 M HCl04. (À = 90°). 



Fig. 4.5 

-05 

pH-dependence of the peak potential of the surface 
quinone and phenazine peak 
a) quinone peak I 
b) quinone peak II 
c) phenazine peak 

Table 4.1 ( see page 64 ) 

Half-wave potentials of quinenes and phenazines. 
a) Glassy carbon working electrode, Pt-coil counter electrode 

phosphate (pH = 7) buffer solution, respectively 1 M HCl04 
solution. 

b) [17] Platinum working electrode, platinum counter electrode, 
HCl, LiCl, ethanol, water solution. 
The E! potentials, referred to the S.C.E. at 25°C, are calcula
ted from E0 -values in literature using -59.1 mV/pH and 
E0~E(SCE) = -0.245 V. 
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Compound 

1,4-naphtoquinone 
2-anilino-naphto-
quinone 

1,2-naphtoquinone 

4-anilino-naphto-
quinone 

9,10-anthraquinone 

9,10-phenanthrene

quinone 

phenazine 

;sx::o dibenzophenazine 

C.......,~ 

benzophenazine 
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E~ [V] Eb 
~ 

[V] 

phosphate 1 M HC104 pH = 7 
-0.22 0.20 -0.189 

-0.39 0.00 -0.372 

-0.10 0.32 -0.112 

-0.29 0.09/ 0.00 

-0.53 -0.14 -0.504 

-0.22 0.20 -0.188 

-0.39 0.12/-0.18 -0.36 

-0.54 -0.08/-0.28 

-0.52 0.00/-0.28 



4.3.2. Cyclic- and ac-voltammetry of quinones and phenazines in 

solution. 

In order to investigate the different types of quinones, l i kely to 

be present at a glassy carbon surface, half-wave potentials of 
several quinones in a phosphate buffer (pH= 7) solution were 
measured at a glassy carbon electrode by cyclic voltammetry (Table 
4.1). These redox potentials agree very well with those reported in 
the literature, which were measured at a platinum electrode in HCl, 
liCl, ethanol, water solutions [17]. The quinone concentration in 
the solution is kept very low in order to minimize adsorption pheno

mena. Before addition to the phosphate solution, the quinones are 
dissolved in a very small amount of acetone to accelerate the dis-

solvation process. The effect that quinone addition has on the 
ac-voltammogram of a glassy carbon electrode is shown in Fig . 4.6, 
for the following types of quinones: a) 1,2-naphtoquinone, b) 1,4-
naphtoquinone, c) 9,10-anthraquinone and d) 9,10-phenanthrene
quinone. Substituted quinones like 2-anilino-1,4-naphtoquinone 
and 4-anilino-1,2-naphtoquinone, showed a remarkable behaviour 

at low pH. At pH = 7 the half-wave potentials (E~) of these 
quinones are well separated (100 mV, see table 4.1), but in strongly 
acidic media (1 M HCl04) the potentials coincide at the E~ of the 
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Fig. 4.7 ac-Voltammogram (À= 45°) of 2-anilino-1,4-naphtoqui none 
(a) and 4-anilino-1,2-naphtoquinone (b) in 1 M HCl 0

4
, 

measured at an oxidized glassy carbon electrode. 
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Fig. 4.6 Effect of quinone addition to the solution, on the ac
voltammogram of an oxidi zed glassy carbon electrode. 
p .. = 45°) . 

a) 1~2-naphtoquinone c) 9,10-anthraquinone 
b) 1,4-naphtoquinone d) 9,10-phenanthrenequinone. 
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p-quinone. The substituted o-quinone is obviously converted into 

the p-quinone, as described in the literature [18]. This conversion 
appears to praeeed rather slowly, for it was possible to detect 

intermediates, see Fig. 4.7. The redox behaviour of the quinones, 
in the pH = 0-7 region, is described by a 2H+/2e- mechanism; this 

can be concluded from the peak width at mid-height (W! < 70 mV) of 
the ac-voltammogram and from the peak potential separation (~EP~ 
34 mV) in the cyclic voltammogram. The redox behaviour of the phena
zines is more complicated. At pH= 7, only one reduction peak is 
observed because the phenazines are nat protonated (pK ~ 4) and a 
two-electron reduction to the dianion, followed by protonation, is 

the most likely mechanism (W! ~ 60 mV), although a one-electron 
reduction to the semi-quinone cannot be ruled out(Fig. 4.8). In 
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Fig. 4.8 ac-Voltammogram (À = 45°) 
of phenazine in phosphate pH = 7 
buffer, measured at an oxidized 
glassy carbon electrode. 

strongly acidic media (1 M HC104), one of the two nitrogens of the 
phenazine is protonated so two one-electron reductions are observed 
(Fig. 4.9). For the benzophenazines the mechanism is probably even 
more complex, because the two peak heights are no langer equal and 

less separated (Fig. 4.10). For the midpoint potential (Em) a pH
dependence of -q3 mV/pH is calculated for dibenzophenazine, -55 mV/pH 
for benzophenazine and -51 mV/pH for phenazine. 
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Cyclic voltammogram (v =.0.4 V s-1) (a) and ac-voltammo
gram (A = 45°) . (b) of phenazine in 1 M HCl04, at an 
oxidized glassy carbon electrode. 
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Fig. 4. 10 ac-Voltammogram (A = 45°) of dibenzophenazine in 1 M 
HCl04, measured at an oxidized glassy carbon electrode. 
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4.3.3. Modification of glassy carbon with o-phenylenediamine. 

o-Quinones can be chemically converted into phenazin~s by reactioh 
with o-phenylenediamine [15]. This reaction is interesting because 
a new product is synthesized at the electrode'surface, which is 
also electroactive and therefore accessible to ac-voltammetry. An 
additional advantage is that the redox potentials of the phenazines 
are more cathodic than those of the correiponding quinones, so even 
intermediates formed during the synthesis are detectable. The result 
of the o-phenylenediamine reaction with the glàssy carbon surface is 
shown in the ac-voltammogram of Fig. 4.11. Only one new peak appears 
at -0.54 V vs. SCE, while the quinone peaks decrease and finally 
disappear, except for one small peak at -0.22 V (Fig. 4.11c). The 
peak at -0.54 V is larger than the original quinone peaks, and a 
pH-dependence of -75 mV/pH is found (Fig. 4.5c). Comparison of the 
peak potential (-0.54 V) with the half-wave potentials (-0.52 V and 

-0.54 V) of the two benzophenazines in solution (Table 4.1), leads 
to the conclusion that the surface quinones are converted to the 
corresponding phenazines. The remaining peak at -0.22 V must then 

12 
(b) (C) 

0 -0.8 

Fig. 4.11 ac-Voltammogram (\ = 90°) of a glassy carbon electrode 
after: 
a) argon rf-plasma 
b) partly reaction with o-phenylenediamine 
c) completed reaction with o-phenylenediamine. 
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be ascribed to the 1,4-naphtoquinone structure, because this para
configuration cannot be converted into a phenazine. Moreover, its 

peak potential is equal to theE~ (Table 4.1), measured for the 
p-quinone in solution. For the pH-dependence of the surface phena
zines, a similar behaviour is observed as for the phenazines in solu
tion (see section 4.3.2). In phosphate pH= 7 buffer salution only 
one peak is observed, while in strongly acidic media {l M HC104) two 
peaks (although scarcely separated) are present in the ac-voltammo
gram (Fig. 4.12). It was observed that, if the surface reaction is 
not fully completed, the peak potentials (Fig. 4.12a) fairly agree 
with the half-wave potentials of benzo- and dibenzophenazine in 
salution {Table 4.1). However, if the reaction is completed, then 
the peak potentials are shifted towards more anodic values {Fig. 
4.12b), corresponding to the half-wave potentials of phenazine. 

70 70 
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Fig. 4.12 ac-Voltammogram (À= 90°) of an oxidized glassy carbon 
electrode after rd~ction with o-phenylenediamine, 
(measured in l M HC104) 
a) reaction not completed, intermediate detectable 
b) reaction completed. 
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Fig. 4.13 ac-Voltammogram (À= 90°) of an oxidized glassy carbon 
electrode after reaction with o-phenylenediam-ine 

(measured in phosphate pH= 7 buffer). Arrow indicates 
peak ascribed to substituted quinones. 

Sometimes, an extra peak at -0.37 V is observed in the ac-voltammo
gram (Fig. 4.13}. A possible side reaction during this surface syn
thesis is the reaction of the amino group with the quinonoid ring 
instead of the carbonyl group, which results in substituted ortho
and para-quinones. This substitution reaction was also observed 

during the synthesis of benzophenazine, but not for dibenzophena~ine. 
~or this reason the half-wave potentials of the two possible pro
ducts, i.e. 2-anilino-1,4-naphtoquinone and 4-anilino-1,2-naphto
quinone, were measured (Table 4.1}}. The half-wave potential of the 
substituted p-quinone (-0.39 V) agrees very well with the potential 
of the extra peak {-0.37 V). In order to obtain further proof for 
this substitution reaction, the glassy carbon surface was modified 
with aniline. A decrease of both quinone peaks I and II {Fig. 4.3a} 
is observed and only one new peak (at -0.38 V) appears in the ac
voltammogram (Fig. 4.14). Quinone peak II (-0.16 V) only slightly 
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Fig. 4.14 ac-Voltammogram of an 
oxidized glassy carbon electrode 
before (a) and after {b) reaction 
with aniline. (À = 90°) 

decreases and shifts towards -0.20 V. Obviously, the p-quinone is 
substituted but not the phenanthrenequinone, as was observed during 
the synthesis of dibenzophenazine. From the decrease of peak I it 
can be concluded that also the o-naphtoquinone is substituted. However, 
as stated earlier, only one new peak appeared (i.e. at -0.38 V), and 
no peak was observed at -0.29 V (i.e. the E~-value of 4-anilino-1,2-

naphtoquinone). The substituted o-quinone structure at the surface is 
probably converted into the p-quinone. This mechanism is also observed 
for substituted o-quinones in acidic solutions (see section 4.3.2). 
The phenazine surface structures are not stable in basic media (pH = 
12). After several potential scans in a pH= 12 buffer solution, the 
redox peak of the phenazine structure disappears, and no quinones 
are observed either. Afterwards, no peaks are found in the ac-voltam
mogram at pH= 7. The same result is obtained when the glassy carbon 
electrode is polarized at -2.0 V in a phosphate pH = 7 solution for 
30 minutes. Quinonoid structures, presumably like all other surface 
groups, are destroyed at this strongly reducing potential, where also 
molecular hydrogen is evolved. 

4.3.4. Characterization by spectroscopie techniques. 

Besides electrochemical techniques, spectroscopie techniques like 
Raman, Auger and. SIMS have been applied for analysis of the glassy 
carbon electrode surface. 
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Fig. 4.15 Raman spectrum of a glassy carbon electrode surface 
after 02-plasma treatment. (Laser: 597 nm, 100 mW). 

The Raman spectrum (Fig. 4.15) gives broad signals, which probably 
result from groups present in the bulk carbon. This may be concluded 
because circular engravings are observed in the rotating ~arbon 
sample, caused by the low-power (100 mV) laser beam. The signal at 
1600 cm~ 1 could be ascribed to . the C=O stretching in carboxylic 
groups. However, consiclering the spectrum as a whole, the signals 
are more consistent with the (skeletal) vibrations of the aromatic 
(bulk-)structures. No oxidic surface groups could be detected. 
The Auger spectrum shows two signals, indicating the presence of 
carbon and oxygen (Fig. 4.16a). After modification of the carbon 
surface with o-phenylenediamine, atomie nitrogen is detected indeed 
(Fig. 4.16b). Analysis of the (positive and negative) SIMS-spectra, 
also yields no unambiguous identification of carboxyl, quinone, etc., 
surface groups. 
For identification of the surface groups at the carbon surface, a 
more elaborate study will be necessary. 
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Fiq. 4.16 Auger spectrum of a glassy carbon electrode surface after 
a) o2-plasma treatment 
b) o2-plasma treatment and modification with 

o-phen_yl ene di amine . 

4.4. Parameters of the plasma treatment 

Electrodeless . rf-plasma is probably the cleanest technique for sur
face pretreatment, because only the purity of the gas has to be 
controlled. We used oxygen, argon and carbondioxide rf-plasma's for 

pretreatment of the glassy carbon electrode surface. Oxidation of the 
carbon by o2-plasma treatment proved to be the most effective. The 
shiny carbon surface becomes lustreless after a few minutes only, 
because of roughening by the bombardment with very reactive oxygen 
species (atoms, radicals, ions, etc.). The carbon is partly gasified, 
partly blown away. Both 02- and co2-plasma treatment show this 
drastic effect. Rf-plasma treatment with argon, however, leaves the 
electrode surface shiny, even after an exposure of 15 minutes; also 
the redox peak lil is far less pronounced. co2-plasma treatment 
gives a slightly better resolution of the first two redox peaks but 
their relative intensity is the same as after an 02-plasma treatment 
(Fig. 4.3a) . Only the Ar-plasma shows a marked difference with 
respect to the o2-plasma treatment. The peak height at -0.16 V is 
increased af ter the Ar-plasma treatment. The efficiency of the Ar-
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plasma treatment increases when the argon pressure is increased up 
to 2 Torr (increase of plasma density [19]),and results at last in a 

very pronounced peak in the ac-voltammogram (Fig. 4.17). After the 
02-plasma treatment, an increase was found for the surface concentra
tien of carboxyl groups, as could be concluded from the increased 
surface concentratien of amino-porphyrine, immobilized via amido 
bonding. An increase of the concentratien of carboxyl surface groups 
was also found when carbon reacts with oxygen at high temperatures 
[20]. Ar-plasma treatment, followed by cooling in argon atmosphere 
and reaction with molecular oxygen at low temperatures, results in 
an increase of 9,10-phenanthrenequinone-like structures. 
The relative composition of the quinone surface groups, listed in 
Table 4.2, is calculated from the peak area (Q') in the 
phase-selective (À= 90°) ac-voltammograms (see eq. 3.11 and 3.22), 
using the geometrical electrode area (A= 0.246 cm2). 
The total quinone surface concentratien (rT) is calculated to 

-11 -2 -11 2 10 mol cm after an Ar-plasma treatment and 3 10 mol 
after an o2-plasma treatment (Table 4.2). In the latter case, 

0 E SCE [V] -0.8 

be 
-2 cm 

r T is 

Fig. 4.17 ac-Voltammogram of a glassy carbon electrode after argon 
rf-plasma treatment at 2 Torr for 10 minutes.(À = 90°). 
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·able 4.2 

Percentage of the different quinone surface groups at a glassy 
carbon electrode, referred to the total quinone surface group con

centration {fT). rT was calculated from the ac-voltammogram to be 
2 10-11 mol cm-2 after argon plasma treatment, and 3 10-11 mol cm-2 

after oxygen plasma treatment (corrected for surface roughening). 

Surface structure % after 02-plasma % after Ar-plasma 

1,2-naphtoquinone 50 20 

1,4-naphtoquinone 10 < 10 

9,10-phenanthrenequinone 30 70 

9,10-anthraquinone 10 ni l. 

corrected for surface roughening by camparing the double layer capa
city of the glassy carbon electrades after Ar- and 02-plasma treat
ment. This difference in rT is obviously caused by the lack of 
o-naphtoquinones after an Ar-plasma treatment. A theoretical surface 
coverage of 8 10-10 mol cm- 2 is calculated, taking the area occupied by 

the quinone molecule to be 7 x 3.5 R2. [The 7 Ris estimated from the 
diameter of a para-quinone and the 3.5 ~ is the distance between the 
aromatic planes of the graphite structure]. However, glassy carbon is 
an isotropie material and the graphite planes are randomly orientated, 
so probably only 75% of the theoretical value can be obtained, i .e. 
6 10-10 mol cm-2. From comparison with the experimental value (about 
2.5 10~11 mol cm-2), it can be concluded that at most 5% of a mono
layer is present. 
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4.5. Kinetics of the surface redox reactions 

Information about the kinetics of the surface reactions can be derived 

from impedance or phase-selective ac-voltammetric measurements, as 
described in chapter 3. In Fig. 4.18, a plot of the total impedance 
in the complex plane is shown for the quinone surface reaction (at 
-0.16 V) in phosphate (pH= 7) buffer solution. From this lustreless 
curve, it is impossible to derive a reJiable value for the surface 
reaction rate constant (ks). A similar behaviour is observed for 
impedance measurements of the quinone surface reaction in 0.05 M 
H2so4, and also for the phenazine surface reaction in bath media 
mentioned above. 
From phase-selective ac-voltammetry, a plot of cotg ~f vs. w (Fig. 
4.19) is determined for the quinone surface reaction, at -0.16 V in 
phosphate (pH = 7) buffer sol,ution. The faradaic phase-angle (~f) is 
obtained after correction for Ru and Cd, as described in section 
3.4.3; the capacitive current (ie) is determined from measurements 
at +0.5 V (i.e. where no faradaic reaction takes place). From the 
slope of this plot, areaction rate constant (ks) of 6.1 103 s-1 is 
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Fig. 4.18 Impedance plot of an oxidized glassy carbon electrode 
measured in phosphate pH = 7 buffer. 
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Fig. 4.19 Plot of cotg ~f vs. w, calculated from the ac-voltammo
grams of a glassy carbon electrode (after Ar-plasma 
treatment), measured in phosphate (pH= 7) buffer 
solution. 

Table 4.3 

phosphate 
pH = 7 

Electrode ka 10-3 
s 

eb 
d 

Cg (Quinone) 6.8 10.5 2.0 14.6 

Cg (Phenazine) 2.6 12.7 3.1 17.4 

a. [s-1] 

b. [~F cm-2], A = 0.246 cm2 at +0.5 V 

c. as b, however, at +0.7 V 
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calculated for the quinone surface reaction. Rate constants thus 
determined for the quinone as well as for the phenazine surface 
reaction are listed in Table 4.3. The plot of cotg ~f vs. w does not 
show the expected zero intercept and deviates from the linear beha
viour at low frequencies. This discrepancy with theory, see section 
3.4.4, can be ascribed to a contributi on by an extra res i stive com
ponent in series, which has not been dealt with yet. This implies 
that the surface reaction must be even faster than the measured rate 
constants suggest, because the resistive component has also contri

buted :to the slope of the plot cotg ~f vs. w (Fig. 4.19), and there
fore too low a value for the rate constant is obtained. For this 
reason, it would be more appropriate to conclude toa lower limit of 
about 103 s-1 for the reaction rate constant of both the quinone and 

the phenazine surface reactions. In the plot of Yf/ lw vs. Iw, the 
expected maximum at wm = 2.4 104 s-1 (for ks = 6.8 103 s-1) could 
not be determined, because at such high frequencies no reliable 
results can be obtained with the Wenking potentioscan. The double
layer capacity (Cd) is determined from the slope of the plot of it 
vs . w {Fig. 4.20), measured at a potential where no surface reaction 
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Fig. 4.20 Plot of ie vs. w, measured for an oxidized glassy carbon 
electrode at +0.5 V in pH = 7 phosphate buffer solution. 
A = 0.246 cm2 and slope = 2.57 10-8 As. 
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is observed, i.e. at +0.5 V vs. SCE, in phosphate pH= 7 buffer solu
tion. The measured total current (it) is corrected for the salution 

resistance, as described earlier, soa plot is obtained for 

it (=ie)= A ECdwat constant amplitude € = 10 mV (rms). The values 
for the double-layer capacities, using an electrode area A of 0.246 

cm2, are listed in Table 4.3. Only a slight increase of Cd is found 
upon modification of the glassy carbon electrode with o-phenylene

diamine. 
If non-ideal behaviour, as described in section 3.3.2, is taken into 
account, then an interaction parameter (r) of -1.0 10 12 cm2 mol- 1 

can be determined from the quinone redox peak in the ac-voltammogram 

(À= 90°). The theoretical peak-width at mid-height, W! = 267 mV, 
agrees very well with the experimental value of 230 mV. For the 
phenazine redox peak, a r-value of -2.7 1011 is determined, while a 
peak-width at mid-height of 290 mV is calculated, i.e. 320 mV 
experimentally. Comparison of the interaction parameters is not 
appropriate because they depend on the surface concentration. A more 
realistic quantity for camparing the non-ideal behaviour of different 
surface reactions, is rrT' which appears in most equations (see 
section 3.3.2). For the quinone peak rrT = -8 and for the phenazine 
peak rrT = -11, indicating a less ideal behaviour for the phenazine 
surface reaction, as can also be concluded from the braader peak

width (W~) for phenazine. 
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4.6. Discussion and additional remarks 

