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1. Introduction

Molecular oxygen takes part in many reactions, and for most biclogical
systems, it is an essential specles to satisfy their energy demands. In spite
of this, its activation to react 1s difficult. On the one hand, this has the
advantage that no spontaneous reactions occur and that the existence of
dioxygen, together with combustible compounds in the same environment, is pos-
sible. On the other hand, some reactions, which are thermodynamically
favoured, are in practice so slow that they do not occur at all under normal
(moderate) conditions. In blological systems, we see a great variety of
biocatalysts (enzymes) which ultimately activate the dioxygen molecule at
moderate (low) temperature [1].

The subject of this thesis: the electrochemical reduction of dioxygen, 1sf
alsc an example of a thermodynamically favourable, but in practice, slow reac-
tion [2]. This reaction is important with respect to energy conversion. A fuel
cell is a device for the conversion of the chemical energy of an apt fuel into
electrical energy. At the cathode of this cell dloxygen accepts electrons and
is reduced. At the other electrode, the anode, the fuel {for instance Hz) is
oxidized [3]. Theoretically. it can be derived that the conversion efficiency
of a fuel cell is higher than those of more conventional means of electricity
production, where first heat is produced by combustion of the fuel and, there-
after, converted by steam turbines into electricity [4]. For this reason, a
considerable effort is given in the last two decades to the study of the
electrochemical reduction of dioxygen [5].

The rate of the reduction reaction of molecular oxygen dépends on the
electrode material, i.e. the electrode surface material. Platinum is commonly
used in a fuel cell as electrocatalyst [6]. However, the high cost of this
noble metal and its low availabi;ity resulted into a search for alternatives
[71.

Metal phthalocyanines (MePc) are an alternative [8]. This class of
compounds consists of a metal ion surrounded by four nitrogen atoms of the
phthalocyanine ring structure (see figure 1.1. Also the structure of metal
porphyrin (MeP), a blological more important compound than MePc, is given in
the figure). Especially. the phthalocyanines with cobalt or iron (CoPc or
FePc) as a central metal ion are active [9].

The work described in this thesis has been concentrated on the funda-
mental aspects of the dioxygen reduction, catalyzed by cobalt and iron tetra-
sulfonato-phthalocyanine {(Co- and FeTSPc), see fiqure 1.l. The substituent

1
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Fig. 1.1 Molecular structure of metal phthalocyanine (MePc) (a) with on the
place of X a hydrogen atom; in the case of metal tetrasulfonato-

phthalocyanine (MeTSPc) X is NaSO,; and metal porphyrin (MeP) (b).

3¢
*sulfonato” is introduced to make the complex soluble in water. Here, we
studied the behaviour of the catalysts under very different conditions and in
very different environments, such as dissolved in water, adsorbed on graphite
or incorporated in a conducting polymer (polypyrrole), in order to investigate
the influence of the environment on the electrochemistry of dioxygen. From
this, some conclusions can be drawn about the reduction mechanism of dioxygen.

In chapter 2, a short literature overview of the basic electrochemical
principles, which are important to understand the electrocatalysis of the
dioxygen reduction, is given. In this chapter also some attention is paid to
the results of light absorption spectroscopy for Co- and FeTSPc.

In chapter 3, a literature survey will be given about the models (classi-
cal and quantum mechanical) for the adsorption of dioxygen on the metal
chelates. )

In the next chapter, 4, the experimental methods Qsed to obtain the
results described in this thesis, are treated.

Different electrode preparation methods are discussed 1ln chapter 5.
First, a theoretical derivation for the effect of the number of active sites
on the overall activity of the electrode is given. Secondly, several prepara-
tion methods, with regard to the number of active catalyst sites on the elec-
trode surface, are studied. The factors and rules, determining whether the

catalyst molecule forms an active site or not, are discussed.



There are two preparation methods, which result in an electrode surface
where all the present catalyst molecules are active. Their electrochemical
behaviour is studied in more detail in chapter 6 (adsorption on pyrolytic
graphite) and in chapter 7 (incorporation in polypyrrole).

Electrochemical measurements, carried out in solutions of water soluble
phthalocyanines, are reported in the chapters 8 and 9. Although in practical
systems solutions of phthalocyanines in such high concentrations (~ 10—-3 M)
will be never used, some striking observations can be made about the dioxygen
reduction reaction catalyzed by FeTSPc. In chapter 8, the reduction of
dioxygen on electrode materials such as pyrolytic graphite (Cp) and glassy
carbon (Cqg) is investigated. This chapter is completed with in situ absorption
spectroscopy, carried out to clarify the nature of the observed reactions. In
chapter 9, the reduction of dioxygen catalyzed by phthalocyanines on mercury
is reported. Also, a comparison is made between the dioxygen reduction on Cp
and mercury.