In summary, the results show that quinone structures like ortho/para

naphtoquinone and 9,10-phenanthrenequinone exist at the glassy carbon 
surface (Fig. 4.21). The o-quinone structures can be converted into 

the corresponding phenazines (Fig. 4.22), by reaction with o-pheny
lenediamine. In the ac-voltammogram, a very broad peak (III) is 
observed at -0.5 V (Fig. 4.3a), which can be ascribed to. a 9,10-
anthraquinone-like structure, but also toa set of ring-substituted 
naphto- and phenanthrene quinones. Substitution of the quinonoid rings, 
with one or two groups like -CH3, -OH or -OCH3 (which are most likely 
present), c~n cause peak potential shifts up to -250 mV [17,21]. 
The peaks in the cyclic- and ac-voltammograms of immobilized redox 
species are generally broadened with respect to the theoretical 

value for the peak-width at mid-height, i.e. W~ = 90.6/n mV. For this 
peak broadening several explanations are possible. First, destabili
zing interactions [22,23] as described in sections 3.2.2 and 3.3.2 may 
account for the broadened quinone and phenazine peaks: The values 
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(b) 

Cd) 

Fig. 4.21 Quinone structures at an oxidized glassy carbon surface 
a) 1,2-naphtoquinone c) 9,10-phenanthrenequinone 
b) 1,4-naphtoquinone d) 9,10-anthraquinone. 
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(a) 

Fig. 4.22 Phenazine structures at an oxidized glassy carbon elec
trode surface after reaction with o-phenylenediamine. 

a) dibenzophenazine 
b) benzophenazine. 

calculated for the W~ agree very well with those measured (see section 
4.5). Second, quasi-reversible behaviour also causes frequency
dependent peak broadening. Third, mono-substitution of the quinonoid 
ring, or of the neighbouring aromatic rings (with groups like -CH3, 
-C6H5, etc.), causes peak potential shifts of maximally -40 mV 
[17,20]. Substitutions of this kind therefore result in broadened 
peaks in the voltammograms. 
The reaction of aniline with the surface quinones is only partly 
effective. The redox peaks of the surface quinones only partly decrease 
and a small peak at -0.38 V appears (Fig. 4.14) . Obviously most of the 
surface quinones are already substituted. 
The phenazine structures at the modified carbon electrode are stable 
in neutral and acidic media, but electrochemical reduction at pH > 10 
destroyes these structures . Neither quinone, nor phenazine redox peaks 
are observed afterwards in the ac-voltammogram at pH= 7, and the 
background current remains constant to within 10%, in the potential 
region +0.5 to -0.7 V. The same result is observed after treatment 
of the carbon electrode at strongly reducing potentials (-2.0 V, 
pH= 7). All oxidic surface groups are then irreversibly reduced. 
The surface quinone structures show a remarkably positive effect on 
the electrochemical response of quinones and phenazines measured in 
solution. If ·the. surface concentration of quinones is low, then a 
very poor response is obtained for the quinones and phenazines in 
solution. If the electrode surface is first oxidized, for example, 
by 02-plasma treatment, then the response is enhanced by several 
orders of magnitude. 
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The pretreatment of the carbon surface by rf-plas ma of oxygen or 
argon has a marked influence on the composition of the surface 
groups. o2-p lasma treatment_ i ncreases the surface concentra ti on of 
the quinone but also of the carboxyl surface groups,as was concluded 

from the modification of glassy carbon with tetra(p-aminophenyl) 
porphyrin (see chapter 5). Ar-plasma treatment of the carbon results 
in an activated surface, which is extremely reactive. The reaction 
of the carbon with molecular oxygen, after the Ar-plasma ~reatment, 
probably proceeds analogously to the reaction of ethylene-compo~nds 
with the activated surface [14,24], resulting mainly in o-quinone 

structures. However, merely 9,10-phenanthrenequinone-like structures 
are created and no o-naphtoquinone-like structures. A study [3] on 
the oxidation of single crystals of graphite showed that oxidation 
in the presence of water results in a· ''zig-zag" boundary (Fig. 4.23a) 
and oxidation with dry oxygen results in _an "arm-chair" boundary 
(Fig. 4.23b). If the Ar-plasma treatment selectively creates ~n 
"arm-chair" boundary, then indeed 9,10-phenanthrenequinone-like 
structures will be preponderant after reaction of oxygen with the . 
activated carbon surface. The severe surface roughening could then 
explain the appearance of both boundaries after an o2-plasma treat
ment. 

Fig. 4.23 Boundary structures of 
the edge-planes at a carbon surface. 
a) "zig-zag" boundary. 
b). "arm-chair" boundary. 

(a) 

(b)~ 

The reaction of molecular oxygen with the activated carbon surface, 
created by Ar-plasma treatment, is not likely to yield any carboxylic 
surface groups. This is confirmed by the negative result of porphy
rine-modification via amide bonding. During the o2-plasma treatment 
species like oxygen, atoms, ions, etc., also react with the carbon 
su~face and a variety of oxidic surface groups is created, among them 
carboxyl groups. The o2-plasma treatment is obviously similar to 
reaction of carbon with oxygen at high temperatures, which increases 
the surface concentra ti on of the carboxyl groups [20]: the surfac~ 
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becomes more acidic. The carboxylic surface groups could not be detec
ted by electrochemical techniques. In protic media, hydrogen evolution 
occurs and masks the reduction of the carboxylic groups. In aprotic 
media, at least in the first reductive potential scan, a wave for the 
irreversible reduction of the carboxylic surface group may be expected. 
However, no reduction wave can be detected in the first and subsequent 
potential scans, due to the high background current. This background 
current is probably caused by reduction of adsorbed species and/or 
desorption processes. 
Spectroscopie techniques, like Auger and Raman, also could not be 
success'fully appl ied for excl usive detection of carboxylic surface 
groups. 

In contrast to this irreversible behaviour of the carboxylic surface 
groups, but also of mostother oxidic surface groups (e.g. aldehyde, 
phenol, etc.), the quinone surface groups show an extremely fast and 
reversible electrochemical behaviour. A lower limit of 103 s- 1 was 
determined for the rate constant (ks) of the quinone and of the 
phenazine surface reaction. [The rate constants cannot_be determined 
accurately, because they are near the detection limit for ac-voltam
metric measurements]. The rate constants for both surface reactions 
are much higher than those reported in the literature for adsorbed 
phenazine (380 s- 1) [25] and adsorbed 9,10-phenanthrenequinone (320 
s- 1) [26]. The quinone and phenazine surface structures obviously 
show a less inhibitive effect on electron transfer, probably because 
they are incorporated in the aromatic planes of the graphite struc
tures at the glassy carbon surface, so electron transfer will occur 
through the conjugated n-bondings. 
For comparison of the surface reaction with the solution reaction, 
one can ~se the relationship ks = 6 108 k0

', as derived by Anson [26], 
where k0 is the standard heterogeneous rate constant. From this 
equation, a lower limit of 1.7 10-6 cm s- 1 is calculated for k0

'. 

However, heterogeneous rate constants of the order of 10-3 cm s- 1 

were measured for several quinones in solution [27], suggesting that 

the surface reaction rate constant (ks) must at least be two orders 
of magnitude higher than the lower limit of 103 s- 1. It would there
fore be very interesting if the actual value for the surface reaction 

rate constant could be determined, in order to make comparison possible. 
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4.7. Conclusions 

The poorly developed redox waves that are generally encountered in 

the cyclic _voltammogram of an oxidized carbon electrode and which 
can be ascribed to a quinone-like surface reaction, turn into pro
nounced redox peaks when detected by phase-selective ac-voltammetry. 
At a glassy carbon electrode, oxidized by rf-plasma treatment, the 
quinone-like surface structures: o/p-naphtoquinone and 9,10-phenan
threnequinone, are identified by electrochemical analysis in combi
nation with chemical modification (e.g. conversion into a phenazine). 
Also the 9,10-anthraquinone-like structure is believed to be present 

at the glassy carbon surface. These quinone surface groups may also 
be present at similar types of carbon, e.g. pyrolytic graphite. The 
quinone as well as the phenazine surface reaction is shown to be 
very fast and a lower limit of 103 s-l is determined for the surface 

reaction rate constant (ksl· The spectroscopie techniques~ Auger and 
Raman could nat be successfully applied for analysis .of the carbon 
surface, but techniques like Photo-acoustic [28], UV/VIS [29] 

(transparent electrodes) and Raman [30] spectroscopy are' very 
promising for in situ analysis of (modified) electr6de surfaces : 
Surface pretreatment by rf-plasma's of oxygen or argon pröved to · be 

a rapid, reproducible and contaminant-free methad för introduetion 
and enhancement of oxidic surface groups. The carboxylic surface 
group concentration can be enhanced by oxygen rf-plasma treatment. 
The quinone surface groups are shown to be very important in obtai
ning an effective electron transfer to species in solution, as was 
concluded from measurements of quinones and phenazines in solution. 
Phase-selective ac-voltammetry has proven to bé a very powerful 
technique for analysis of surface groups which show a (quasi-)rever
sible electrochemical behaviour. 
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5. CovALENT MoDIFICATION oF GLAssv CARBON (Cg) AND 

TRANSPARENT TINDIOXIDE (SNÜ2) ELECTRODES, 

5.1. Introduetion 

The primary intention of surface modification is of two kinds: to 
replace expensive electrode materials like platinum, and to develop 
new types of electrades with tailor-made {electro-catalytic) proper
ties. As an example~ there is a need to replace platinum as an 
electrode material for the cathadie reduction of oxygen as applied 
in fuel cells. Research on the modification of a cheap electrode 
material, like carbon, with a catalyst for the reduction of oxygen 
directly to water, is therefore of current interest. The immobili
zation of a catalyst which enables stereoselective synthesis or 
chiral induction, would further extend the scale of possible elec
trochemical reactions. These examples underline the importance of 
the electrocatalytic properties of the surface. Immobilization of a 
monolayer of a catalyst via covalent bonding is probably the best 
procedure to obtain a well defined modified surface for studying 
purposes, but also to obtain an optimum active surface. Most suited 
for covalent modification are substrate materials with functional 
groups that are al ready present (bulk-oxides) or easily introduced at 
the surface(oxidized carbonaceous materials) . In this chapter, the 
covalent modification of glassy (vitreous) carbon (Cg} and trans
parent, antimony doped, tindioxide (Sn02) will be treated. 

Glassy carbon is chosen because it is an isotropic, very pure and 
easy machineable type of carbon. Although Cg is nat a cheap material, 
the results obtained with modified Cg-electrodes are very well 
applicable toother types of carbon like, for example, (pyrolytic) 
graphite. As was already shown in chapter 4, the concentration of 
the oxide surface groups can be increased or di_rected by changing 
the experimental parameters of the rf-plasma pretreatment. This 

allows covalent modification via different· types of chemical bonding 
(see also sectien 2.2.1). Usually, the modification is performed via 
the carboxylic ·surface group, resulting in amide or ester bonding 
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of the catalyst. In this chapter, the covalent modification of glassy 
carbon wi th co ba 1 t (I I) tetra (p-ami nophenyl) porphyri n (Co ( II )T ( pNH2) PP) 
etc., the effect of modification on the oxygen reduction reaction, 
and the kinetics of the Co(II/I)T(pNH2)PP surface reaction will be 
treated. Also, the modiHeation with ferrocenecarboxylic acid and 
hemin is described. In addition, the modification of the Cg-surface 
via carbon-carbon bonding is explored, i.e. by reaction of tetra
(p-vinylphenyl)porphyrin with an Ar-plasma activated Cg-surface. 

The transparent tindioxide (Sn02) electrode was chosen in view of the 
possibility of simultaneous electrochemical and UV/VIS spectroscopie 
measurements, but also because of the high concentratien of a single 
type of surface group, i.e. Sn-OH, apt for covalent modification 
(see section 2.2.1). The spectro-electrochemical measurements may be 
very helpful for elucidation of intermediates during the surface 
reaction. However, a very fast and sensitiv€ spectrophotometer will 
be necessary. Metal-oxides like Sno2 are usually modified via a 
silane reagent. As this reaction is very sensitive to the presence 
of water, it is more convenient to use a dehydrative reagent like 
N,N'-dicyclohexylcarbodiimide (DCC). In this chapter the preparatien 
and modification of the transparent Sno2 electredes will be described. 

5.2. Experimental 

5. 2 .1. Chemica 1 s 

Chemieals obtained from Merck: 
N,N.'-dicyclohexylcarbodiimide (DCC), tin(IV)chloride, antimony(III)
chloride, 4-acetamidobenzaldehyde, 4-chlorostyrene, t~trahydrofuran 
(THF), dimethyl sulphoxide (DMSO), cobalt(II)chloride, iron(III)
chloride. 

Chemieals obtained from Aldrich: 

4-aminopyridine, ferrocenecarboxylic acid, isonicotinic acid, pyrrole. 
Chemieals obtained from Fluka: 
Tetraethylammonium perchlorate (TEAP), dimethylformamide (DMF), pro
pioriic acid, 
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Hemin was from Sigma and the molecular sieves (4 ~) were obtained 
frorri Merck. 

Pyrrole and própionic acid were distilled before use . TEAP was re
crystallized three times from distilled water to remove impurities. 
(From polarographic measurements the impurities Br- ·and Na+ we~e 
detected, probably resulting from the starting chemieals TEABr and 
NaCl04 which are used for the synthesis of TEAP)'. 

5.2.2. SyntheSis 

The synthes is of subs ti tuted meso-tetraphenyl porphyri ns (TPP.) we re 
performed via the Rothemund reaction as was optimized by Adler et 
al. [la]. For metallation, also their [lb] ~rocedure was used. The 
porphyrins are usually purified via chromatographic techniques which 
are very time consuming. For .the tetra(p-aminophenyl)porphyrin · 
a new purification method was dev~loped. This involves th~ ·disso

lution/precipitation procedure via acid/base treatment, as described 
below. The synthesis of tetra(p-vinyl)porphyrin was not reported 

before in literature so no ·data were available for comparison with 
spectroscopie analysis. 

Tetra(p-aminophenyl)porphyrin (T(pNH2)PP). 

To a stirred, refluxing solution of 12.24 g (0.075 mol) p-acetamido
benzaldehyde in 250 ml propionic acid, 5.03g (0.075 mol) pyrrole was 
added dropwise, while oxygen was bubbled through. After 20 minutes 
refluxing, the solution was cooled to room temperature and t he black 
tar was collected, extensively washed with water and dried at 120°C 
in air. The tar pieces were powdered in a mortar and extracted with 
refluxing THF. The crude acetamidoporphyrin,obtained after evaporatfon 
of THF, was deacylated ànd purified via an acid/base precipitation 
procedure. The crude acetamidoporphyrin (black) was therefore re-
fl uxed for two hours in 4 N HCl ( 100 mg per 250. ml). The sol ut ion 

is then cooled in an ice-water bath and the green precipitate 
filtered, washed with ether and dissolved in distilled water. This 
water solution was, after filtration, made slightly basic (pH= 8.5) 
with a few drops of a saturated NaHco3 solution. The aminoporphyrin 
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flocculated and was collected via extraction with chloroform. The 
chloroform layer was filtered and after evaporation of the chloro
form 0.78 g (6.2%) tetra(p-aminophenyl)porphyrin (purple powder) 

was obtained. UV/VIS À(CHC1 3): Soret 423 (418)*, 493 (483), 52~ (517), 

561 (552), 595 (592) and 654 (649) nm. 
'H-NMR (60 MHz) o (deutero DMSO/CDC1 3): 3.3-4.5 (m,8,ArNH2), 6.87/7.00 
(d,8,ortho-ArH), 7.73/7.80 (d,8,meta-ArH) and 8.83 p.p.m. (s,8,por
phinring-H), 
Elemental analysis: c44H34N8, C 78.2 (78.32), H 5.20 (5.08), N 16.4 
(16.60). 
The porphyrin was also analyzed by IR-spectroscopy, by comparison 
with IR-spectra of different substituted porphyrins reported in 
1 iterature [2]. 

Tetra(p-vinylphenyl)porphyrin (T(p-vinyl)PP). 

For this purpose, first p-formylstyrene was synthesized according to 
Dale [3]. The crude p-formylstyrene was used for synthesis of 
T(p-vinyl)PP as described above for T(pNH2)PP. Upon cooling the 
reaction mixture (in propionic acid), purple crystals of T(p-vinyl)PP 
are obtained, which are not purified further. 

UV/VIS À(CHC1 3): Soret 422, 486, 518, 556, 592 and 649 nm. 
'H-NMR (60 MHz) o(CDC1 3): 5,2-6.2 (m,8,vinyl-CH2), 6.7-7.4 (m,4,vinyl
CH), 7.5-8.1 (m,8,meta-ArH), 8.3-8.6 p.p.m. (m,8,ortho-ArH). 
13c NMR (100 f~Hz) o(CDC1 3): 142.8 (phenyl C1), 138.1 (vinyl -C=), 
137.9 (phenyl-C4), 135.9 (phenyl c2), 132.3 (s-c1), 125.7 (phenyl-C3), 
12~.0 (meso-C) and 115.8 p.p.m. (vinyl =CH2). 

5.2,3. Covalent modification techniques 

The glassy carbon electredes were oxidized via an oxygen rf-plasma 
treatment to increase the concentratien of oxidic surface groups 
(see chapter 4). For covalent modification, the carboxylic surface 
group is usually first converted into the carbochloride, to increase 

* The values in parentheses are reported in li~~rature for T(pNH2)PP, 
measured in methanol [1] • . 
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i· 
its reactivity towards amino groups. The carbochloride is, however, 
very sensitive towards even traces of water and it is more convenient 
to use a dehydrating . reagent like DCC, first introduced by Osa [4] 
for covalent modification. The latter procedure is also used in our 
case. 

Chemical modification of glassy carbon with T(pNH2)PP. 
After an 02-plasma treatment, glassy carbon is exposed for 4 hours 
to 'a refluxing salution of 10-4 M T(pNH2)PP and 10-3 M DCC in dry 
THF under argon or nitrogen atmosphere. The experimental set-up is 
shown in Fig. 5.1. The modified electrode is ·washed with dry THF to 
remave adsorbed porphyri n. Met a 11 a ti on of the attached porphyri n 
was carried out in a 10-3 Mmetalchloride salution in dry DMF, which 
was refluxed for one hour. The modified electrode was then copiously 
washed with DMF and ethanol. The metallatien of the porphyrin was 
performed àfter covalent bonding to the surface, because the metal
lized porphyrin adsorbs preferently at the glassy carbon surface and 
so further reaction is prevented. 

Fig. 5.1 The reaction cell for the modification of electrode sur
faces. 
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Modification of glassy carbon with carboxyferrocene and hemin. 
This procedure was performed analogously. In these cases, however, 
an ester bonding is formed. 

Modification of glassy carbon with T(p-vinyl)PP, 
A very reactive glassy carbon electrode surface is obtained by argon 
rf-plasma pretreatment (see section 4.2). Contact between the acti
vated carbon surface and T(p-vinyl)PP is obtained via sublimation of 
the porphyrin, immediately after or during the Ar-plasma. This pro
cedure is performed in the plasma cell, Fig. 5.2. After modification, 
the electrode is copiously washed with DMF and ethanol. 

Fig. 5.2 Cell for rf-plasma treatment with subsequent or simulta
neous sublimation of the porphyrin. 
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5.2.4. Electrochemical measurements 

The experimental set-up and procedures, used for the electrochemical 
measurements, are described in sectien 4.2. The SCE reference elec
trode is also used in the case that the aprotic salutton of 0.1 M 
TEAP/DMSO is used as electrolyte. For this electrolyte, a specific 

conductivity (K) of 2.44 10-3 n-1 cm- 1 is measured. The DMSO, o.btained 

from Merck, is previously dried to a water content of less than 0.03%. 
Further. dry i ng was obtai ned by passing the DMSO through a 60 cm co 1 umn 

(~ = 28 mm), packed with 4 ~ molecular sieves (regenerated at 350°C, 
1 mTorr, for 8 hours), at a flow rate of 5 ml/min, all under argon 
atmosphere. The water content was reduced to less than 0.005%, as 
determined by Karl Fischer titration. 

Electrodes: 
Glassy carbon electrades used are described in sectien 4.2 (A = 0.246 
cm2). The transparent tindioxide (Sn02) electrades are prepared by 
evaparatien of a 3 M SnC1 4, 0.067 M SbC1 3 in 1.5 M HCl salution [5]. 
The vapour was passed over one side of a glass plate (A~ 0.25 cm2) 
at 550°C (in air), where decomposition results in the formation of 
a transparent, antimony doped, tindioxide layer. The film thickness 
is determined from the interference colours [6]. A mean value of 
150 nm is found. From four-point probe measurements [7], a specific 
resistance of 10-3 S1 cm could be determined, which is comparable to 
the values of commercial available Sno2 electrades [8]. 
Transparent Sno2 layers were also prepared by decomposition of SnC1 4 
in an oxygen rf-plasma. For this purpose, the plasma cell of Fig. 
4.1 is used. The SnC1 4-vapour is introduced in the oxygen stream 
and a reddish-violet plasma is generated. Once the SnC1 4 is intro
duced, the pressure in the plasma cell can be increased from 150 to 
350 mTorr. The SnC1 4 was doped with SbC1 5, bath chlorides are in the 
liquid phase at room temperature, so the dope percentage can be con

trolled by temperature changes. The vapour pressure ratio of 
SnCl 4/SbC1 5 is 20:1 at 23°C, corresponding to a 5% dope. The Sn02 
films so obtained were analyzed by UV/VIS-spectroscopy: the maximum 
conductivity measured was 10-1 n~ 1 cm- 1 . 
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5.3. Surface modification 

5.3.1. Glassy carbon (Cg) electrades 

The presence of many different functional groups at an oxidized 
(glassy) carbon surface (see chapter 4), allows covalent modification 

via several types of chemical bonding. For reasons of stability and 
ease of preparation, mainly ester, amide and carbon-carbon bonding 
are applied. In this section, the modification of a glassy carbon 
electrode surface via these three bonding types is described. The 
amideandester bonding are both established via the dehydrating 
reagent N,N 1 -dicyclohexylcarbodiimide (DCC), while the carbon-carbon 
bonding is achieved by reaction of a vinyl compound with the glassy 
carbon surface, activated by an Ar-plasma treatment. 

Fig. 5.3 CoT(pNH2) attached to 
the Qlassy carbon (Cq) surface 
via amide bonding. 

Modification via amide-bonding. 

CJ,j 
:-; 0 H 

ë-N 

C-N 
' ' 0 H 

Tetra(p-aminophenyl)porphyrin (T(pNH2)PP, was attached to the 
glassy carbon surface via amide-bonding as described in the experi
mental section (Fig. 5.3). The cyclic voltammograms of T(pNH2)PP 
immobilized and in solution are shown in Fig. 5.4. Two redox waves 

are observed, which correspond to ring reduction reactions: 
P + P~ at -1.16 V (-1.19 V) and p! + P2- at -1.54 V (-1.56 V) vs. 

SCE (E~-values in parentheses). The peak potentials measured for the 
immobilized porphyrin agree very well with the half-wave potentials 
(E~) of the porphyrin in solution. During the first reduction step, 
a radical anion is formed which makes the modified electrode extremely 
sensitive towards traces of water and oxygen, so measurements must 
be performed in a water and oxygen free electrolyte solution: in this 
case 0. 1 M TEAP/DMSO was used (see Experimental). Metallation of the 
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Fig. 5.4 Cyclic voltammogram of T(pNH2)PP 
a) measured in salution at a Cg-electrode 
b) covalently bonded to the Cg-electrode surface. 
Experimental conditions v = 0.1 V s- 1, 0.1 M TEAP/DMSO. 

porphyrin increases its stability because now the metal is reduced 
and no radical anion is formed. In Fig. 5 • .5, the cyclic voltarrunogram 
of metallized porphyrin, Co(II)T(pNH2)PP, is shown. Three redox waves 
(peaks) are now observed: Co(III)P + Co(II)P at +0.08 V (+0.11 V), 
Co(Il)P + Co(I)P at -0.91 V (-0.84 V) and Co(I)P + [Co(I)Pl- at 
-1.98 V (-1.97 V) vs. SCE (values in parenthesis are for the salution 
species). As can beseen from the voltammogram, the reduction of 
Co(III) to Co(II) is the least reversible one and aften a pre-peak 
is observed at -0.80 V which is ascribed to the catalytic reduction 
[9] of Co(III) to Co(II) by the redox couple Co(II)/Co(I). 
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Fig. 5.5 Cyclic voltammogram of Co T(pNH2)PP 

a) measured in solution at a Cg-electrode 
b) covalently bonded to the Cg-electrode surface. 
Experimental conditions: v = 0.05 V s- 1 for (a) and 
v = 0.2 V s-1 for (b), both in 0.1 M TEAP/OMSO. 
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Fig. 5.6 Cyclic voltammograms of Co T(pNH2)PP (see page 98) 
a) measured in salution at a Cg-electrode and 
b) covalently bonded to the Cg-electrode surface, for 

different potential scan rates (v). 
The dependenee of the anodic and cathadie peak currents 
(i ) on v, are shown in the right part of the figures. 

p 
Experimental conditions: v = 0.05, 0.10, 0.15, 0.20, 0.25, 
ri.30, 0.35, 0.40, 0.45 and 0.50 V s-1• Measured in 0.1 M 

TEAP/OMSO. 

In Fig. 5.6, the cyclic voltammograms are shown for the redox couple 
Co(II)P/Co(I)P, immobilized and in solution. The characteristic 
differences between the cyclic voltammograms of immobilized species 
and of species in salution (see sectien 3.2.1), are now clearly 
shown. Most striking is the symmetrical peak shape and the linear 
dependenee of the peak current (ip) with the potential scan rate 
(v), both characteristic for immobilized species. From the peak area 
in the cyclic voltammogram, a surface coverage of 1.8 1o-10 mol cm-2 

is determined (eqn. 3.12). This corresponds to 50% of a monolayer 
coverage * if "edge-on" orientation of the porphyrin is considered, 
but it corresponds to 1.5 times a monolayer if all'porphyrin mole
cules are orientated "face-down". Rocklin [10] determined from XPS
measurements an average of two amide bands of a porphyrin molecule 
with the glassy carbon surface, so bath orientations of the porphyrin 
will be present. A surface concentratien of 1.8 10-10 mol cm-2, found 
for T(pNH2)PP, may therefore very well correspond to a monolayer 
coverage. This high surface concentratien could only be obtained 
after oxygen rf-plasma treatment. If the glassy carbon was pretreated 
by an Ar-plasma and subsequently reacted with oxygen at low tempera
tures, then only a few percent of a monolayer coverage was obtained. 

* If for the T(pNH2)PP molecule, an approximate volume of 12 ~ x 
0 0 -10 -2 12 A x 4 A is used, then about 3.5 10 mol cm can be orientated 

-10 -2 "edge-on" or about 1.2 10 mol cm can be orientated "face-down" . 
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Obviously, the o2-plasma creates more carboxylic acid groups. The 
reaction of molecular oxygen with an Ar-plasma treated glassy carbon 
surface, probably does not allow formation of carboxylic surface 
groups. Attempts to insert iron or manganese into the porphyrin 

structure, via the DMF-procedure, were not successful. No Fe(III)
porphyrin could be detected, while only very poor results (less than 
f% of a monolayer) were obtained for manganese insertion, and only 
the unmetallated porphyrin was detected. For this, no explanation is 
found yet. 
Beside T(pNH2)PP, also 4-aminopyridine was attached to the glassy 
carbon surface, using the same procedure as for the porphyrin. This 
modified electrode proved to be suitable for quasi-reversible 
reduction of horse-heart cytochrome-c, as will be shown in chapter 6. 

I 

[IJ Al ' (0) 

0.5 0 EscE [VJ -0.5 

Fig. 5.7 Cyclic voltammogram of a 4-aminopyridine modified (a) 
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and of an oxidized (b) glassy carbon electrode, both after 
exposure to ~n aqueous RuC1 3 solution. 
Experimental conditions: v = 0.5 V s-1, phosphate pH= 7 
buf fer solution. 



The aminepyridine itself is, however, not electrochemically active 
so complexation with a metal-ion like ruthenium is necessary. 
After exposing the modified electrode to an aqueous RuCl 3 solution 

for 10 minutes, a very broad peak is observed in the cyclic voltammo
gram at +0.1 V vs. SCE (Fig. 5.7a). Obviously, the ruthenium-ion is 
attached via several ligand compositions, which also results in 
slightly different redox potentials. No adsorption of the ruthene 
is obsérved at an unmodified glassy carbon electrode (Fig. 5.7b). 

Modification via ester-bonding. 
The modification of glassy carbon with carboxyferrocene, and hemin 
was less successful. The modification procedure used, was similar 
to that described for the modification with T(pNH2)PP, but now an 
ester instead of amide bonding is expected to be formed. However, 
only very low surface concentrations could be obtained, which must 
be ascribed to a low concentratien of hydroxylic surface groups. 

1 x 10 tor curv" ( b) 
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Fig •. 5.8 Cyclic voltammogram of hemin covalently bonded toa glassy 
carbon (a), respectively platinum (b) electrode. 
Experimental conditions: v = 0.5 V s-1, 0.1 M TEAP/DMSO. 
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Fig. 5.8a shows the · cyclic voltallJllogram of a hemin modified glassy 
carbon electrode (maximum obtained surface coverage,4.4 10- 11 mol 
cm-2·, i.e. 10% of a monölayer). The peak potential (EP) of -0.22 V 
agrees very wèll with the half-wave potential E~ = -0.21 V, measured 
at a platinum electrode for hemin in the same salution (0.1 M TEAP/ 
DMSO). Hemin could also be illJllobilized at a platinum electrode (Fig. 
5.8b) and is then reduced at -0.18V. For the reduction of hemin at 
a Pt-electrode; a half-wave potential of -0.17 V vs. SCE (0.1 M 
TBuAP/DMSO) was reported in literature [11]. Chemical bonding of 
hemin to platinum is expected to be accomplished via ester bonding 
with the Pt-OH surface groups [12], but chemisorption of the vinyl 
groups at the platinum surface cannot be ruled out , ~13]. The moditi
cation of glassy carbon with carboxyferrocene only yielded coverages 

of a few percent of a monolayer and was not further investigated. 

Modification via carbon-carbon bonding. 
The reaction of vinyl compounds with an activated carbon surface 
(i.e. a carbon surface freed from oxidic groups, leaving behind very 
reactive surface structures), was introduced by Mazur [14], who 
thermally deoxygenated carbon fibres. Activation is also possible 
by argon rf~plasma treatment [15] or by mechanical abrasion in an 

inert atmosphere [16]. The vinyl compounds are believed to bind via 
cyclo-addition, so the catalyst will be attached by carbon-carbon 
bonding. This type of bonding is very suited for immobilization of 
catalysts for the oxygen reduction, which, if applied in fuel cells, 
will be exposed to very strong basic or acidic solutions. For this 
reason, tetra(p-vinylphenyl)porphyrin was synthesized (see section 
5.2.2). The vinylporphyrin was reacted with an Ar-plasma treated 
glassy carbon surface, as described insection 5.2.3. A blue-purple 
layer of adsorbed porphyrin is formed which could easily be removed 
by washing with DMF . No electrochemical active porphyrin could be 
detected by cyclic voltammetry. The time period between Ar-plasma 
treatment and sublimation of the porphyrin is probably too long, 
so the surface activity will be lost by reaction of impurities in 
the argon gas. It is also possible that adsorption of the porphyrin 
occurs before the vinyl group can react with the surface, so preven
ting covalent modification. The vinyl porphyrin was also reacted 
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with the glassy carbon surface dOring Ar-plasma treatment. A multi
coloured layer is then formed (the colour is due to spreading in 
film thickness), which cannot be removed by washing with DMF, ethanol 
or water. Thick layers can be removed upon rubbing with a tissue. 
No redox activity of the layer is observed by cyclic voltammetric 
measurements in the potential region 0.0 V to -2.0 V vs. SCE (0.1 M 

TEAP/DMSO). A double layer capacity of 30 ~F/cm2 is measured which 
is rather low for an "adsorbed" organic substance. The layer possesses 
obviously a relatively good conductivity. Similar results are obtained 
for layers of tetraphenylporphyrin (TPP) and NH2 or COOH substituted 

TPP. It is therefore concluded that porphyrins become very reactive 
in an argon plasma (similar to the activation of a carbon surface) 
and will then "polymerize". It is not known whether or not the por
phyrin structure is retained since no redox behaviour was observed. 

5.3. 2. Transparent tindioxide (Sn02) electrodes 

Transparent Sn02 layers on glass plates were prepared via pyrolytic 
decomposition of SnC1 4 (doped with SbC1 3) - vapour as described in 
section 5.2. 4. It was also possible to prepare Sno2-films on glass 
via decomposition of the SnC1 4-vapour in an oxygen rf-plasma. However, 

the conductivity of the Sno2-layer, obtained via the latter procedure, 
-1 -1 -1 is rather poor ( < 10 n cm ) , even when the Sn02 was doped wi th 

SbC1 5 (section 5.2.4) . Therefore, electrodes prepared via the former 
procedure were used for further experiments. 
Tindioxide electrode surfaces are usually modified by silanization 
with subsequent bonding of the catalyst (see section 2.2.1). This 
procedure, however, not only introduces an isolating chain between 
catalyst and electrode surface, but also creates a great distance 
for electron transfer to occur. The great variety of surface groups, 
which can be introduced by the silanization procedure, is of course 
very advantageous. Nevertheless, direct covalent bonding of the 
catalyst to the Sn02 surface, if possible, should be preferred. A 
convenient method to do so is reported by Osa [17], whowas able to 
attach several catalysts (which possess a carboxylic functional group) 
via ester bonding to the Sn02-surface, using DCC as a dehydrating 
reagent. For covalent bonding of carboxyferrocene and isonicotinic 
acid, we also used this procedure of Osa, as already described for 
the immobilization of T(pNH2)PP at the glassy carbon surface. 
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Fig. 5.9 a) Cyclic voltammograms of carboxyferrocene, covalently 

bonded to a transparent tindioxide electrode, for 

different potential scan rates (v). 

b) The dependenee of the anodic peak current (ip) on v. 

The cyclic voltammograms of a carboxyferrocène (CpFeCp-COOH) modified 

Sn02-electrode are shown in Fig. 5.9a for different potential scan 

rates (v) and measured in phosphate pH= 7 buffer solution. The peak 

current is linearly dependent on v (Fig. 5.~b) and a surface concen
tratien of 1.5 10-ll mol cm-~ was determined using eq. 3.12. The 

surface redox potential, Es= +0.36 V vs. SCE, is in good agreement 

with the redox potentials of +0.34 V to +0.43 V reported for ferro

cenes attached via amide-bonding to silanized Ru02 and PtO electrodes, 

measured in TEAP/acetonitryl electrolyte "[18]. lt is therefore con

cluded that the carboxyferrocene is attached to the Sn02 surface via 

ester bonding. Via the same procedure, isonicotinic acid (p-carboxy

pyridine) was attached to the Sn02-surface. 
Isonicotinic acid was also attached to the Sn02 surface during an 
argon plasma, similar to the procedure described for the glassy carbon 

modification (section 5.3.1). In this case, however, the isonicotinic 

acid was placed very close to the Sn02 electrode in the plasma-cell, 

as described for the modification of glassy carbon electrades with 

vinylferrocene [19]. This modified electrode proved to be suitable 

for obtaining a quasi-reversible response of cytochrome-c (see section 

6.3 . 2), as was also obtained for the 4-aminopyridine modified Cg-
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electrode. The complexation of RuC1 3 to the isonicotinic acid modified 
Sno2 electrode was obscured by the strong adsorption of the RuC1 3 to 

the bare Sno2 electrode surface. Similar and very broad peaks around 
0.0 V vs. SCE were therefore obtained for both modified and unmodi
fied electrode. This strong adsorption of RuC1 3 tothebare Sno2 
electrode was also reported by Wier [20]. 

5.4. Oxygen reduction at Co(II)T(pNH 2 )PP and hemin modified 

glassy carbon electrades 

Because of the importante of the oxygen reduction reaction, particu
larly for batteries and fuel cells, this process was studied at 
Co(II)T(pNH2)PP and hemin modified glassy carbon electrades in 0.1 M 
NaOH. The reduction of oxygen at bare (i.e. unmodified) glassy carbon 
electrades in basic and acid solutions was already reported by Taylor 
and Humffray [21] . From rotating disc, rotating ring disc and sta
tionary electrode measurements at pH > 10, they deduced a reaction 
mechanism for the reduction of oxygen which involves a quas i -equi-. 
librium first electron transfer (02 + e- + 02) !ollowed by a rate 
determining surface migration of the adsorbed 0~ species, culminating 
in a disproportienation of two such radical ions. In the potential 
region of 0.0 V to -1.5 V, the reduction of oxygen proceeds via the 
overall reaction 

(A) 

Further reduction of the peroxide, and oxygen (directly), to water 
takes place at potentials more cathadie than -1.5 V. In the cyclic 
voltammogram of the oxygen reduction at a stationary glassy carbon 
electrode, two reduction waves are observed (see Fig. 5.10 : own 
results). Both reduction waves were ascribed to the same reaction 
and peroxide is the major product [21]. The first reduction wave (I) 
arises from rate limitation on that part of the electrode surface 
covered with active sites. These sites are gradually removed with 
increasing cathodic potential. The subsequent increase of the 

current leading to reduction wave (II) simply reflects the effect 
of increasing potential on the reduction rate, as reduction now 
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Fig. 5.10 Cyclic voltammogram of the reduction of oxygen at a sta
tionary glassy carbon electrode before (a) and after (b) 
oxygen rf-plasma treatment. 
Experimental conditions: v = 0.1 V s- 1, 0.1 M NaOH. 

occurs on the whole surface. This explanation was deduced from rotating 
disc experiments, which show a diffusion controlled electrode process 
fof reduction II, whilst the reduction process I was also controlled 
by partial blocking of the electrode surface [21]. The cyclic voltam
mogram we measured for the reduction of oxygen at a stationary bare 
glassy carbon electrode, is shown in Fig. 5.10~ curve (a). After an 
oxygen rf-p 1 as ma treatment, the fi rst wave (I) is shifted a bout 80 

mV anodic with respect to the untreated carbon (Fig" 5.10, curve (b)). 
This catalytic effect on the oxygen reduction, induced by the oxi
dation of the carbon surface, was also observed by Taylor and 
Humffray [21]. 
The cyclic voltammogram for the reduction of oxygen at a glassy 
carbon electrode modified with Co(II)T(pNH2)PP is shown in Fig. 5.11, 
curve a. Peak I is shifted about 100 mV in cathadie direction, while 
peak II is shifted more than 200 mV in the anodic direction. Obviously, 
the active sites at the surface become blocked upon mödification, so 
the reduction takes place on the whole surface but at more cathadie 
potentials. However, after oxygen reduction for only a few minutes, 
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no porphyrin could be detected anymore at the electrode surface by 
cyclic voltammetric measurements in 0.1 N TEAP/DMSO. During rotating 
disc experiments, the measured curves changed rapidly and could not 
be distinguished anymore from the results obtained at a bare glassy · 
carbon electrode. From a corrosion experiment it was found that a 
Co T(pNH2)PP modified electrode lost its cobalt upon exposure to an 
aqueous solution, which was also reported by van Veen [22]. After 
exposure of the modified electrode to an aqueous solution, the reduc
tion peak Co(II)/Co(I) was decreased, while the reduction peaks of 
unmetallized porphyrin appeared. If the cobalt is removed during 

oxygen reduction experiments, then the porphyrin will be reduced to 
its radical anion and the~efore destroyedo During the oxygen reduc
tion, the radical anion 02 is formed which might disrupt the chemi
cal bonding between porphyrin and carbon surface, so that the por
phyrin can desorb from the surface. 
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Fig. 5.11 Cyclic voltammogram of the reduction of oxygen at a sta
tionary glassy carbon electrode modified with 
a) Co T(pNH2)PP, respectively b) hemin, 
Experimental conditions: v = 0.1 V s-1, 0.1 M NaOH. 
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For the oxygen reduction at a hemin modified carbon electrode in 
0·.1 M NaOH, the cyclic voltammogram is shown in Fig. 5.11, curve b. 
Peak I and II are shifted in the same direction as was obser ved for 
the Co T(pNH2)PP modified electrode. Only the height of t he peak II 

is increased with respect to peak I. However, after oxygen reduction, 

again, a loss of the catalyst (hemin) is observed. 
From the experiments described above, it can be concluded that the 
composition of the "catalytic" surface is changed during the experi
ment, resulting, at last, in complete loss of the immobilized cata
lyst. For this reason, the oxygen reduction reaction at these modified 
electredes was not investigated further. 