The way of adsorption of the metal chelates on the basal plane of stress
annealed pyrolytic graphite (BP of SA~Cp) is studied by using electroreflec-
tance spectroscopy [10], and the results are described in chapter 10. The
reason for this study was the proposal, made in chapter 6, about the way of
adsorption of FeTSPc on Cp.

In chapter 11, the in situ absorption spectroscopy performed on the cata-
lysts incorporated in polypyrrole, is described. These investigatlons were
carried out to verify the explanation given in chapter 7 for the striking
behaviour observed for FeTSPc incorporated in polypyrrole.

In the last chapter, 12, some conclusions about dioxygen reduction are

given. Also, some outlines and ildeas for future research are proposed.
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2. Literature review on cathodic dioxygen reduction, catalyzed by transition
metal chelates

2.1. Introduction

An extensive review has been published by van den Brink et al. [la],
Yeager [1b] and van der Putten [lc]. Further, the literature on the absorption
spectra of the water soluble metal tetrasulfonato-phthalocyanines and the

influence of dioxygen on these spectra is summarized.

2.2. Dioxygen reduction

Dioxygen can be electrochemically reduced according to the following
reactions [2}:

+4H'O + 46 -+ 6HO | (1)
0, + 4Hy e 2
+ -
02 + 2330 + 2 - Hzoz + 2H20 (2)
0, +e 2 0, (3)

These reactions are written for acid solutions, but they can be easily conver-
ted into the corresponding ones for alkaline electrolytes by adding 0H~ on
both sides of the equations. The formal potentials are 1.229 V and 0.682 v (at
pH = 0 vs. NHE: Normal Hydrogen Electrode) for, respectively, reaction (1) and
(2) {2). In both reactions, protons are involved and therefore a pH-depen—
dency, as is given in the diagram of fiqure 2.1, is observed for the formal
potentials. The formal potential of the one-electron reduction of dioxygen (3)
is, of course, pH-independent and given in the diagram as a horizontal line
(8° = -0.33). ‘

When CoPc is used as a catalyst, only reaction {2) is observed, both in
alkaline [3,4.5] and in acid [3] solutions. On FePc, reaction (1) occurs
predominantly in alkaline electrolytes [4,6,7]; while in acid solutions only
reaction (2) is observed [8].

Contrary to the fact that the formal potential of reaction (2) is pH-
dependent, for the dioxygen reduction catalyzed by CoPc a pH-independent
behaviour is found {31, so that in alkaline solutions a small overpotential is
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Fig. 2.1 Pourbaix diagram for dioxygen reduction (SCE: Saturated Calomel
Electrode and RHE: Reversilble Hydrogen Electrode).

observed for the dioxygen reduction to hydrogen peroxide, while in acid solu-
tions, the reduction onset potential lies far more negative from the equili-
brium potential. For FeTSPc a more complex, but in principal Nernstian pH-
dependent behaviour is observed [9]; see also chapter 6 of this thesis.

Although the reduction of hydrogen peroxide (4} is energetically very
favourable (Eo = 1.776 V), the reaction does not occur on CoPc in the
potential region of interest. For PePc, however, a slow reaction (thus a large
overpotential) is observed.

+

H,0, + 2H

205 40t 2 o 4H,0 (4)

2.3. Light absorption spectroscopy

Co(11)TSPe dissolved in an alkaline solution (0.1 M KOH) shows a spec-
trum, mainly consisting of two peaks (see figure 2.2) [11,12]. These peaks,
observed in deoxygenated solutions, are ascribed to mohomer (at 663 nm) and
dimer (at 626 nm) species of CoTSPc. When the concentration of the solu-
tion increases, the height of the dimer peak increases at the expense of the
monomer peak [11]. Also, the addition of a salt, as for instance KCl, leads to
an increase of the dimer absorption band. Because of the observation, that for
high salt (':oncem:rations.(10-1 M) the isosbestic behaviour is lost, it is
even suggested that higher aggregates are formed in these concentrated
solutions {12]. V



{
500 800 nm 700

Fig. 2.2 Dependence of the change of absorption spectrum on the CoTSPc con-
centration in 0.1 M NaOH; d = 1.0 cm; the curves were recorded
immediately after alkalization; concentration of CoTspc
1) 4.0 X107 M; 2) 3.0 X 10> M; 3) 2.0 X 10 ° 1; 4) 1.5 X 10 m;
5) 7.0 X 1(}--6 M {from reference [11]).