5.5. Electrochemical characterization of the Co(II)T(pNH 2)
pp modified glassy carbon electrode 

In section 5.3.1, the cyclic voltammograms of a Co(II)T(pNH2)PP 
modified glassy carbon electrode were already shown (Fig. 5.5 and 
5.6). This electrode is very stable in aprotic media like 0.1 M 
TEAP/DMSO. Even after more than one hundred cycles between the Co(II) 
and Co(I) state, no significant decrease of the peak current was 
observed, provided the electrolyte was dr ied before and uptake of 
water and oxygen is prevented . This electrode is therefore very 
suited for further characterization. This section deals with the 
non-ideal behaviour, which causes peak broadening in both cyclic-
and ac-voltammogram. Also the kinetics of the Co(II)/Co(I)-porphyrin 

surface reaction and the effect of the uncompensated resistance (Ru) 
on the phase-selective (À= 90°) ac-voltammogram will be treated. 

5.5.1. Non-ideal behaviour of the Co(II/I)T(pNH2)PP surface reaction. 

In the sections 3.2.2 and 3. 3.2, a theoretical description is given 
for the non-ideal electrochemical behaviour of immobilized redox 
systems. This results in a broadened peak with respect to the ideal 
reversible case . In the latter case the peak-width at mid-height 
(Wi) is 90.6/n mV. As can be seen in Fig. 5.6, w

1 
is more than 130 mV 

for the redox peaks of the Co(II)/Co(I)T(pNH2)PP modified glassy 
carbon electrode. The theory (section 3.2 .2) explains the peak broa-
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Table 5.1 Surface concentration (rT), the interaction parameter 

(r) and ~he calculated, respectively, measured peak width 
at mid-height (W~). determined from the cyclic voltammo-

grams of the Cg-Co T(pNH2)PP electrode (Fig. 5.6) 

a) r = 0.5 (r0 + rR)' b) calculated using eq. 3. 21. 

V rT x 1010 ra x 10-9 
r rT W~(calc) w~ (meas.) 

[V s- 11 -2 [mol cm ] [cm2 mol- 11 [mVl [mV] 

0.2 L76 -5.5 -0.97 141 134 

0.3 1.71 -5.3 -0.91 137 133 

0.4 1.72 -5.7 -0.98 141 133 

0.5 1.72 -5 .9 -1.02 144 140 

Table 5.2 Some values for the surface concentration (rT) and the 
interaction parameter (r), as reported in the literature. 

Electrode 

Cg - Co T(pNH2)PP [this work] 

Ru02 - BCl-NHCpFeCp [23] 

Cp - phenanthrenequinone [24] 

Cp - Fe-protoporphyrin [24] 

PtO - Sil-CpFeCp [25] 

PtO - Ru-bipyridyl [26] 

rT x 
1010 

[mol cm-2] 

1. 73 

3.10 

1.9 

1.1 

2.5 

1.66 

r x 10 -9 
r rT 

2 -1 [cm mol ] 

-5.6 -0.97 

-1.95 -0.60 

-2.7 -0.51 

-4.0 -0.44 

-4.1 -1.03 

-4.84 -0.80 
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dening by mutual interaction of the porphyrin molecules. In table 
5.1, the calculated interaction parameter (r) is listed for several 
potential scan rates. This negative interaction parameter of about 
-5.6 109 cm2 mol-1, points at destabilizing interaction between the 
porphyrin molecules. Similar values were reported in literature for 
other immobilized redox species (see Table 5.2). As was already 
mentioned in section 4.5, it is more appropriate to compare the 
values of rrT because these really describe the effect on the elec

trochemical parameters like peak-current (ip) and peak-width (W~). 

[The values of rrT are therefore also added to table 5.1 and 5.2]. 
The procedure for the calculation of the peak-width at mid-hei ght 
(W~ ) is described in section 3.2.2 . The calculated values for Wl 
indeed agree very well with those found experimentally (Table 5.1). 
In Fig. 5.12, the phase-selective (À= 90°) ac-voltammogram of a 
Co(II)T(pNH2)PP modified Cg-electrode is shown. Also in this case, 

the calculated peak width (W~) of 179 mV agrees well with the W~ of 
172 mV, determined from the voltammogram. From comparison of the 
experimental values of W~ for different immobilized redox systems, 
Smith [23] found a practically linear dependenee between W~ and rrT. 

I 
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Fig. 5.12 The phase-selective ac-voltammogram of a Co T(pNH
2

)PP 
modified glassy carbon electrode. 
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5.5.2. Kinetics of the Co(II/I)T(pNH2)PP surface reaction. 

The rate constant (~s) of the Cg-Co(II/I)T(pNH2)PP surface reaction 

was determined from the cyclic voltammograms in Fig. 5.6b, using 

the theory described in section 3.2.3. A peak potential difference 
-1 

(~EP) of 30 mV was found for the 0.5 V s potential scan. From the 

curve in Fig. 3.3 and from eq. 3.25, a reaction rate constant (ks) of 
24 s- 1 was then calculated. For the Co-porphyrin in solution, a rate 
constant (k01

) of 7 10-3 cm s-1 was determined from the cyclic voltam

mograms in Fig. 5.6a, using the theory described in section 3.5.1. 

The surface reaction was also studied by impedance measurements and 
ac-voltammetry. From impedance measurements only ill-defined curves 
were obtained (similar to those of the quinone surface reaction, see 
Fig. 4.18), so no kinetic information could be deduced. The double 

layer capacity (Cd) is too high with respect to the faradaic capacity 

(Cf), so the expected curvature (see section 3.4.2) in the complex 
impedance plane (Z' vs. Z") is completely masked. The phase-selective 
(À= 90°) ac-voltammograms of the Cg-Co(II/I)T(pNH2)PP surface reac
tion at different modulation frequencies, show a very remarkable 

behaviour . Upon increasing the frequency, a dip arises in the redox 

peak, precisely at its peak potential (Fig. 5.13a). Further increase 
of the frequency turns the peak upside down and then farces an in
crease in this direction. At last, this peak decreases again (f > 150 
Hz) and only the double layer charging current is observed. This 

unexpected behaviour could not be explained at first but simulation 

of the ac-voltammogram made it clear that this effect is due to the 

uncompensated (electrolyte) resistance (Ru). For this simulation, 
the equivalent circuit pictured in Fig. 3.5 was used. The current (i) 

for the phase-selective ac-voltammogram, with detection angle (À) 

of 90°, is defined by eq. 3.58. The imaginary part of the admittance 
in that equation, is composed of the real (Z') and the imaginary (Z") 
part of the impedance as by eq. 3.54. For the equivalent circuit used, 
Z' and Z" are given by eq. 3.44, respectively 3.45. The faradaic 

resistance (Rf) and capacity (Cf), however, depend on the electrode 
potential as expressed by eq. 3.39, respectively 3.40. The double 

layer capacity (Cd) and the surface concentratien (r1 ) were deter
mined from the ac-voltammogram at 30 Hz, using eq. 3. 31, respectively 
3.32. The simulation agrees very well with the observed changes in 
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Fig. 5.13 The phase-selective ac-voltammograms of a Co(II)T(pNH2)PP 
modified Cg-electrode. 
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a) measured for different frequencies in 0.1 M TEAP/DMSO 
0 -1 À= 90 , € = 0.01 V (rms), v = 0.02 V s . 

b) simulated with À= 90°, € = 0.01 V, Ru= 90 n cm2, 
-2 -11 -2 

1 

2 

3 
4 

5 
6 

Cd = 22.2 ~F cm , rT = 1.5 10 mol cm , A = 0.246 
cm2, and k

5 
=

1
590 s-1 (Cf= 14.1 ~F cm-2 and Rf = 60 n 

cm2 at E = E0 
). 

f[Hz] offset 
meas. simulated 

30 10.6 9.0 
40 10.2 11.0 

50 11.4 12.3 
60 12.3 13.1 

70 12 ,8 13,6 
150 12.4 11.3 



the ac-voltammograms upon increasing the frequency (Fig. 5.13b). It 

should also be noted that peak broadening occurs which is frequency 
dependent. The best fit of the simulation was obtained for a surface 

-1 o' reaction rate constant (ks) of 590 s (for E = E ). 

5.6. Discussion and conclusions 

In this chapter, it has been shown that several catalysts can be 
covalently bonded to a glassy carbon or tindioxide electrode surface. 
This was achieved via dehydrative coupling with DCC, so a relatively 
simple experimental set-up could be used. The covalent modification 
(amide-bonding) of glassy carbon with T(pNH2)PP, yielded high surface 
coverages if the Cg-electrode was pretreated first by an oxygen rf
plasma. The 02-plasma treatment obviously increases the concentration 

of carboxylic surface groups. 
For the purification of T{pNH2)PP, an acid/base treatment was used, 
which is much faster than the chromatographic procedures reported in 
literature. During the HCl treatment, a green precipitate is formed, 
which is ascribed to the salt formation of the chloride with the 

+ -porphin nitrogens [lc] and/or the phenyl-amine groups (-NH3Cl ). 
An effective purification can be obtained then by a dissolution
filtration-precipitation procedure. 
The modification of the glassy carbon ·surface (activated by Ar-plasma 
treatment) with vinylporphyrin was not successful. Either the time 
period between plasma pretreatment and sublimation of the porphyrin 
is too long (surface activity is lost) or adsorption of the 
large porphyrin molecule prevents reaction of the vinyl group with 
the surface. If the porphyrin is sublimated during the Ar-plasma 
treatment, then even visible layers could be introduced. This plasma
polymerization procedure has been reported in the literature for 
several vinyl-compounds, e.g. vinyl-ferrocene [20] (see also section 
2.2.3). For the vinyl-porphyrin layers, however, no redox behaviour 

was observed by cyclic voltammetric measurements, which could not be 
explained yet. lt was also possible to form layers of porphyrins 
without a vinyl functional group, so plasma polymerization is obvi
ously not restricted to vinyl compounds and even not to the kind of 
electrode material since the layers are also deposited at the glass 
which surrounds the glassy carbon. 
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A possible application for surface modified electrodes, e.g. cata
lysing of the oxygen reduction reaction, was studied at Co(II)T(pNH2)
pp and hemin modified glassy carbon electrodes. In bath cases, however, 
the catalytic activity was rapidly lost during the reduction of oxygen. 
This may be the result of the loss of cabalt from the porphyrin, but 
it is more likely that either the porphyrin or the chemical bonding . 
with the surface is destroyed by the very reactive 02 radical ion 
which is formed during the oxygen reduction. The latter explanation 
is stated by the observation that a Co(II)T(pNH2)PP modified glassy 
carbon electrode loses also its activity very rapidly during oxygen 

reduction in. the aprotic electrolyte 0.1 M TEAP/DMSO. For, in this 
electrolyte, oxygen is also reduced to the 02-ion, but no loss of 
c~balt is observed during measurements in absence of oxygen. The 
02-ion probably destrayes the porphyrin ring or its chemical bonding 
to the surface. The modified carbonaceous materials are obviously 
nat very suitable for the oxygen reduction reaction. For, if a mono

layer or less of the catalyst is present, then the oxygen is nat 

only redu~ed at the catalytic active part of the surface, but also 
(to the 02-ion) at the bare part.of the carbon surface. In the latter 
case, oxygen is reduced to the 02-ion, which migrates at the surface 
[21] and will so be able to react with the catalyst or with its 
chemical bonding to the surface. This will, eventually, result in 

lossof the catalyst. Electrodes, modified with multilayers of a 
catalyst (as was found for phthalocyanines multilayers [27]), will 
probably nat show this disadvantage because there is no bare carbon 
and partly loss of the multilayer is nat disastrous. Very interesting 
results are reported for the oxygen reduction directly to water at 
electrades modified with "face-to-face" porphyrin structures (see 
section 2.3 and Fig. 2.9). Recently, further studies of these modi
fied electrades are reported [28]. It is also worth noting that a 
catalytic effect was observed for the oxygen reduction if t he carbon 
is oxidized first by an oxygen rf-plasma treatment. This effect was 
also observed for reduction of compounds like phenazines and quinones 

(section 4.6). 
Except for glassy carbon, also transparent tindioxide electrades 
were modif.ied via covalent bonding. Carboxyferrocene and isonicotinic 
acid were attached to the Sn02-surface via ester-bonding. Isonico-
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tinic acid was also attached to the surface during an argon plasma 
treatment, as described for glassy carbon. The complexation of RuC1 3 
to the isonicotinic acid modified Sno2 electrades was obscured by 

the strong adsorption of RuC1 3 tothebare Sno2_electrode surface, 
so different complexation compounds should be searched for, but this 
was nót examined here further. The new technique (described in section 
5.2.4) for the preparation of these ~lectrodes, i.e. in an oxygen 
rf-plasma, seems very interesting for obtaining transparent Sno2 
films of high purity. The relatively low specific conductivity ob
tained forthese films must still be improved, either by addition 
of SbC1 5 as a dope or by creation of an oxygen deficiency (e.g. 
plasma with mixture of oxygen and argon). Analysis of the film com
position and structure are then necessary. The transparent Sno2 
electrades are most interesting for simultaneously studying modified 
electrades by spectroscopie and electrochemical techniques, in order 
to detect intermediates of the surface reaction. For this, a rapid
scanning spectrophotometer will be necessary [29]. 
Special attention has been paid to the characterization ~f the 

Co(II)T(pNH2)PP modified glassy carbon electrode. The observed peak 
broadening in cyclic- and ac-voltammogram can be explained very well 
if interaction between the molecules at the surface is taken into 
account. For comparison of the non-ideal behaviour of different 

systems, nat only the r-value but also the surface concentratien (fT) 
must be considered. From this theory, described in section 3.2.2, 
one expects an increase of the non-ideal behaviour if the surface 
concentratien of the molecules is increased. However, the same peak 
broadening is observed for very low surface concentrations of the 
immobilized redox species. It is therefore probably more appropriate 
to consider the interaction of the immobilized molecule with the 
surface, rather than mutual interaction of the molecules. 
Measurements of the Cg-Co(II)T(pNH2)PP electrode by phase-selective 
ac-voltammetry at a detection angle (À) of 90°, showed the remarkable 

phenomena of peak broadening and the appearence of a dip upon in
creasing the modulation frequency. These phenomena could both be 
simulated using the equivalent circuit of Fig. 3.5. The peak broade
ning (frequency dependent) calculated from this simulation does not 
explain completely the one experimentally observed, so non-ideal 
behaviour as described above should still betaken into account. 
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The appearence of a dip in the peak of the ac-voltammogram results 
for a certain frequency region in apparently two peaks, which can be 
very confusing. If the frequency is further increased, then the peak 

even turned upside down. Bath phenomena result for the major part 

from the uncompensated resistance (Rul· 
The surface reaction rate constant (ks) of 590 s- 1, obtained from 

-1 the simulation of the ac-voltammogram is much greater than the 24 s 

determined from the cyclic-voltarrrnetric measurements. The latter was 

determined from the peak potential difference (óEP), which can be 
very erroneous, because also at low potential scan rates óEP-values 
greater than zero are observed. Large óEP-values arealso observed 
if the surface concentration of the irrrnobilized redox couple is very 
low, for which no explanation is found yet. For the reaction rate 
constant of the Co-porphyrin in solution, a value of 7 10-3 cm s-1 

was determined. Using the expression, k = 6 108 k
01 

s- 1, derived by 
6 s 1 

Brown and Anson [30], aks of 4. 2 10 s- should be found for the 
surface reaction of the Co-porphyrin, which is, however, much higher 

• -1 
than the 590 s (see above). 
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6. ELECTROCHEMISTRY OF REDOX-ENZYMES AND REDOX-PROTEINS; 

IMMOBILIZED AND IN SaLUTION 

6. 1. Genera 1 int rod u ct i on 

Electrocatalysis by (immobilized) systems like porphyrins and 

phtalocyanines, has received much attention (see also chapters 2 and 

5). These catalysts are called "synzymes", i.e. synthetic enzymes. 

However, such a system is only a limited copy of the prosthetic 

group of the enzyme, and properties like specificity or activity, 

inherent to the enzyme, are partly lost. On the other hand, the 

synzymes often catalyze reactions different from the substrate 

reaction of the enzyme. Only recently, the enzyme as a whole has 

been immobilized at a bare electrode surface, with the desired pro

perties retained. In particular, properties like high activity (with 

turn-over numbers of 102 - 108 M- 1 s- 1) and directed specificity 

make enzymes very attractive for application in electrochemistry. 

The enzyme (E) can be active in solution or at the electrode surface, 

but usually a mediator (M) is necessary for electron transfer (Fig. 6.1). 

Fig. 6.1 

t.,_ )( ( E) (red 
• . ox 

te 
Possible electron transfer pathways from substrate to 

enzyme (to mediator) to electrode and vice versa. 

M = mediator, E = enzyme. 
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Of course, direct electron transfer to the immobilized enzymeis 

preferred. In thi s case, however, on ly redox-enz.vmes can be used. 

Applications of such enzyme modified electredes (E.M.E.), are 

found in the field of 

o Bio-electrocatalysis (Energy conversion/storage). 

Reduchon of oxygen: Laccase [ 1], Cytochrome-c-Oxi dase [2]. 

Hydrogen oxidation: Hydragenase [3]. 

o Bio-photo~electrocatalysis. 
Photo-synthesis: Chlorophyll [4]. 

o Bio-electro-analysis (selective sensors). 
Glucose sensor: Glucose-Oxidase [5]. 

o Bio-electro-synthesis (stereospecîfic reactions, chiral 

induction). 
Coenzyme regeneration: Ferredoxin-NADP Reductase [6]. 

Hitherto, most electrochemical applications make use of membrane 

(polymerie) immobilized enzymes and the bare electrode (u~ually 

platinum) merely functions as an indicator electrode for the product 
and/or substrate [7]. There are only a few examples of enzyme modi

fied electrodes, where the enzyme is attached in some way to the 
bare electrode surface and direct electron transfer from the elec

trode to the enzyme occurs. A very interesting example is the cata

lyzed reduction of oxygen to water at a Laccase modified (via ad
sorption) carbon electrode [1]. The reduction takes place at 1.21 V, 
which is very close to the oxygen standard potential (1.23 V). Also 

a high exchange current density is observed, even though the acti
vity of immobilized Laccase is only 4% of its activity in solution. 
In the presence of hydrogenase, oxidation of hydrogen occurs at 

carbon electredes at a potential, and with an exchange current 
density, close to that measured for platinum electredes [3]. 

The advantages of the immobilization of enzymes has been recognized 

for many years, e.g. in chromatography. Except for the usual advan
tages like repetitive use of a single batch, ability to readily 

remove the enzyme from the reaction mixture, etc., the stability of 

the enzyme is also increased, at least in most cases, by immobili
zation. However, there are differences with respect to the solution 
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phase enzyme, resulting from steric orientation, rate limiting mass 

transportand other microenvironmental effects, such as accessibility. 

The most important one is probably the steric orientation of the 

enzyme at the electrode surface. The catalytic activity will be 

decreased if the active site of the enzyme is partially or totally 

blocked by the support or if an inactive conformation is formed. The 

active site of the enzyme therefore must be directed to the solution 

phase, thereby facilitating the substrate reaction. The area opposite 

to the active site must in addition be accessible for electron trans

fer. However, electron transfer to enzymes, under physiological 

conditions, i~ ~ very specific and complicated process, which is 

accomplished, for example, by redox-proteins interacting at distinct 

sites of the enzyme. 

The electron transfer from electrode to enzyme, and vice versa, will 

therefore be a major barrier in case of immobilized enzymes as well 

as enzymes in the solution phase. In section 6.2.2, the electroche

mical behaviour of immobilized enzymes and redox-proteins will be 

discussed. In section 6.3, special attention will be paid to the 
electrochemistry of redox-proteins and enzymes in solution. 
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6.2. Immobilized redox-enzymes and redox-proteins 

6.2.1. Immobilization techniques 

Techniques for immobilization of enzymes have been extensively des
cribed in the literature [8], and therefore will be treated here 
only within the scope of possible electrochemical applications. 
Three main immobilization techniques can be distinguished, see 
Fig . 6.2. The physical entrapment of an enzyme within a polymerie 
matrix (e.g. polyacrylamide), would be promising for polymer film 
modified electrades (see chapter 2). The enzyme can also be regarded 
as a monomer, possessing several functional groups, suitable for 
polymerization (cross-linking) at an electrode surface. In this case, 
however, certain effects may inhibit electron transfer, and loss of 
the activity of the enzyme may occur. A relatively simple technique, 

which in most cases retains the activity of the enzyme, is adsorption 
at the bare electrode surface. The major disadvantage, of course, is 
possible desorption. 

A. Carrier-Binding _ 
- physical adsorpti;---. 

- covalent bonding 

B. Cross-Linking -----. 

C. Entrapping 
- lattice type ---+ 
- microcapsule type 

........................ ":á. 

Fig. 6.2 Procedure for immobilization of enzymes. 

122 



Covalent bonding of enzymes to an electron conducting carrier is the 
technique most frequently associated with the term "immobilized 
enzymes". This technique does not only modify the electrode surface 
(carrier), but also includes a chemical modification of the enzyme, 
which often results in a decrease of activity . Protein surface 
groups, which are near the active site of the enzyme, or form part 
of it, should therefore not participate in covalent bonding. 

As might be expected, the type of immobilization technique used has 
a strong effect on the utility of the system. For electrochemical 
purposes, the situation where the enzymes are covalently attached to 
the electrode surface is most p~eferred. At the protein surface of 
enzymes, several reactive groups are present which can be used for 
covalent bonding, such as amino, carboxyl, hydroxyl, sulfhydryl, etc. 
In Table 6.1, the amino acid composition of some redox-proteins and 

enzymes is given [9], from which the most abundantly present reactive 
functional groups can be deduced. However, notall of these groups 
are located at or near the protein surface, and therefore available 
for covalent bonding. Knowledge of the three-dimensional structure of 

the enzyme is thus valuable for identifying where the active site and 
the functional groups at the surface are located. 

6.2.2. Covalent bonding to a glassy carbon electrode surface 

6.2.2.1. Introduetion 
Immobilization of enzymes via covalent bonding requires knowledge of 
the functional groups present at the protein surface. A good estimate 
can be obtained from the amino-acid composition (Table 6.1). The 
percentage of amino-acids, which have carboxylic functional groups 
(aspartic- and glutamic-acid), is rather high for most enzymes, i.e. 
around 20 mol %; the latter, therefore, are negatively charged. Amino 
functional groups (as in lysine and arginine) are less abundant, i.e. 
around 8 mol %, except in certain cases, for example, cytochrome-c 
(19.2 mol %lysine), which is therefore positively charged. For 
covalent bondingtoa glassy carbon surface, carboxyl as well as 
amino groups at the protein surface are suitable, and an ester, 
respectively an amido bonding, results from the reaction with the 
hydroxyl, respectively the carboxyl group, at the carbon surface. 
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Table 6.1 

AMINO ACID COMPOSITIONa,b 

Enzyme Amino acid (Mol %) 

aspc thr ser gluc cys tyr lys his arg 

Catalase 12.75 4.81 4.68 10.29 0.89 3.57 5.84 3.61 5.61 

Cytochrome-c 7.69 6.73 1. 92 9.62 1. 92 4.61 17.31 2.88 1. 92 

Cytochrome-c3d 8.41 3.74 5.61 4.67 7.48 2.81 18.69 8.41 0.93 

Ferredoxin 9.28 6.19 8.25 16.49 5.15 4.12 5.15 2.06 1.03 

Flavodoxin 13.66 2.44 9.37 12.04 0.96 1.58 6.57 0.00 1. 27 

Glucose-oxidase 12.65 6.12 5.56 9.67 0.56 3.14 4.83 1.45 2.82 

Peroxidase-S 16.31 6.37 11.53 5.61 1.91 1. 75 5.22 1.25 3.58 

Tyrosinase 10.89 5.62 11.13 7.94 0.00 4.20 4.16 2.08 4.89 

Functional group -COOH -OH -OH -COOH -SH <P-OH -NH2 -C3H3N2 -NH2 

a) taken from the Handbook of Biochemistry ( CRC-press); b) this table contains only the amino-acids which 

possess functional groups, suitable for covalent bonding; c) also aspargine, respectively glutamine are 

included; d) calculated from Ref. 5. 



The reaction is accomplished via a dehydrating reagent: 1-cyclohexyl-3-

(2-morpholinoethyl)-carbodiimide metho-p-toluenesulfonate (CMC), 
which cannot be added to the enzyme solution, because in that case 
cross-linking would occur. The glassy carbon electrode is therefore 

pretreated with the reagent and subsequently reacted with the enzyme 
in sol~tion. Elucidation of the true nature of the chemical bond 
(ester or amido), if formed at all, will be very difficult because 
of the very complex protein structure (containing numerous amido
bondings) that is present at the electrode surface. However, the 
enzyme, once attached by this procedure, cannot be removed anymore 
by means normally applied to adsorbed species (i.e. washing with 
highly concentrated salt solutions). Therefore, covalent bonding will 
be assumed. 

·In the next sections, the electrochemical behaviour of several redox
proteins and (redox-)enzymes, covalently bonded to a glassy carbon 
electrode surface, will be described. 

6.2.2.2. Experimental 

Chemicals: 

1-Cyclohexyl-3-(2-morpholinoethyl)-carbodiimide metho-p-toluenesulfo
nate (CMC) was obtained from Sigma and used without further purifi

cation. Cytochrome-c (type-VI, from horse-heart), glucose-oxidase 
(Aspergillus niger), catalase (c-40, from bovine liver), cytochrome
c-oxidase (from bovine heart) and superoxide-dismutase (type I, from 
bovine blood) were also obtained from Sigma. Desulfovibrio vulgaris, 
strain Hildenborough type cytochrome-c3 was used*. 
Procedure: 
The experimental set-up for the electrochemical measurements has been 
described in chapter 4. All potentials are referred to the SCE. 
Measurements are carried out in conventional cells with phosphate 
(pH= 7) buffer solution as electrolyte. For the cyclic voltammograms, 

* Kindly supplied by Dr.lr. C. van Dijk, Department of Biochemistry, 
Agricultural University, Wageningen, The Netherlands. 
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a potential scan rate (v) of 200 mV s- 1 wa~ used unless· stated other

wise. The ac-voltammograms were recorded W1T.rt w = 2n 30 s- 1, c = 10 
mV (rms), À= 90° and v = 20 mV s- 1. The differential pulse polaragram 

(Fig. 6.6b) is recorded with a PAR-174A polarographic analyser, 

dropping time 0.5 s, pulse amplitude -25 mV and potential scan rate 
-1 20 mV s . After 02-plasma treatment, the glassy carbon electrades 

are reacted with 10-2 M CMC for 2 hours, washed and exposed for 5 

hours to a 5 10-4 M enzyme-pyrophosphate salution (pH = 4.0) at 4°C. 
The enzyme modified electrades thus obtained were washed copiously 

with distilled water to remave any adsorbed enzyme. 

6.2.2.3. Results 

Cytochrome-c. 

Horse-heart cytochrome-c, from the mitochondria] respiratory chain, 
has a single herne-e group which is covalently attached to a poly~ 
peptide chain of 104 amino-acids by thio ether bridges to two 
cysteine residues (see Fig. 6.10) and is as a whole positively 

charged (M = 12.384, d = 30 ~). The biological role of cytoch~ome-c 
is that of an electron-carrier (E 0 = +260 mV vs. NHE) and may there
fore be very useful as an electron mediator for electrochemical pur

poses. 
In the ac-voltammogram of redox protein cytochrome-c, covalently 
bonded to a glassy carbon electrode, a broad peak is observed at 
-0.44 V vs. SCE (Fig. 6.3). The same peak potential is found for 

cytochrome-c in solution, measured at a glassy carbon electrode. This 
peak potential is far more cathadie than its standard potential (i.e. 
+0.015 V vs. SCE), but is also found at a mercury, gold or platinum 

electrode. Obviously, a big energy gap must be overcome to reduce 
cytochrome-c at these electrodes. In section 6.3.2, the electro
chemical behaviour of cytochrome-c, at a 4,4'-bipyridyl modified 

gold electrode will be treated separately. 
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Fig. 6.3 ac-Voltammogram of cytochrome-c, attached to a glassy 

carbon electrode surface. 

Cytochrome-c3. 

Cytochrome-c3 has, however, four heme groups, covalently attached via 

thioether bridges to à polypeptide chain of 107 amino-acids, and is 

also positively charged (M = 14.000, d = 35 ~) [16]. Cytochrome-c3 

functions as an electron carrier for hydrogenase in sulfate-reducing 

bacteria. lts redox potentials are very negative, i.e. -0.529 V, 

-0.555 V, -0.564 V and -0.569 V vs. SCE [11]. 

The electrochemical behaviour of immobilized cytochrome-c3 is quite 

unusual. In the first potential scan of the cyclovoltammogram, one 

reduction peak (at -0.49 V) and two oxidation peaks (at -0.53 V and 
-0.10 V) are observed (Fig. 6.4). Upon further scanning of the poten

tial, the reduction peak decreases and shifts towards -0.33 V. At the 

same time, a second reduction peak (at -0.57 V) can be observed while 

the oxidation peak at -0.10 V fades away. The reduction peak at -0.49 

V and the oxidation peak at -0.10 V obviously belong to the same 

redox system, i.e. probably adsorbed cytochrome-c3 which desorbs upon 
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Fig. 6.4 
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Cyclic voltammograms of cytochrome-c3, attached. to a 
glassy carbon electrode. The numbers indicate the 
sequence in potential scanning. 

potential scanning. After about 30 scans, the peak at -0.33 V dis
appears and only a redox system at -0.56 V remains (Fig. 6.5a). The 

peak current (ip), as well as the peak area (Q'), are linearly depen
dent on the potential scan rate (v), as is characteristic for immo
bilized species (see chapter 3) . From the peak area in the cyclic 

-11 -2 voltammogram, a surface concentration (rT) of 1.9 10 mol cm is 
calculated using eq. 3. 12 (geometrical electrode area A = 0.246 cm2, 
n = 4). Fora monolayer coverage, a surface concentration of 1.6 10-11 

mol cm-2 is calculated from r = 2(6 /3 1023 d2)-1, takinga diameter 

(d) of 3. 5 nm for the cytochrome-c3 molecule [16]. Assuming some sur
face roughening, introduced by the o2-plasma treatment, it is conclu

ded that about a monolayer of cytochrome-c3 remains at the gl assy 
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Fig. 6.5 

Fig. 6.6 
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a) Cyclic voltammograms of cytochrome-c3, attached to a 
glassy carbon electrode, for different potential scan 
rates. These voltammograms are recorded after three 
minutes scanning of the potential, i.e. when "desorp
tion" effects (see Fig. 6.4) have disappeared and a 
stationary situation is obtained. 

b) Plot of the anodic peak current (ipa) vs. the poten
tîal scan rate (v). 

1.0 

i[uAJ (b) 

0.5 
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a) Cyclic voltammogram of cytochrome-c3 in solution, 
measured at an oxidized glassy carbon electrode 

-1 (v=0.1Vs ). 
b) Differential pulse polaragram of cytochrome-c3 in 

solution, measured at the dropping mercury electrode. 
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carbon electrode surface . The peak at -0.56 V is broadened because 

the redox potentials of the four heme groups in cytochrome-c3 are not 

equivalent [11]. The peak potential (-0.56 V) agrees very well with 

the half-wave potential (E~ = -0.55 V) of cytochrome-c3 in solution, 

measured at a glassy carbon electrode (Fig. 6.6a), and with the half

wave potential (E~ = -0.57 V), measured at a mercury electrode (Fig. 
6.6b). A quasi-reversible behaviour of cytochrome-c3 is observed at 

most electrode materials, probably due to the good accessibility of 

the four heme groups. 

Superoxide-dismutase (SOD) [12] and catalase [13]. 

In order to check for possible redox behaviour of the metal complexes 
(2 Cu(II), 2 Zn(II)) or of the four heme groups in superoxide-dismu

tase (SOD), respectively catalase, these enzymes were measured at a 

glassy carbon and a gold electrode. No redox peaks are observed in 

the potential region +0.5 V_to -0~ 6 V vs. SCE (pH= 7), at a glassy 

carbon electrode modified with SOD (this enzyme catalyzes the reaction 

2 02 + 2 H+ + H2o2 + o2). The cyclic voltammogram of SOD in solution, 

measured at a gold electrode, also revealed no redox peak in the 

potential region +0.8 V to -0.4 V vs. SCE . The capper and zinc com

plexes in SOD are obviously well protected against electrochemical 

reduction. The electrochemical behaviour of immobilized catalase 

(catalyzes the reaction H2o2 + H2o + ~ o2), is very similar to the 

behaviour of cytochrome-c3, attached to a glassy carbon electrode 

via covalent bonding. In the first cathadie potential scan of the 

cyclic voltammogram, an intense but irreversible reduction peak is 

observed at -0.39 V, which decreases and shifts towards -0.33 V and 

finally disappears upon further scanning (Fig. 6.7a). Following this, 

no peaks are observed any more in the cyclic voltammogram but a small 

peak at -0 .49 V can still be detected by ac-voltammetry (Fig. 6.7b). 

Adsorbed catalase is obviously removed during potential scanning, 

while only the covalently bonded catalase remains confined to the 

electrode surface. From the peak area (~') in the ac-voltammogram, 
a surface concentration (r) of 2.1 10- 13 mol cm-2 can be calculated. 

-12 For a monolayer coverage, a surface concentration of 2.4 10 mol 
cm-2 can be calculated, so, at most 0.1 of a monolayer is present. 
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a) Cyclic voltammograms of catalase, attached to a 

glassy carbon electrode, for the first three poten-

ti al scans. 
b) ac-Voltammogram of the sameelectrode as under a), 

now after three minutes scanning of the potential 
after which a stationary situation is obtained. 

The diameter (d) of the catalase molecule is then determined from 
3 

[14] d = 1.434 /M, where M = 240.000 (catalase is an oligomer, con-

sisting of four sub-units with one heme group each) . 

Glucose-oxidase and cytochrome-c-oxidase. 

Glucose-oxidase contains two flavine adenine dinucleotide (FAO) 
groups, tightly bounded to the protein (M = 186.000), and catalyzes 
the oxidation of glucose to gluconic acid, using oxygen as an elec

tron acceptor (02 + H2o2). The cyclic voltammogram of glucose-oxidase 
immobilized at a glassy carbon electrode is shown in Fig. 6.8. The 

peak potential (-0.49 V) is more cathoctic than the redox potential 

of glucose-oxidase (-0.38 V) [15a] and agrees very well with the redox 
potential of free FAO (-0.485 V) [15b]. The surface concentration 

-12 -2 r = 6.3 10 mol cm , calculated from the peak area (Q'), is even 
greater than that of a monolayer, i.e. 2.9 10- 12 mol cm-2 (determined 

as for catalase, see above). The idea was to replace the electron 
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acceptor, oxygen, by the electrode and so regenerating continuously 
the enzyme for oxidation of glucose. However, addition of glucose to 
the solution had no effect on the electrochemical behaviour of immo
bilized glucose-oxidase. The glucose-oxidase, obviously, has lost its 
activity upon immobilization, or the FAO-moiety is splitt-off and is 
then adsorbed at the electrode surface. This can be concluded from 
the goed agreement between the peak potential and the redox potential 
of free FAO. The assumed existance of free FAO also explains why no 
activity is observed upon addition of glucose to the solution. Cyto
chrome-c-oxidase [16] constitutes the terminal reaction of the respi
ratory chain and catalyzes the reduction of oxygen to water, which 
is very interesting in view of possible applications in energy con
version systems (fuel cell). A cytochrome-c-oxidase unit contains 
two heme groups and two copper ions (M > 120.000). No electrochemical 
response is observed in cyclic- and ac-voltammetry measurements of 
cytochrome-c-oxidase, both immobilized and in solution. Also, no 
redox peak is detected in a 4,4'-bipyridyl solution, which promotes 
electron transfer to cytochrome-c in solution (see sectien 6.3.2). 

Fig. 6.8 
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Cyclic voltammogram (v = 0.5 V s- 1) of glucose-oxidase, 
attached to a glassy carbon electrode. 



6.2.2.4. Discussion and conclusions 
In the preceding sections, it is shown that enzymes can be immobilized 
at a glassy carbon electrode surface via dehydrative coupling with 

CMC. Covalent bonding (amido or ester) is assumed since the enzyme 
layer did not desorb upon washing with highly concentrated salt or 

distilled water and since this procedure is commonly applied [8] to 
immobilize enzymes at inorganic carriers such as silicon. However, 
direct electron transfer between electrode and immobilized enzyme is 
not self-evident, as was also clear trom observation. The resistance 
of the enzyme against reduction or oxidation can be expected since 
under physiological conditions, special interactions are required 
between enzyme and electron carrier in order to obtain effective 
electron transfer. 
From the enzymes and redox-proteins under investigation, only cyto
chrome-c3 and, unexpectedly, catalase could be reduced. Cytochrome
c3, is easily accessible tor electron transfer because the tour heme 
groups are located near the protein surface, in contrast to the 
single heme group of cytochrome-c, which is located in a hydrophobic 
pocket of the protein. The possibility of reduction of catalase was 
quite surprising, because this enzyme does not use an external elec
tron donor/acceptor (which might be replaceable by an electrode) to 

perform its substrate reaction (H2o2 + H2o + ~ 02). The resemblance 
with the electrochemical behaviour of cytochrome-c3, suggests that 
the heme group(s) of catalase is (are) also located at the protein 
surface. For catalase immobilized at a glassy carbon electrode only 
0.1 of a monolayer is found. However, if only one heme per catalase 
molecule is accessible, then, of course, the reduction peak corres
ponds to 0.4 of a monolayer, which is quite possible too. 
Reduction of cytochrome-c, covalently bonded to the glassy carbon 
surface, is only possible at high overpotentials. Quasi-reversible 
electrochemical behaviour of cytochrome-c is observed at pyridine 
modified electredes (see section 6.3.2), which provide a suitable 
inte.rface. The FAD-group in glucose-oxidase is readily reduced, but 

the measured redox poten ti a 1 agrees best wi th tha t of "tree" FAD. 
Obviously, the influence of the protein on the redox behaviour of 
the FAD-group is lost upon immobilization. This also explains why no 

activity is observed anymore. 
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Immobilized superoxide-dismutase (SOD) and cytochrome~c-oxidase show 
no electrochemical response at all . This behaviour can be expected 
for SOD, since· this enzyme does nat use an electron donor/acceptor, 
which might be replaced by an electrode, to perfarm its substrate 
reaction. The capper and zinc ions are obviously well protected 
against electrochemical reduction or oxidation. No explanation has 
yet been found why cytochrome-c-oxidase shows no electrochemical 
activity at all. A specific interaction with the electrode surface 
will be necessary, but ·this must be different from ·the cytochrome-c 
situation because similar experimèntal conditions as for the cyto
chrome-c are nat effective for reduction/oxidation of cytochrome-c
oxidase. Immobilization of enzymes at electrode surfaces like glassy 
carbon has been shown to be possible. The major problem, however, is 
to obtain a suitable interface for electron transfer between electrode 
and enzyme, which can best be examined starting from the enzyme 
behaviour in solution. An investigation in this field is reported in 
the next sectien of this chapter. 
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6.3. Redox-proteins in salution 

6.3.1. Electrochemical behaviour of redox-proteins at the mercury 

electrode [17] 

Most of the electrochemical studies of biologica] (macro-)molecules 

have been performed at the dropping mercury electrode (OME) [18] 

and especially by differential pulse polarography (DPP) because of 
its high sensitivity (detection limit~ 10-8 M). These polarographic 

studies are concerned with the electron exchange between the elec
trode and the (adsorbed) proteins, directly or via a mediator. 

Effects of adsorption, pH, ionic strength, etc., on the electro
chemical behaviour of the protein have been studied [19]. A very 

important parameter, which affects the interaction between electrode 

and protein, is the net charge of the protein and the charge distri
bution on the protein surface in relation to the location of the 

prosthetic group. In fact, the protein is submitted to very large 
electric fields (up to 109 V m- 1), which can exist near the electrode 

surface (electrochemical double layer). Similar field strengths exist 
near the cell-membrane surfaces under physiological conditions [20]. 

Therefore, the charge of the electrode surface certaînly will affect 

the electrochemical behaviour of a charged protein near the surface. 
At a negatively charged electrode surface, i.e. at potentials more 
cathadie than the potential of zero charge (PZC), it will be diffi
cult to reduce or oxidize a negatively charged protein, because 

repulsion effects will keep the protein at too great a distance for 
electron transfer to occur. At the redox potential of a charged 

protein, the charge of the electrode surface must therefore be 

either zero (PZC , the protein charge is then of minor importance) 
or opposite to the protein charge. The latter situation, however, 
may promate adsorption of the protein due to eaulombic attraction to 

the electrode surface. As for the net overall charge of the protein, 
charge dîstribution (which may result in a dipale as is the case for 
cytochrome-c) can also be importantfora specific interaction with 

the electrode surface, simîlar to physiological conditions. 
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In order to get a better understa~d{ng of these charge effects, we 
[17] studied the electrochemical behaviour of several low-potential 

redox-proteins at the dropping mercury electrode. The proteins 
studied were: 
a) the negatively charged, iron-sulphur cluster(s) containing, 
ferredoxins (M. elsdenii and spinach ferredoxin) and rubredoxin 
(M. elsdenii); 

b) negatively charged flavodoxin (M. elsdenii); 
c) positively charged, heme-containing, cytochrome~c3 (Desulfovibrio 

vulgaris strain Hildenborough). For experimental conditions see 
reference 17. 
The PZC of the mercury electrode is about -0.50 V vs. SCE [21], so 
the surface is negatively (positively) charged for potentials more 
cathoctic (anodic) than -0.5 V. Both negatively charged, bacterial 
(M. elsdenii two FeS clusters), and plant (spinach, one FeS cluster) 
ferredoxins have a redox potential of -0.65 V (in 25 mM Tris-HCl 
pH = 7 buffer solution) which is rather unfavourable because re
pulsion effects may occur. Indeed, reduction efficiencies* of only 

* The reduction efficiency is defined by (Iobs/Icalc) x 100%, where 

lobs is the observed and Icalc the theoretical (calculated) value 
for the reduction current. 