Upon introduction of dioxygen a new peak appears at almost the same
absorption wavelength as the monomer (670 nm) [11,12,13] (see figure 2.3).

18- 20
br

10%¢

. ] i 1 1 1 i
s8BO BOO 820 640 660 680 o0

A (o)

Fig. 2.3 Effect of dioxygen on the absorption spectrum of CoTsSPc (5 X 10-6 M)
in 0.1 M NaOH at 20°C after various periods of oxygenation (from

reference [12]).



From dioxygen uptake measurements, it has been concluded that two CoTSPc mole-

cules adsorb one dioxygen molecule, and therefore, the formation of a dioxygen

bridged dimer has been proposed [11] (see also figure 2.4).

Fig. 2.4

CoTSPc species in a dioxygen-free solution (a) and a dioxygen-satu-
rated solution (b).

Wagnerova et al. [11] claimed that OH has a promoting effect on the

dioxygen adduct formation because only for solutions with a pH above twelve a

dioxygen adduct has been observed [13,14]. However, more recently, it was

reported [15] that also in acid solutions dioxygen adducts can be observed.

Kobayashi et al. [16] reported the spectra of several electrochemically

prepared oxidation states of cobalt- and iron tetracarboxy-phthalocyanines

(Co~ and FeTCPc). These compounds are closely related to the sulfonated

phthalocyanines and they are also soluble in water. From the spectra measured

for CoTCPc (see figure 2.5), Kobayashi et al. have concluded that Co{(II)- and

Fig. 2.5
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Uv-vis. absorption spectra of Co(II)ICPc (...) and electrogenerated
Co(I)TCPc () in 0.1 N bicarbonate solution (pH 9.0).

-4
[ColIl)TCPC] = 1.20 X 10 ~ M, path length = 1.0 mm (from reference
{16]).



Co(I}TCPc are well characterized by the peaks at respectively 625 and 649 nm.

For Fe(II)TSPc no equilibrium exists between the monomer and dimer form.
For deoxygenated solutions of FeTSPc a spectrum has been recorded with a main
absorption at 670 nm [17]). This band can be ascribed to a monomer species.
Less intense peaks are found at 605, 425 and 330 nm. By bubbling dioxygen gas
through the solution, the absorption at 670 nm disappears and a new one at 632
nm can be detected. From the measurement of the dioxygen uptake, again it is
concluded, that a dioxygen bridged dimer 1s formed.

The spectrum of Fe(III}TSPc (no dioxygen present) has a main absorption
band at a wavelength of 635 nm [17]. The oxidized compound was prepared by
using a Fe(III) salt instead of a Fe(II) salt for the synthesis of the metal
phthalocyanine [18]. The results of Kobayashi et al. [16] for FeTCPc confirm
the main absorption wavelength of Fe(III)TSPc. They found for Fe(IIL)TCPc the
spectrum of figure 2.6. The spectrum of the other possible oxidation state

(Fe(I1)}TCPc) is also given in this figure.

> o

W

e

£ x 10 dnimol e’
)

i f
0 0 500 600 A0 8&9
Wavelength/nm

I
300

Fig. 2.6 UV-Vis. absorption spectra of Fe(III)TCPc (...} and electrogenerated
Fe{ID)TICPc () in 0.1 N bicarbonate solution (pH 9.0).
-4
[Fe(ITD)TCPc] = 1.14 X 10 ~ M, path length = 1.0 mm (from reference
[16]}.
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3. Dioxygen adsorption on metal chelates,
Theoretical considerations

3.1. Introduction

Catalysis of the dioxygen reduction requires an interaction between the
catalyst and dioxygen, i.e. adsorption of the latter on the catalyst [l]. It
is to be expected that the adduct formed and its properties are essential for
the type of the reduction process. Therefore, in this chapter some models for
the description of the dloxygen adducts of metal chelates will be given.

Most of the models proposed in the literature have been developed to
explain a specific aspect (as for instance the BSR signal) of the dioxygen
binding to the metal chelates. Also, a number of theoretical studies have been
focussed on dioxygen adsorption on porphyrin-type chelates, because iron por-
phyrin (FeP) is considered as the active centre of the hemoglobin molecule {2].