Fig. 6.9 Differential pulse polarograms [17] of 
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a) M. elsdenii ferredoxin {117 ~M) in: 
(-) 25 mM Tris-HCl pH 7.4 
{···) 25 mM Tris HCl pH= 7.4, 0.4 M KCl and 14.4 ~M 

poly-L-lysine 
(---) 0.1 M phosphate buffer pH = 6, 14.4 ~M poly-L

lysine. 
b) Spinach ferredoxin (119 ~M) in 

(-) 25 mM Tris-HCl pH= 7.4 in absence and presence 
of 0.4 M KCl 

(---) at pH = 5.9 and 2.5 mM DTAC 
Pulse amplitude, -25 mV. 
The small (n = 2) peak is ascribed to the reduction of 
sulfur {S), which is shown to be pH-dependent [17]. 
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20% for M. elsdenii and even 0% for spinach ferredoxin have been 
observed. Increasing the ionic strength of the salution to 0.4 M KCl, 
improved the efficiency to 40% for M. elsdenii ferredoxi n but did 

not influence the reduction efficiency of spinach ferredoxin. 
Addition of positively charged poly-L-lysirie or dodecyltrimethyl

ammonium chloride (DTAC) to the solution, improved the reduction 

efficiency even up to 100% for M. elsdenii ferredoxin (Fig. 6.9a) and 

to 50% forspinach ferredoxin (Fig. 6.9b). Also for negatively charged 

M. elsdenii rubredoxin (one iron, attached via four thio-ether bon

dings) and flavodoxin (flavin moiety). a reduction efficiency of 40%, 

respectively 14% could be obtained upon addition of poly-L-lysine to 
the solution. However, no reduction peak was observed forthese pro
teins in a neat (without charge compensating additives) Tris buffer 
solution, although their redox potentials (-0.36 V for flavodoxin and 

-0 , 25 V for rubredoxin) are more anodic than -0.5 V (PZC), so at these 

potentials attraction should occur between electrode and protein. Ob
viously, the charge of the electrode surface is of minor importance 
for the reduction efficiency and the mutual interaction domi nates. 

This conclusion is supported by the observation that addition of n
propanol to the salution does not affect the reduction efficiency of 
the proteins although a very braad trajectory of zero charge is intro
duced, ranging from -0.4 V to -0.8 V vs. SCE [21]. A striking indi
cation for the importance of the protein charge is the optimum of the 
reduction efficiency, obtained for concentrations of poly-L-lysine, at 
which complete charge compensation (z-/z+ = 1} of the protein takes 

place (see Table 6.2). 

An unexpectedly high reduction effi ciency, namely 70%, is obtained 
for positively charged cytochrome-c3 (Fig. 6.6b). The efficiency 

decreases upon addition of poly-L-lysine but increases to 100% when 
sodium dodecyl sulphate (SOS} is added to the solution. Obvi ously, 

the same electrastatic effects, as mentioned above, are involved and 
the high reduction efficiency (in the absence of any additive) must 
be ascribed to the good accessibility of the four heme groups. 
Cytochrome-c3 is therefore easily reduced at most electrode ma terials, 
e . g. gold and glassy carbon (Fig . 6. 6a). 
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Table 6.2 

Protein C*a effector [ llM] 
- +c I d -Ee o'f z /z obs x100% n -E 

b ç,c 
p 

[\lM] SDS DTAC p-L-1 (mV) (mV) 

Cytochrome-c3 28 200 1.2 100 0.85 585 595 [6a] 
(D. vulgaris) 

Ferredoxin 117 14 .4 1.6 100 1 617 6159 [22] 

(M. elsdenii) 81 1250 0.8 100 1 612 
Ferredoxi n 74 18.6 1.4 40 1 646 665 [23] 

( Spinach) 119 2500 1.0 50 1 635 
Rubredoxin 122 12.4 1.0 40 1 245 3029 [24] 

(r~. elsdenii) 
Flavodoxin 140 12.1 0.25 14 1 357 360 [25] 

(M. elsdenii) 1 635 617 [25] 

a. bulk concentratien of the protein; b. poly-L-lysine; c. z-and z+ are calculated from the net charge 
of the protein, polymer or surfactant, timesits concentratien [17]; d. number of electrans involved. For 
cytochrome-c3 an apparent value is listed because the four redox potentials are nat equal; e. E is the 

I p 
peak potential observed under conditions where the reduction efficiency is optimum; f. E0 vs. SCE, 

calculated from literature values for Eo' vs. NHE, using ESCE = +245 mV vs. NHE; g. clostridium pasteurianum 
ferredoxin respectively rubredoxin. 



As can be seen from Table 6.2, only for M. elsdenii ferredoxin and 
cytochrome-c3, the reduction efficiency can be improved to 100% upon 
addition of poly-L-lysine, respectively SOS to the solution. Simple 
campensatien of the charge of the protein is obviously not sufficient 
to obtain a 100% reduction efficiency for the other proteins. It is 
not quite clear which interplay of conditions is necessary to produce 
a suitable interface at the electrode surface. The charge distribution 
at the protein surface with respect to the location of the redox 
centre will certainly be of influence. Rubredoxin, for example, can 
be depicted as a pear shaped protein with a negatively charged (hydro
phylic) bell and a hydrophobic top (stalk side), where the iron is 
located. In a neat buffer solution, the negatively charged side will 
be directed to the positively charged mercury electrode surface (say 
at -0.25 V), so the iron will beat too great distance to be reduced. 
Similar arguments may be valid for the heme-group in cytochrome-c, 
which possesses a rather high dipalemoment (350 Debye). A detailed 
study of relatively simple redox proteins like rubredoxin and cyto
chrome-c will be necessary to get a better understanding of the 
interaction between electrode-protèin and protein-protein near the 
electrode surface. 

140 



6.3.2. Electrochemical behaviour of horse-heart cytochrome-c. 

6.3.2.1. Introduetion 
The electrochemical behaviour of a simple heme containing redox
protein like cytochrome-c (Fig. 6.10), already gives rise to many 
problems. ~xcept for indium oxide (In2o3) [26], no electrode mate
rial has yet been found at which cytochrome-c shows a quasi-rever
sible behaviour without any additives in solution . Several studies 
on the reduction of cytochrome-c at a mercury electrode have 
appeared in the literature [27]. In all these studies, adsorption 
phenomena were reported and ascribed to mono- and multilayer forma
tion of cytochrome-c. A quasi-reversible response at the standard 
potential (E0 = +0.015 V vs . SCE), is obtained only for very low 
concentrations (< 10 ~M) of cytochrome-c in a special buffer solu
tion (0.1 M Tris-cacodylate, 0.1 M NaCl04 buffer, pH= 6.05) [27e]. 

Fig. 6.10 a-Carbon skeleton of the cytochrome-c molecule. Only the 
side chains, which are bonded to the heme group, are 
shown. 
Inset: heme (or protoporphyrin), i.e. the prosthetic 
group in cytochrome-c. 
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Otherwise, the reduction potential is shifted towards cathadie 
potentials (up to -0.6 V) and an adsorption peak is observed at 
-0.2 V. Eddowes [ 28] reported the quasi -revers i bl e response of 
cytochrome-c at a 4,4'-bipyridyl modified gold electrode (4,4'
bipyridyl is assumed to be adsorbed at the electrode surface). 
From an extensive investigation [28g], using rotating-disc and 
ring-disc electrodes, a reversible adsorption mechanism for both 
reactant and product is deduced. Taniguchi [29] reported a similar 

behaviour for cytochrome-c at a platinum electrode, in the presence 
of 4,4'-bipyridyl. Beside 4,4'-bipyridyl, alsoother additives like 

1,2-bis(4-pyridyl)ethylene [28b] and bis(4-pyridyl)disulfide [30] 
promate the electrochemical response of cytochrome-c. A quasi
reversible redox wave could be obtained at a bis(4-pyridyl)disulfide 
modified (irreversibly adsorbed) gold electrode, in the absence of 
any promoter in salution [30]. 
In this chapter, the kinetics of the cytochrome-c reaction at a 
4,4'-bipyridyl modified gold and platinum electrode, and the response 
at pyridine modified glassy carbon and :tindioxide electrades will be 
reported. In the farmer case, a r.emarkab 1 e adsorpti on beha vi our of 

cytochrome-c is observed. The function of 4,4'-bipyridyl at the 
interface electrode/cytochrome-c will also be discussed. 

6.3.2.2. Experimental 
Chemicals. 
Horse-heart cytochrome-c, type-VI, is obtained from SIGMA and used 
as received. In order to check for impurities, cytochrome-c is 
purified on a Sephadex G-75 column: height 1.0 m, diameter 3.5 cm, 
eluens: phosphate (pH = 7) buffer solution, flow-rate: 0.3 ml/min. 
Three fractions were sampled. The middle fraction was concentrated 
on an Amicon Diaflow, equiped with an Y.M-10 filter (cut-off: M = 
10.000). The first and last cytochrome-c fraction were mixed. Both 
samples thus obtained, are measured by cyclic- and ac-voltammetry 
and no impurities are detected. The solute, obtained from the con
centration experiment, was also measured and only a very small 
amount of cytochrome-c was detected, but no impurities. Other 
chemieals (p.a) were obtained from Aldrich. If further reference 

is made to cytochrome-c, horse-heart cytochrome-c type VI is meant. 
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Electrodes. 

A 3 mm diameter gold disc was used as a working electrode and a 
platinum coil served as a counter electrode. The gold working elec

trode was polished successively with 5 ~m. 0.3 ~mand 0.05 ~m alumina 
on a polishing cloth, then copiously washed with distilled water and 

submitted for 1 hour to an ultra-sound cleaning bath (distilled 
water). Electrochemical cleaning was done by rapid potential scanning 

-1 (5 V s ) between +1.9 V and -0.8 V vs. SCE in 0.33 M H3Po4 for 30 
minutes, while rotating the electrode at 1000 rpm. The electrode area 
(A) is calculated to be 0.062 cm2, determined from rotating disc and 
cyclic voltammetry measurements in a 4 10-4 M K3Fe(CN)6 , 1 M KCl 
aqueous salution (D = 7.6 10-6 cm2 s-1) [31]. The platinum electrode 
consistsof a platinum rod (~ = 5.69 mm), sealed in Kel-F. The geo
metrical electrode area is 0.254 cm2. 

The glassy carbon and tindioxide electrades used have already been 
described in chapter 5. 

Procedure. 
Electrochemical measurements are performed in an ordinary cell of 
3 cm3 content. All potentials are referred to the SCE (+0.245 V vs. 
NHE). The experimental set-up is already described in chapter 3. 
The cytochrome-c concentration is determined from UV/VIS-measurements, 
taking the difference in extînction coefficient, between reduced and 

-1 -1 oxidized cytochrome-c, to be ~E = ER - EO = 21 mM cm 
Unless otherwise stated, electrochemical measurements of cytochrome-c 
were carried out in a phosphate (pH= 7) buffer solution (Merck), 
containing 0.1 M LiCl04 and 10-2 M 4,4'-bipyridyl (specific conduc
tivity (K): 13.8 10-3 n- 1 cm-1). 
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6.3.2.3. Results. 
The cyclic- and ac-voltammograms of cytochrome-c, measured at a 
4,4'-bipyridyl modified* gold electrode, are shown in Fig. 6.11 and 

Fig. 6.12. A quasi-reversible response is obtained at +0.015 V vs. 
SCE. The peak current (ip) of the diffusion peak in the cyclic 
voltammogram, is proportional to the square-root of the potential 
scan rate (/v), characteristic for species in solution. The peak 
potential difference (~EP), between anodic and cathoctic peak, 
increases from 62 to 78 mV if the potential scan rate is varied from 

* The gold surface is called modified because there are strong 
reasons to assume that a bipyridyl monolayer is formed (10 mM bi
pyridyl in phosphate buffer solution is about the saturation con
centration). 
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Fig. 6.11 Cyclic voltammograms of horse-heart cytochrome-c at a 
4,4'-bipyridyl modified gold electrode. Cytochrome-c 

concentratien a) 360 ~M and b) 70 ~M. 
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Fig. 6.12 ac-Voltammogram of Horse

heart cytochrome-c at a 4,4'-bipyridyl 

modified gold electrode. Experimental 

conditions: 360 ~M cytochrome-c, E 

0 -1 10 mV(rms), À= 90 , v = 20 mV.s 
and w = 60n s- 1 

0.1 to 0.~ V s- 1. From this increase of óEP, the reaction rate con
stant (k0 

) can be determined according to the theory given in 
section 3.5.1. A mean value of 1.2 10-4 m s- 1 is obtained. The 

reversibility of the reaction decreases with time and afterabout 

twenty minutes, óE is increased to 106 mV for v = 0.5 V s-1, so k
01 

becomes 0.4 10-4 mps- 1. After electrochemical cleaning of the elec

trode surface (see experimental), the original situation is restored. 

Obviously, the actual electrode surface is changed in some way and 

as a consequence, the charge transfer rate is slowed down. 

The reaction rate constant was also determined from ac-voltammetric 

measurements. From the s1ope of the plot cotg ~f vs. Iw (Fig. 6.13), 
a value of 1.4 10-4 m s- 1 is calculated for k01

, using eq. 3.72. In 

ad di ti on, i mpedance measurements we re performed • .The p 1 ot of the 

total impedance in the complex plane (Z' vs. Z"), measured fora 

gold electrode in a 1.74 mM cytochrome-c, 10 mM 4,4'-bipyridyl 
phosphate pH = 7 buffer solution, is shown in Fig. 6.14. The impe

dance measurements were simulated, using the equivalent circuit of 

Fig. 3.10 and the theory described in section 3.5.3. For the simu

lation of the measured impedance, only the values of the double layer 

capacity (Cd) and the reaction rate constant (k
01

) were varied. From 
this simulation, a value of 0.71 10-4 m s- 1 was obtained for k

01
• 
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Fig. 6.13 Plot of cotg ~f vs . Iw, determined from ac-voltammetric 

measurements at a gold electrode in a 0.355 mM cyto
chrome-c, 10 mM 4,4'-bipyridyl, phosphate pH= 7 buffer 
solution . 

Also during the impedance measurements the ''ageing" of the electrode 
surface was observed which results in ~ decrease of the reaction rate 
constant with time. The measurements were therefore performed within 

ten minutes time the gold electrode was exposed to the solution. 
Besides the gold electrode, also the 4,4'-bipyridyl modified platinum 

electrode proved to be suitable for obtaining a quasi-reversible 
response of cytochrome-c [29]. We therefore performed also total 
impedance measurements at a platinum electrode in a 0.40 mM cyto
chrome-c, 10 w4 4,4'-bipyridyl, phosphate pH= 7 buffer solution. 
In Fig. 6.15, the plot of the measured and simulated total impedance 

in the complex plane is shown. The best simulation was obtained for 
o' -4 -1 a reaction rate constant (k ) of 0.60 10 m s • 

The reaction rate constants, determined from cyclic-, and ac-voltam
metry, as well ás these determined from impedance measurements fairly 
agree with the k

01 
of 1.4 to 1.9 10-4 m s-1 reported in the l i tera

ture [28d]. 
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Fig. 6. 14 Total impedance measurements and simulation, plotted in 

the complex plane (Z' vs. Z"). The measurements are 
performed at a gold electrode in a 1.74 mM cytochrome-c, 

10 mM 4,4'-bipyridyl, 0.1 M LiCl04, phosphate (pH= 7) 
buffer solution. 
Frequency range: 1 Hz-65kHz, modulation amplitude 
1 mV (rms). For every (x), the frequency is multiplied 
by 2.0, starting from 1 Hz. 
• measured values 

-6 2 -1 * simulated with: D
0 

= Dr = 1.1 10 cm s , Ru= 134 n, 
* -6 -3 . Cd = 1.1 ~F, n = 1, c0 = 1.74 10 mol cm , 

-3 2 o' CR= 0 mol cm , a= 0.5, A= 0.062 cm and k = 0. 71 
10-4 m s-1• 
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Fig. 6.15 Total impedance measurements and simulation, plotted in 
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the complex plane (Z' vs , Z"). The measurements are 
performed at a platinum electrode in a 0.4 mM cytOchrome-c, 
10 mM 4,4'-bipyridyl, 0.1 M LiCl04, phosphate (pH= 7) 
buffer solution. Frequency range: 1 Hz - 65 kHz, modulation 
amplitude 1 mV (rms). For every (x), the frequency is 
multiplied by 1.5, 'starting from 1 Hz. 

• measured values 
-6 2 -1 * simulation with: 0

0 
= 0 = 1.1 10 cm s , R = 47 l2 , 
* r -6 -3 *u cd= 2.5 ~F, n 1, c0 = 0.4 10 mol cm , CR= 0 mol 

cm- 3, a= 0.5, A= 0.256 cm2 and k
01 

= 0.60 10-4 m s- 1 



In the chosen potential range (+0.5 V to -0.5 V vs. SCE), two more 
peaks, not mentioned before in literature, can be observed in the 

voltammogram of cytochrome-c at a 4,4'-bipyridyl modified gold elec

trode. The broad peak at +0.2 V interferes with the cyclic- and 
ac-voltammetric measurements of cytochrome-c, especially at high 
potential scan rates, repsectively, high frequencies. This peak is 
also present in the voltammograms of a gold electrode measured in 
acidic or basic media (in absence of cytochrome-c and 4,4'-bipyridyl). 
lts peak potential (EP) is pH-dependent, i.e. -46 mV/pH fo r the 
pH-region from 1 to 7, and its peak current (ip) is proportional to 
the potential scan rate (v) (Fig. 6.16). The peak is therefore 
ascribed toa proton involved redox couple, most likely an oxidic 

group at the gold surface. The presence of 4,4'-bipyridyl in solu
tion has no marked influence on this surface peak, but actd i tion of 
cytochrome-c to the solution results in a decrease of the peak 
current (Fig. 6.17). 

Fig. 6.16 

(b) 

• 

0.5 

0 0.1 02 0.3 0.4 0.5 
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a) Cyclic voltammogram of a neat gold electrode (after 
electrochemical cl eaning) in a 5 mM 4,4'-bipyridyl. 
0.1 M KC104 phosphate (pH= 7) buffer solution. at 
several potential scan rates. 

b) Plot of the anodic peak-current (iPa) vs. the 
potential scan rate (v), for the cyclic voltammo
grams in (a) . 
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Fig. 6.17 Cyclic voltammogram of a neat gold electrode befare 
(---) and after (---) addition of cytochrome-c to the 
10 mM 4,4'-bipyridyl, 0. 1 M LiCl04 phosphate (pH= 7) 
buffer solution. Experimental conditions: Cytochrome-c 

* -1 concentratien c0 = 0. 140 mM, v = 0.5 V s . 

A second and rather small peak (W~ ~ 0.1 V) is observed at -0.19 V. 
The peak potential difference (6Ep) between reduction and oxidation 
peak in the cyclic voltammogram is less than 15 mV, and the peak 
current (ip) is proportional to the potential scan rate (v), which 
is characteristic for diffusionless systems. The peak can even be 
recorded separately (Fig. 6.18). Nat only adsorbed cytochrome-c, but 
other possibilities were considered as well . The presence of oxygen 
was ruled out, because after addition of oxygen to the solution, a 

peak at -0.38 V appears, while the "adsorption" peak remains un
changed. The oxygen reduction is irreversible, so only a reduction 
peak and no oxidation peak should be observed. As the presence of 
free hemeis very unlikely (the heme is covalently bound to the 
protein), its adsorption must also be ruled out as a possible expla
nation. The adsorption peak is also observed for measurements of 
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cytochrome-c inTris-buffer solution, which rules out impurities of 

the phosphate buffer solution. After purification of cytoch rome-c 
(see experimental) , the adsorption peak was still presentand no 

peak was observed in the voltammogram of the eluens, resulting from 
concentrating the cytochrome-c (cut-off M = 10 .000). Bath redox 
peaks, mentioned above, are best observed in the cyclic voltammogram 
if the cytochrome-c concentratien is low (~ 0.06 mM) and if .t he 
potential scanrateis high, for example, 0.5 V s-1. The phase
selective ac-voltammogram shows even mo re pronounced peaks. In order 

to get reliable results, the electrochemical behaviour of cytochrome-c 
in salution should therefore be studied at low frequencies and low 
potential scan rates for ac-, respectively cyclic voltammetry. 
Voltammetric measurements, at several cytochrome-c concentrations, 
point at an adsorption phenomenon, consictering the peak at -0 . 19 V. 
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(b) 

Fig. 6.18 a) Cyclic voltammogram of cytochrome-c at a 4,4' -bipyridyl 
modified gold electrode for several potentia l scan 
rates. Cytochrome-c concentratien c0 = 0.140 mM. 

b) Plot of the cathadie peak current (ipc) vs. t he 
potential scan rate (v), for the cyclic voltammo
grams in (a). 
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Fig. 6.19 a) Plot of Q' vs. v. Determined from the cyclic voltammo
grams. Cytochrome-c concentratien 0.285 mM. 

b) Plot of the peak area (Q') of the adsorption peak, at 
-0.19 V, vs . the concentratien of cytochrome-c in 

solution {C*). Peak area (Q') determined from the 
cyclic voltammograms (v = 0.5 V s- 1). 

At low concentratien of cytochrome-c in solution, only the redox 
peaks at +0.2 V and -0.19 V are present in the voltammogram and the 
diffusion peak for cytochrome-c can not yet be detected. The peak 

area (Q')* of the peak at -0.19 V increases linearly with the po
tential · scan rate (Fig. 6. 19a). Q' also increases when the cyto

chrome-c concentratien is increased {from very low ,values) and tends 
toa maximum of about 60 nW {Fig. 6.19b). Obviously, the peak must 

be ascribed to the adsorption of cytochrome-c at the electrode sur

face. The adsorption peak (at -0.19 V) is also present in the voltam
mogram of a gold electrode, which was first exposed to a cyto~hrome-c 
solution, and after rinsing measured in a 4,4'-bipyridyl phosphate 
(pH = 7) buffer solution . In that case, however, the peak current 
decreases and disappears after several potential scans, probably due 
to desorption of the cytochrome-c layer. The surface concentratien 

of cytochrome-c is calculated from the area (Q') of the peak at 
-0.19 V in the cyclic voltammogram (see eq. 3.12). A maximal surface 
concentration of 1.8 10-11 mol cm-2 is measured, i.e. for cytochrome-c 

concentrations in solution of 0. 1 mM and more. 

* Q' is the peak area in the cyclic voltammogram at certain poten

tial scan rate (v) and is expressed in nW (see eq . 3.12). 
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For a monolayer coverage of cytochrome-c molecules (diameter d = 
30 nm) in the closest two dimensional packing of uniform spheres, a 
surface concentration (r) of 2.1 10-11 mol cm-2 is calculated, using 

r = 2[6 13 1023 d2]-1. Taking into account the rather low estimated 

radius of the cytochrome-c molecule, the possible flattening of 
the protein structure (which causes an increase of the radius) and 
the possibility of other types of packings, then the conclusion is 
justified that a monolayer of cytochrome-c molecules is formed. 

For these calculations, the measured electrode area (0.062 cm2) is 
used, being equal to the geometrical area within experimental error. 
The plot of the inverse fractional surface coverage (8-1) vs. the 
inverse cytochrome-c concentration in solution (1/C*), fits a Lang
muir isotherm (Fig. 6.20). However, the condition of no interaction 
between the adsorbed molecules, for a Langmuir isotherm, is probably 
not fulfilled because of the high dipole moment of the cytochrome-c 

molecule (350 Debye). The same adsorption behaviour of cytochrome-c 
is observed fora platinum electrode (Fig. 6.21). More elaborated 
measurements are necessary to obtain an adequate description of this 
adsorption behaviour . 
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Fig. 6.20 Plot of the inverse fractional surface coverage (1/8) vs. 
the inverse cytochrome-c concentration (1/C*). Data taken 
from Fig. 6.19. 
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Fig. 6.21 Cyclic- (a) and ac-voltammogram (b) of cytochrome-c at 

a 4,4'-bipyridyl modified platinum electrode. 

a) v = 0.5 V s- 1 b) À= 45°, w = 60 TI s- 1, E = 10 mV 

(rms), v = 20 mV s-1, C* = 0.35 mM. 
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Fig. 6.22 ac-Voltammograms of cytochrome-c at a 4,4'-bipyridyl 

modified platinum electrode. Experimental conditions: 

* -1 -1 c0 = 0.350 mM, w = 60 TI s , v = 20 mV s , E = 10 mV 

( rms), À = 90°. 

a) continuously recorded. 

b) stop at -0 .45 for 10 min. 

154 



The adsorption peak (at -0.19 V) in the reverse (anodic) scan of the 
cyclic voltammogram decreases with increasing rest time at a more 

reducing potential (-0.45 V). Simultaneously, a second oxidation 
peak appears at -0.065 V, which increases upon increasing the rest 
time at more reducing potentials. This behaviour of the two oxidation 
peaks is best observed in the phase-selective ac-voltammogram 
(detection angle À= 90°), see Fig. 6.22. 

Beside gold and platinum, also glassy carbon and (transparent) tin
dioxide, modified with pyridine groups (as described in chapter 5), 
give rise toa quasi-reversible response of cytochrome-c (Fig. 6.23), 
without 4,4'-bipyridyl in solution. Addition of 4,4'-bipyridyl to the 
salution is not effective in the reduction of cytochrome-c at a bare 
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Fig. 6.23 Cyclic voltammograms of cytochrome-c (C~ = 0.20 mM) 
at several potential scan rates, measured at a 
a) p-aminopyridine modified glassy carbon electrode 
b) p-carboxypyridine modified transparent tindioxide 

(Sn02) electrode. 
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Sn02 or Cg electrode. From the cyclic voltammograms, a rate constant 
(kO') of 0.4 10-4 m s-1 respectively 0.25 10-4 m s- 1 was determined, 

as described in section 3.5.1. No adsorption peak is observed at 
these electrodes, due to the less reversible redox behaviour of 
cytochrome-c at these modified electrodes; the large peak potential 
difference (~EP) then masks the adsorption peak, if present at all. 
In order to check for possible interaotion between 4,4'-bipyrîdyl 
and cytochrome-c in solution, several experiments were performed. 
From UV/VIS-difference spectra (1 mm pathway, 3.5 mM cytochrome-c, 
0-4 mM bipyridyl), equilibrium dialysis (0.2 to 2 mM cytochrome-c 
and 0.2 to 10 mM bipyridyl) and 13c-FT.NMR {8 mM bipyridyl, 8 mM 
cytochrome-c) no indication is observed which might point at a 
possible interaction between cytochrome-c and 4,4'-bipyridyl. The 
adsorption signal at 695 nm, in the UV/VIS-spectrum, does not dis

appear, excluding exchange with the sulfur ligand. 
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6.3.2.4. Discussion and conclusions 
In modifying electrode surfaces with pyridine groups, a suitable 

interface is created for the electrode reaction of cytochrome-c. The 

quasi-reversible response obtained at pyridine modified glassy carbon 
and tindioxide electrodes, proves that 4,4'-bipyridyl is only active 
near the surface of a gold and platinum electrode. This was also 
concluded by Taniguchi [30], who obtained a quasi-reversible redox

wave for the cytochrome-c reduction at a bis(4-pyridyl)disulfide 
modified gold electrode, in absence of promoters in solution. Obvi

ously, a decisive interaction is present between the pyridine group 

at the surface and the cytochrome-c molecule. However, analysis by 

UV/VIS-difference spectroscopy, equilibrium dialysis and 13c-FT .NMR 
gave no indications at all for possible interactions between 4,4'

bipyridyl and cytochrome-c in the bulk of the solution. This does 

not exclude an interaction at the electrode surface, because the 

electronic structures of 4,4'-bipyridyl may then be quite different. 

Beside 4,4'-bipyridyl, also cytochrome-c is adsorbed at a gold elec
trode, as is concluded from the adsorption peak at -0.19 V. The 

difference in redox potential (-205 mV), between adsorbed cyto

chrome-c and cytochrome-c in solution, is probably caused by a 
change of the protein conformation (flattening of the protein sphere) 
and/or by a change of the iron-ligand (for example: 4,4'-bipyridyl 
replacing the sulfur ligand). The adsorption must be accomplished 

via interactions of the cytochrome-c lysine-groups with the oxidic 
groups at the gold surface, as can be concluded from the decrease 
of the peak current at +0.2 V (ascribed to oxidic surface groups) 

upon addition of cytochrome-c to the solution. The second oxidation 
peak, observed at -0.065 V, increases when the adsorption peak at 

-0.19 V decreases: i.e. for increasing rest times at -0.45 V. This 
anodic shift of the oxidation peak is probably caused by a slow 

protein conformation change [32,33] or displacement of the iron 
and/or iron-ligands in the ferrocytochrome-c. It all seems to pertain 

toa relaxation process, back to the unperturbed cytochrome-c mole

cule. The fact that an oxidation peak is still being observed, even 

after long rest times at -0.45 V, implies that ferro- and ferricyto
chrome-c strongly adsorb at a gold and platinum surface. The mono
layer of cytochrome-c must therefore be present over the total poten
tial range (+0.5 V to -0.5 V) examined, and the electron transfer to 
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cytochrome-c in salution must then praeeed through an .adsorbed mono

layer. This monolayer situation is also observed for cytochrome-c 

measured at the mercury electrode [27d-f]. In this case, there was 

also measured an adsorption peak at -0.20 V vs. SCE. Only recently, 

Hinnen [34] reported the irreversible adsorption of bath cytochrome-c 

and 4,4'-bipyridyl at a gold electrode. This adsorption was detected 

by electrochemical and spectroreflectance measurements. A peak at 

about -0;5 V was observed in the cycl ie voltammogram, as we observed 

for cytochrome-c attached to the glassy carbon electrode (see section 

6.2.2.3). The measurements of Hinnen [34] were, however, performed in 

the absence of 4,4'-bipyridyl, so the redox peak is observed at 

-0.5 V insteadof -0.19 V, as we did (see section 6.3.2.3). The elec

tron transfer to the adsorbed cytochrome-c monolayer is probably 

accomplished via the 4,4'-bipyridyl molecule. If the 4,4'-bipyridyl at 

the electrode surface interacts with the heme-iron, then an intra

molecular electron exchange, as observed for bimetallic complexes 

of 4,4'-bipyridyl [35], might account for the electron transfer to 

the adsorbed monolayer. The bipyridyl nat only functions as a con-
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Fig. 6.24 Schematic view of the different electron mediators for 

reduction of cytochrome-c adsorbed at a gold electrode. 

~bottle-neck for electron transfer to or interaction 
with the enzyme. 

a) 2,2'-bipyridyl 

b) 1,2-bis(4-pyridyl)ethylene 

c) 1,2-bis(4-pyridyl)ethane 

d) 4,4'-bipyridyl 

e) p-phenylpyridine 
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ducting lead, but the nitrogens are also important, for interaction 

with the gold surface ànd with the cytochrome-c molecule. This 
explains why molecules like 4-phenylpyridine (no nitrogen for inter

action with cytochrome-c available), 1,2-bis(4-pyridyl)ethane (no 

conjugation) and 2,2'-bipyridyl (both nitrogens adsorbed at the gold 
surface), are not effective in the process with cytochrome-c at a 
gold electrode [28b] (Fig. 6.24). It was also observed that at pH
values below 5.5, the positive effect of 4,4'-bipyridyl on the 

reduction of cytochrome-c is lost, which we ascribe to the protonation 

of bipyridyl. Differential capacity measurements show a shift of the 

point of zero charge (PZC) from -0.06 V towards +0.05 V vs. SCE upon 
addition of 4,4'-bipyridyl to the phosphate buffer solution. The 

gold surface is then negatively charged at the redox potential of 

cytochrome-c (+0 .015), so orientation of the heme-edge towards the 
electrode surface is preterred because of the direction of the dipale 

moment of the cytochrome-c molecule. For the reduction of cytochrome-c 
in solution, a suitable interface is also present because the "nega
tive" sides of the adsorbed molecules are exposed to the salution 

(Fig. 6.25). The measured adsorption and desorption rate constants 

Au 
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Fig. 6.25 Proposed cytochrome-c orientation at the gold elec

trode/electrolyte interface. 
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[28g] should therefore be ascribed to the adsorption and desorptiQn 

of cytochrome~c at the adsorbed monolayer. Hence, the almost-equality 
of the measured adsorption/desorption rate constants with those 

measured under physiological conditions. This monolayer situation 

might also be expected under physiological conditions and explains 
the high affinity. ("monolayer" formation) and the low affinity reac

tion (interaction with the adsorbed "monolayer") of cytochrome-c 

with cytochrome-c-oxidase [36]. 

From all the phenomena observed during cyclic- and ac-voltammetry, 

the following reaction scheme can be deduced: 

Cytochrome-c strongly adsorbs at 4,4'-bipyridyl modified gold and 
platinum electrode surfaces. The cathodically shifted redox potential 

(-0.19 V) of adsorbed cytochrome-c, with respect to its solution 
redox potential (+0.015 V), is probably caused by conformation change 

of the protein (like flattening) and/or displacement of a heme-iron 

ligand (for example: 4,4'-bipyridyl for sulfur). The electron transfer 
to adsorbed cytochrome-c is accomplished via the 4,4'-bipyridyl 
molecule, which serves as a conducting lead. A similar interaction 
is likely to be present between cytochrome-c and a pyridine modified 
glassy carbon or (transparent) tindioxide electrodes. This, moreo1er, 

proves that 4,4'-bipyridyl only functions at the electrode surface. 

After reduction, adsorbed cytochrome-c again (but slowly) changes 
its protein and/or heme conformation, resulting in a structure, 
which resembles more that of cytochrome-c in solution; for the oxi
dation potentials (-0.065 V and +0.015 V) are not too different. The 

observation of this second oxidation peak (-0.065 V) implies strong 

adsorption of ferro- and ferricytochrome-c, so electron transfer to 

cytochrome-c in solution proceeds through the adsorbed monolayer of 

cytochrome-c. This is also observed for the reduction of cytochrome-c 

at the mercury electrode [27d-f]. It is not known whether the elec

tron transfer is accomplished via heme-heme interaction or via the 
protein moiety (intra-molecular electron transfer through the protein 
moiety of cytochrome-c has recently been observed by Isïed [37]). 
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7. CoNCLUDING REMARKs AND SuGGESTIONS FOR FuRTHER WoRK 

In addition to the discussions and conclusions at the end of each 
chapter, some concluding remarks on the preparation, characterization 
and possibilities of surface modified electrades (SME) wil l be given 
in this chapter. In between, a few suggestions for further work will 
be made. 

The preparation of surface modified glassy carbon or tindioxide elec

trades via covalent bonding (amide or ester), was performed via a 
rather simple procedure, i.e. via dehydrative coupling with N,N'
dicyclohexylca}bodiimide (DCC). The immobilization of water in
soluble compounds, like tetra(p-aminophenyl)porphyrin, via this 
procedure must be performed in dry organic solvents (e.g. THF) since 
water preferently adsorbs at the hydrophilic carbon surface (edge
planes) and only a low surface concentration of the immobilized com
pound will be obtained. This technique is, fortunately, less sensi
tive to the presence of water than the procedure in which the car
boxylic surface group is first converted into a carbochloride. The 
compounds to be immobilized, should also be well purified si nce 
impurities seem to possess "odd" properties causing preverent ad
sorption at the electrode surface and so preventing further modifi
cation. 
A very rapid and powertul procedure for immobilization of, especially, 
vinyl-compounds is their reaction with a carbon surface after or 
during an argon rf-plasma treatment . This procedure is not limited 
to vinyl-compounds or to carbon surfaces, but many different molecules 
and surfaces become reactive in an Ar-plasma. However, often no 
electrochemical redox behaviour is observed for these SME's, which 
fact cannot be explained yet. 
The plasma treatment proved also to be very useful for the oxidation 
of carbon surfaces and even for preparation of transparent t indioxide 
(Sn02) layers. The preparation of transparent Sno2-electrodes via 
this technique is certainly worth further investigation since very 
pure and homogeneaus layers can thus be obtained, but their conduc
tivity must still be improved. The anti mony (Sb(V)) dope, however, 
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did not improve the conductivity; this is probably due to a high 
oxygen deficiency, which has the same effect, as the Sb(V) dope, 
so the optimum dope percentage is already exceeded. For this reason, 
analysis of the Sn/0-ratio must be performed. 

The electrochemical characterization of surface modified electrodes, 

by phase-sensitive ac-voltammetry and cyclic voltammetry, 
was proven to be a very sensitive (even sub-monolayers are easily 
detected), a very rapid (especially cyclic voltammetry), but also 
a relatively inexpensive technique, i.e. compared toother techniques 
for (sub-)monolayer detection (e.g. ESCA, Raman, FT-IR etc.). Its 
application is, however, limited to (quasi-)reversible redox couples 

at the surface of electron-conductive materials. Also the theory 
and interpretation is still in progress as the electrochemical 
characterization of surface has only received full attention since 
the introduetion of SME's. Very promising spectroscopie techniques 
for in situ analysis of SME's are Raman, UV/VIS (transparent elec

trodes) and photo-acoustic spectroscopy. 
In chapter 5, it was shown that the uncompensated resistance {Ru) 
often introduces a remarkable behaviour of the redox peaks in the 
phase-selective ac-voltammogram of the SME. In a certain frequency 
domain even two peaks can apparently be observed. A similar behaviour 

is found for a redox couple in solution, if measured at a phase angle 
(À) of 90° insteadof 45°. Phase-selective measurements should there
fore always be performed at several frequencies or in combination 
with cyclic voltammetry. At enhanced frequencies, the peaks even 
turn upside-down. This phenomenon can falsity the interpretation of 
the differential capacity measurements, determined from phase
selective (À = 90°) ac-voltammetry. For example: the differential 
capacity of a glassy carbon electrode, measured in phosphate pH = 7 
buffer solution, shows a maximum or minimum around -0.1 V vs. SCE 
for low (e.g. 30 Hz) respectively higher frequencies (e.g. 600 Hz). 

This behaviour results from the quinone surface reaction and the 
uncompensated resistance which causes the upside-down situation of 
the redox-peak. For this reason, differential capacities should be 
determined from ac-voltammetric measurements at sufficiently high 
frequencies (e.g .> 3 kHz), so faradaic processes will not interfere 
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anymore. This lower-limit of the frequency depends, of course, on the 
rate constant of the surface reaction. Since the minimum of the 
differential capacity curve is often related to the point of zero 
charge (PZC), the phenomenon described above should be considered. 
Surface reactions are often very fast (ks > 103 s-1), so techniques 
like cyclic- and ac-voltammetry cannot be used for determination of 
the reaction rate constant and only a lower limit can be given (e.g~ 

quinone surface reaction). The impedance measurements are often 
obscuredas a consequence of a high double layer capacity. It would, 
how~ver, be very interestiug if both surface (ks) and heterogeneaus 
(k0 

) reaction rate constants could be determined from experiment, 
so that comparison with theory as reported by Anson (see discussion 
chapter 3) becomes possible. Probably other techniques (pulse tech
niques) are more successful. 

At first sight, the possibilities of surface modified electrodes 
seem to be unlimited, as only a suitable catalyst has to be immobi
lized. However, in practice situations occur, that reduce the possible 
applications of a certain SME. If, for example, a very reactive 
species is formed at the bare part of a modified electrode surface, 
then the catalyst will be destroyed or removed (disrupture of the 
chemical bonding with the surface) from the surface. This situation 
probably occurs for the oxygen reduction at a porphyrin modified . 
glassy carbon electrode, as in this case the reactive 02-radical 
anion is formed at the bare part of the carbon surface. Electrodes 
modified with a multilayer of the catalyst (which is usually the case 
for adsorption and polymer film modification) do not expose the bare 
carrier-electrode surface. This is one of the major differences 
between a (sub-)monolayer and a multilayer modified electrode. 
Not only chemical but also mechanical stability of the SME must be 
taken into account. Since only a very thin layer (or only a mono
layer) of a catalyst determines the properties of the electrode sur
face, this can easily be damaged by scratching, etc. A good mechani
cal stability of the carrier material is necessary too. Graphite, 
for example, is not suitable as a carrier material because modified 
graphite scales will peel off. 
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The stability of the immobilized catalyst itself is, moreover, deci
sive for possible application in different media: e.g. concentrated 

basic or acid solutions. Especially (immobilized) enzymes are very 

sensitive towards solution composition, pH, temperature, etc. The 

applications of enzyme modified electrades (EME) are therefore pro

bably restricted to the synthesis of very expensive compounds (like 
pharmaceuticals), the stereo-selective reactions and the regeneratien 
of co-enzymes. The EME is, of course, very important for studies of 

biochemica] reactions, since the electrode can function as a precisely 

manageable electron donor/acceptor. The transparent tindioxide elec
trades might be very useful in this. In chapter 6 of this thesis, an 
investigation of the electrochemical behaviour of enzymes at diffe
rent electrode materials was started. As under physiological condi

tions, the protein and electrode (membrane) charge was shown to be 

very important for the reduction efficiency. This asks certainly for 
further investigation. 
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LIST OF SYMBOLS. 

activity 
electrode surface area 
adsorptibri coeff{cient 
capacity 
concentratien 
diameter 
diffusion coefficient 
electronic charge 
potent i al 
frequency 
Faraday constant 
free enthalpy 
current 
amplitude of the a.c-current 
.r-1 
reaction rate constant: 
homogeneous 
heterogeneaus 
surface 
number of electrens 
pressure 
peak area in the cyclic- or 
ac-voltamnogram 
interaction parameter 
radius of a disc electrode 
gas constant 
resistance 
time 
temperature 
potential scan rate 
peak-width at mid-height 
admittance 
impedance 

-1 gmol.l 
cm2 

-2 F, F.cm 
M, gmol.cm-3 

cm 
cm2.s-1 

C (coulomb) 

V 
s-1 

C.gmol 
J.gmol 

-2 A, A.cm 
-2 A, A.cm 

deoends on order 
-1 cm.s 

s-1 

Torr 

V.A 
cm2.gmol-1 

cm 
-1 -1 J.K .gmol 

n 
s 
K 

-1 V.s 
V 
n-1 

n 



Ct transfer coefficient 

13 = l-et 
y activity coefficient 

r surface concentratien 

E: amplitude of the ac-tension 
molar absorptivity 

K specific conductivity 

À detection angle 

<P phase angle 
1jJ dimensionless rate parameter 
w angular frequencv 

Subscripts. 

a anodic 
ac alternating current 
c cathodic, CJpacitive 
ct charge t ransfer 
d differential 
f faradaic 
0 oxidized form 

p peak 
R reduced form 
s surface 
T Total 
u uncompensated 
W Warburg 
~ half-wave, mid-hei ght 

0 

* 

Superscripts. 

in standard state 
bulk 

heterogeneous, real part 
imagi na ry part 

gmol.cm -2 

V 
M- 1.cm-l 

-1 -1 n .cm 

degrees 
degrees 

s -1 
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ÄBBREVIATIONS. 

CMC 

cv 
DCC 
DME 

DMF 
DMSO 

DPP 
DTAC 
EME 

IS 

LPS 
NHE 
OTE 
PZC 

rf 
SCE 

SDS 

SME 
TEAP 
THF 
TPP 
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1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide 

metho-p-tolueensulfonate 
cyclic voltammetry 

N,N'-dicyclohexylcarbodiimide 

dropping mercury electrode 

N,N'-dimethylformamide 
dimethylsulphoxide 
differential pulse polarography 

dodecyltrimethylammonium chloride 

enzyme modified electrode 
immobilized species or species to be immobilized 
linear potential sweep 

normal hydragen electrode 
optical transparant electrode 
potential of zero charge 
radio frequency 

saturated calomel electrode 
sodium dodecylsulphate 

surface modified electrode 
tetraethylammonium perchlorate 
tetrahydrofuran 
tetraphenylporphyrin 



SuMMARY. 

Research on surface modified electrades (SME) was initiated only eight 
years ago (1975) when Miller reported the preparation of a chiral 
electrode. Since then, many SME's are develooed for possible 
applications in various fields. This thesis reports on an exploration 

into the preparation, characterization and possibilities of SME's. 

In an extensive review (chapter 2), the progressin the field of SME's 
is reported. For this, the·modification of electrode surfaces is 
subdivided into three main procedures : i.e. covalent, adsorption and 
polymer film modiftcation. Various combinations of these procedures 
are, of course, possible and are often applied. In addition, this review 
deals with possible application fields {like electro-catalysis, 
electro-synthesis, etc.) illustrated by some examples reported in the 
literature. 
The theories for electrochemical characterization of SME's by 
impedance measurements, by cyclic- and ac-voltammetry are summarized 
in chapter 3. Treated are the characteristic differences between the 
results of measurements of redox systems in solution and immobilized 
at the electrode surface, as well as the peak broadenin~ (in both 
cyclic- and ac-voltammetry) caused by non-ideal behaviour, resulting 
from the mutual interaction between the immobilized molecules. It is 
further described how ac-voltammetry and impedance measurements are 
interrelated, and how kinetic information (reaction rate constants) 
can be obtained from the measurements with the techniques mentioned 
above. 
For the preparation ~f SME's, glassy carbon {Cg) and transparent 

tindioxide {Sn02) are used as a carrier material (chapter 4). To 
increase the concentration of oxygen containing surface groups 
(e.g. carboxyl), the glassy carbon surface was oxidized by oxygen 
or argon r.f-plasma treatment (r.f: radio-frequency). If catalysts 
are to be immobilized via covalent bonding then, of course, knowledge 
of the type and concentration of the surfacé groups of the carrier 
material is required. At an oxidized glassy carbon surface, quinonoid 
structures, like o/p-naphto-quinone and 9,10-phenanthrene-quinone 
are shown to be present using chemical dertvatization in combination 
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with phase-sensitive ac-voltammetry. The ortho-quinonoid structures are 

therefore converted (by reaction with o-phenylenediamine) into 
benzophenazines, which are electrochemically active toa. Because of 
their irreversible electrochemical behaviour, it was, however, nat 
possible to detect directly the carboxylic surface groups (aften used 
for covalent modification) by electrochemical techniques. Also from 
the spectroscopie techniques Raman and Auger, no unambiguous 
identification of the carboxylic surface qroups was obtained. The 
concentratien of carboxylic groups at the glassy carbon surface was 
increased after 02-plasma treatment (in this case oxygen ions, radicals, 
etc., react with the carbon surface). This was concluded from the 
results of the modification of the glassy carbon surface with tetra
(p-aminophenyl)porphyrin (T(pNH2)PP) via amide (peptide) bonding. 
The covalent modification of glassy carbon, but also of transparent 
tindioxide was further investigated (chapter 5). Via dehydrative 
coupling using N,N'-dicyclohexylcarbodiimide (DCC) in dry tetrahydro
furan (THF), it was possible to immobilize molecules with amine or 
carboxylic groups at carrier materials possessing carboxylic (e.g. 
glassy carbon), respectively, hydroxylic (e.g. Sn02) surface groups. 
Glassy carbon and Sno2 electrades were also modified via reaction with 
several molecules (e.g. porphyrins, isonicotinic acid) during or after 
an Ar-plasma treatment. Porphyrins thus immobilized farm, however, a 
polymer layer which showed no electrochemical redox behaviour . 
Extensively investigated was the CoT(pNH 2)PP modified glassy carbon 
electrode. Research on the catalytic activity of the Cg-CoT(pNH2)PP 
electrode for the oxygen reduction reaction was nat possible because 
the porphyrin monolayer was nat stable during measurements. The catalyst 
was probably removed or destroyed by the very reactive 02 radical-anion, 
which is formed during the oxygen reduction at the bare parts of the 
glassy carbon surface. The Co(II/I)T(pNH2)PP surface reaction was 
closely studied by cyclit-and ac-voltammetry. The observed peak 
broadening can be explained very well if mutual interaction between the 
immobilized porphyrin molecules is taken into account. However, inter
action of the porphyrin molecules with the glassy carbon surface itself 
can certainly nat be excluded as a possible explanation. The remarkable 
phenomenon of "dip-forming" and subsequently turning upside-down of the 
redox peaks (upon increasing the modulation frequency) in the 
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phase-sensitive ac-vo1tammetry measurements, must be ascribed to the 
influence of the uncompensated resistance of the system. 

Nat only synzymes, as e.g. porphyrins, but also enzymes and redox

proteins are studied (chapter 6). Several enzymes (e.g. glucose-oxidase, 

catalase) and redox-proteins (e.g . cytochrome-c and -c3) coul d be 
immobilized at glassy carbon surfaces. The major problem proved to be 
the establishment of a. direct electron transfer between enzyme and 

electrode. In order to study more closely this problem, the electro

chemical behaviour of several redox-proteins (e.g. cytochrome-c3, 

ferredoxins, etc.) was investigated. By campensatien of the charge of 
the protein, the reduction-efficiency at a dropping mercury electrode 
could, insome cases (ferredoxins), even attain 100%. Extensively 

investigated is also the reduction of cytochrome-c at a gold and 

platinum electrode, in the presence of 4,4'-bipyridyl. In bath cases 

cytochrome-c proves to be strongly adsorbed at the electrode surface. 
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SAMENVATTING, 

Het is pas acht jaar geleden (1975) dat Miller de bereiding van een 
chirale eiektrode beschreef en daarmee het onderzoek naar oppervlak 

gemodificeerde elektroden (SME: ~urface ~odified ~lectrode) op gang 
bracht. Sinds die tijd werden vele SME's bereid en onderzocht voor 
mogelijke toepassingen in diverse gebieden. In dit proefschrift is 
een verkennend onderzoek beschreven betreffende de bereiding, de'karak
terisering en de mogelijkheden van de SME's. 

In een uitgebreid overzicht (hoofdstuk 2) is de huidige stand van 
zaken op het gebied van SME's behandeld. De modificatie van elektrode 
oppervlakken is daartoe onderverdeeld in drie hoofdprocedures: t.w. 
kovalente-, adsorptie- en polymeerfilm-modificatie. Diverse kombinaties 
van deze procedures zijn natuurlijk mogelijk en worden ook vaak toege
past. Aansluitend zijn in het overzicht mogelijke toepassingsgebieden 
(zoals elektro-katalyse en elektro-synthese, etc.) behandeld aan de 
hand van enkele voorbeelden uit de literatuur. 
De theorieën voor de elektrochemische karakterisering van SME's m.b.v. 
impedantie metingen, cyclo-· en ac-voltammetrie zijn samengevat in hoofd
stuk 3. Behandeld zijn de karakteristieke verschillen tussen de meet
resultaten van redox-systemen in oplossing en geïmmobiliseerd aan het 
elektrode oppervlak, alsmede de piek verbreding (in zowel cyclo- als 
ac-voltammetrie) t.g.v. niet-ideaal gedrag, veroorzaakt door onderlinge 
interaktie van de geïmmobiliseerde molekulen. Verder is beschreven hoe 
ac-voltammetrie en impedantie metingen aan elkaar gerelateerd zijn, en 
hoe kinetische informatie (reactie snelheids konstanten) kan worden 
verkregen uit metingen met bovengenoemde technieken. 
Voor de bereiding van SME's zijn glaskool (glassy carbon, Cg) en 
transparant tindioxide (Sn02) als dragermateriaal gebruikt. Om een 
toename van de zuurstofhoudende (b.v. carboxyl) oppervlakte groepen 
te verkrijgen, werd het glaskool-oppervlak geoxydeerd d.m.v. een 
zuurstof of argon rf-plasma behandeling (rf: radio-frequent). Wil men 
katalysatoren immobiliseren via een covalente binding, dan is 
natuurlijk kennis van aard en concentratie van de oppervlakte groepen 

van het dragermateriaal vereist (hoofdstuk 4). Aan een geoxydeerd 
glaskool oppervlak zijn chinoïde structuren, zoals o/p-naftochinon 
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en 9,10-fenantreenchinon, aangetoond m.b.v. chemische derivatisering. 
in kombinatie met fase-gevoelige ac-voltammetrie. De ortho-chinoïde 
strukturen werden hierbij omgezet (door reaktie met o-fenyleendiamine) 

in de eveneens elektrochemisch aktieve benzofenazines. Vanwege hun 
irreversibel elektrochemisch gedrag was het helaas niet mogelijk om de 
carboxyl oppervlakte groepen (vaak gebruikt voor kovalente modificatie) 
direkt elektrochemisch te detekteren. Ook met de spektroskopische 
technieken: Raman en Auger, kon geen eenduidige identifikatie van de 
carboxylgroepen worden verkregen. De koncentratie van carboxylgroepen 
aan een glaskool oppervlak blijkt na een 02-plasma behandeling (hierbij 
reageren zuurstofionen, radicalen, etc . met het kooloppervlak) te zijn 
toegenomen. Dit kon worden gekonkludeerd uit de resultaten van de 
modifikatie van glaskool oppervlakken met tetra(p-aminofenyl)porfyrine 

(T(pNH2)PP) via amide(peptide) binding. 
De kovalente modifikatie van glaskool, maar ook van transparant tin
dioxide (Sn02), zijn nader onderzocht (hoofdstuk 5). Via dehydraterende 
koppeling m.b.v. N,N'-dicyclohexylcarbodiimide (DCC) in droge tetra
hydrofuran (THF), blijkt het mogelijk om molekulen met amino- of 
carboxyl groepen te immobiliseren aan dragermaterialen met carboxyl 

(b.v. glaskool), respektievelijk hydroxyl (b.v . Sn02) oppervl akte 
groepen. De glaskool- en Sno2-elektrode oppervlakken zijn ook gemodifi
ceerd door reaktie met molekulen als porfyrinen, isonicotinezuur, enz., 
tijdens of na een Ar-plasma behandeling. De aldus geïmmobiliseerde 
porfyrinen vormen echter een polymere laag welke geen elektrochemisch 
redox gedrag vertoont. De glaskool elektrode, gemodificeerd met 

Co T(pNH2)PP werd uitgebreid onderzocht. Onderzoek naar mogelijke 
katalytische aktiviteit van de Cg-CoT(pNH2)PP elektrode voor de zuur
stofreduktie was niet mogelijk aangezien de porfyrine-monolaag niet 
stabiel was tijdens de metingen. De katalysator wordt waarschijnlijk 
verwijderd of vernietigd door het reaktieve Oz radikaal-ani on, hetgeen 
wordt gevormd tijdens de zuurstof reduktie aan blanko gedeelten van 
het glaskool oppervlak. De Co(II/l)T(pNH2)PP oppervlakte reaktie is 
nader bestudeerd m.b.v. cyclo- en ac-voltammetrie . De waargenomen 
piekverbreding is zeer goed te verklaren indien wederzijdse interaktie 
tussen de geimmobiliseerde porfyrine molekulen in rekening wordt 
gebracht. Echter, interaktie van de molekulen met het elektrode opper
vlak zelf, is zeker niet uit te sluiten als mogelijke verklaring. Het 
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merkwaardige ~erschijnsel van udip''-vorming en vervolgens omker~n van 

de ~edox piek~n (met toenemende modulatiefrekwentie), in fase-gevoelige 
ac-voltammetrie metingen, blijkt te moeten worden toegeschreven aan de 
invloed van de niet-gekampenseerde weerstand in het systeem. Nfet alleen 
syntymen, waartoe de porfyrines behoren, maar ook enzymen en redox
eiwitten zijn bestudeerd (hoofdstuk 6). Diverse enzymen (b.v. glucose
oxidase, catalase) en redox-eiwitten (b.v. cytochroom-c en -c3) zijn 
geïmmobiliseerd aan glaskooloppervlakken. Het grote probleem was echter 
een direkt elektron transport tussen enzymen elektrode te bewerkstel
lig~n. Voor nadere bestudering van dit probleem is daarom een onderzoek 
verricht naar het elektrochemisch gedrag van diverse redox-eiwitten 
(b.v. cytochroom-c3, ferredoxines etc.) in oplossing. Door kompensatie 

van de eiwitlading kan de reduktie-effectiviteit aan de druppelde kwik 
elektrode, in sommige gevallen (ferredoxines) zelfst tot 100%, worden 
verbeterd. Uitgebreid onderzocht is ook de reduktie van cytochroom-c 
aan een goud en platina elektrode, in aanwezigheid van 4,4'-bipyridyl. 
In beide gevallen blijkt cytochroom-c sterk te adsorberen aan het 
elektrode oppervlak. 
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CuRRICULUM VITAE. 

De schrijver van dit proefschrift is geboren op 7 december 1951 te 
Weert. Na het behalen van het H.B.S.-b diploma aan het Bisschoppelijk 
College te Weert begon hij in 1970 met de scheikunde studie aan de 
Technische Hogeschool te Eindhoven . Het afstudeerwerk verrichte hij 
bij de vakgroep Organische Chemie onder begeleiding van Dr.Ir. J.W . 
de Haan en met als afstudeerdocent Prof. Dr. H.M. Buck. Op 3 september 
1975 behaalde hij het ingenieursdiploma. 
In de navolgende periode was hij werkzaam bij Prof. Dr. E. de Boer van 
de afdeling Molekuul Spektroskopie aan de Katholieke Universiteit te 
Nijmegen en behaalde hij vervolgens de onderwijsbevoegdheid voor de 
vakken natuurkunde en scheikunde. 
Sedert oktober 1978 was hij verbonden aan de vakgroep Instrumentele 
Analyse van de Technische Hogeschool te Eindhoven. 
Vanaf maart 1979 werd onder begeleiding van Prof. E. Barendrecht het 
onderzoek, dat . beschreven is in dit proefschrift, uitgevoerd. 
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STELLINGEN 

1. De metingen van differentiële kapaciteiten bij lage trekwenties 
worden sterk beïnvloed door faradayse oppervlakteprocessen, hetgeen 
tot onjuiste konklusies kan leiden. Het verdient daarbij aanbeveling 
om de meetfrekwentie te vermelden. 

K. Uosaki and H.A.O. Hill, J. Electroanal. Chem. 122, 321 (1981). 

2. Beslissend voor een meer adekwaat prepareren van oppervlakte-gemodi
ficeerde elektroden is een kwantitatieve kennis van het oppervlak 
van de dragerelektrode naar aard en distributie van funktionele 
groepen. 

Dit proefschrift, hoofdstuk 4 en 5. 

3. Gezien de tijdsafhankelijke konditie van elektrochemische systemen, 
dienen resultaten verkregen uit impedantiemetingen bij zeer lage 
trekwenties met uiterste terughoudendheid te worden geïnterpreteerd . 

I. Epelboin, ~. Jousselin and R. Wiart, J. Electroanal. Chem. 101, 

281 (1979) . 

4. Tegen de konklusies van Chartier, c.s., t.a.v. het mechanisme van de 
zuurstofreduktie aan lood en lood-cadmium elektroden bestaan ernstige 
bedenkingen. 

P. Chartier, A. Shehili and H.N. Cong, Electrochim. Acta 28, 853 
( 1983). 

5. Het toeschrijven van een 200% rendement voor een elektrolyseproces 
geeft ten onrechte de indruk dat elektrochemie wonderen kan verrichten. 

R.J. Chan, C. Ueda and T. Kuwana, J. Am. Chem. Soc. 105; 3713 (1983). 



6. Bij de karakterisering van alkyl gemodificeerde silica gel opper
vlakken wordt recentelijk veel gebruik gemaakt van 13c- en 29s; 
CP:-MAS NMR. Specifieke relaties tussen struktuUr en chemical shift 
zijn gelegd [1,2]. Het is echter zeer onwaarschijnlijk dat de 
29si-NMR absorptie bij -66 ppm uitsluitend -moet worden toegeschreven 
aan "cross-linking" tussen meer dan twee silanen [3]. 

1) D.W. Sinderf and G.E. Maciel, J. Am. Chem. Soc. 105, 3767 (1983). 
2) E. Bayer, K. Albert, J. Reiners and M. Wieder, J. Chromatography 

264,197 (1983). 
3) L.J.M. van de Ven and J.W. de Haan, persoonlijke mededeling. · 

7. Grootschalige fotochemische of foto-elektrochemische processen voor 
de produktie van chemische energiedragers (als · bijv. H2) zullen, 
zeker in de gematigde klimaatzones, stranden op het hiervoor vereiste 
landbeslag. 

8. In een toekomstige energie~ekonomie waar elektrische energie de 

belangrijkste sekondaire energiedrager blijft, zal bij de konversie 
naar chemische energiedragers, v.v., de elektrochemische discipline 
noodzakelijkerwijze een sleutelrol moeten gaan vervullen. 

9. De mogelijkheid om exakt te werken houdt helaas vaak op bij het 
eindprodukt van de instrumentmaker. 

Eindhoven, 28 oktober 1983 J.P.G.M. Schreurs 