First, the Molecular Orbital (M.0.)} description of dioxygen and a des-
cription of a metal chelate in the ligand field approximation., is given. Here—
after, qualitative models followed by quantitative calculation methods will be
discussed. At the end of this chapter, dioxygen adducts of binuclear metal
complexes are considered. The discussion about the possible consequences of
the (electronic) structure of the dioxygen adduct on the reduction mechanism

is postponed to the last chapter.

3.2. Electronic structure of dioxygen and of a metal chelate

The energy level diagram of a dioxygen molecule can be derived within the
M.0. method (see figure 3.1). In the ground state the molecular orbitals are
occupied in such a way that two unpaired electrons are in the two degenerated
anti-bonding m-orbitals [é]. Therefore. the ground state is a triplet state and
can be dencted by 389. In the diagram three bonds are visualized: a two-
electron o-bond: (309)2 and two three—electron w-bonds: (lﬂu}z(lﬁg)l.

The crystal field theory (sometimes called the ligand field theory)
predicts the energy level scheme for the d-orbitals of a transition metal,
surrounded by ligands [4,5]. For the metal phthalocyanines (MePc) the four
ligands {(the most inner nitrogen atoms of the phthalocyanine ring structure}

are coordinated to the metal in a square planar geometry. For these planar

11
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+'::~_le
e o A

o imy

complexes a level splitting as given in figure 3.2 is expected. In this fiqure

also the patterns of splitting for the octahedral and tetragonally distorted

octahedral complex are given. For the latter a fifth ligand is

necessary. When

MePc is deposited onto an electrode, it is possible that basic surface groups

of the substrate, or water, or even another dioxygen molecule,
ligand for the metal ion [6]. The ligand field theory predicts

tag ST ————
octahedral  tetragonal
distortion

act as a fifth

a general

dxy

dj2

square Oxzidyz
planar

&7 &7 7

Fig. 3.2 Energy level diagram for 3d-metal

orbitals in several geometries.

energy level diagram for the various geometries. In individual cases, depen-

ding on the ligands and the metal ion, some deviations of the general pattern

are possible,

The next problem is: how do the electrons spread themselves over the

orbitals of the diagram. Hund's Rule predicts

that other conditions being

equal, the states of the highest spin will have the lowest.energy [7]. There

are, respectively, 7 and 6 d-electrons in Co(Il) and Fe(II) ions. In this

12



simple model CoPc and FePc are complexes with a strong ligand field, which
means that the energy level splitting is such that the spins are paired as
much as possible [8]. Thus, in principle, the MePc's are low spin complexes.
The presence of a £ifth ligand only affects the occupation of the dz2 and

dxy and has therefore no influence on the spin-multiplicity of CoPc. For FePc,
it is possible that coordination of an extra fifth ligand causes a spin-multi-

plicity change from low to intermediate or even to high spin.

3.3. Electronic structure of dioxyqen adducts.
Qualitative models

one of the first models for dioxygen adsorption on metal complexes has
been proposed by Griffiths [9]. In his model, Griffiths assumed spz-hybridization
for the oxygen atom close to the metal ion [3,10]. when the geometry is as in
figure 3.3a, the sp2~orb1ta1 X can be described by

A _L L
X =75 28 - SS w2 ¢ Sow(ap) w

According to Griffiths the ionization energy of this orbital can be cal-
culated from those of the atomic orbitals by using 1/3 of the value for the
2s-orbital and 273 of the value for the 2Zp-orbital. From the atomic spectra of
oxygen an ionization energy of 0.216 kJ mol~1 can be calculated for the

orbital X. For the alternative structure (see figure 3.3b), Griffiths found an

Me<::>

e S

¥}
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Fig. 3.3 Adsorption types of dioxygen
a) “end-on" (spz~orbital): b} "side-on" (1 wu—orbital).

ionization energy of 0.172 kJ mol ' from molecular spectra for the 1 L

molecular orbital. From this difference he concluded that the last structure
is the most favourable one because in this structure the electrons of dioxygen
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are more easily involved in the oxygen-metal bond, than for the structure of
figure 3.3a. (The dioxygen orbitals are considered to be donating orbitals).
The two adsorption types depicted in figure 3.3a and b are, respectively,
called "end-on" (bent) and "side-on" adsorption. So, Griffiths came to the
conclusion that dioxygen always adsorbs in the “side-on" conflquration. For
this reason this type of adsorption is often called "Griffiths adsorption”.
The model has the advantage that it presents an easy physical picture of the
dioxygen adsorption, but it may be too crude because of the complete ignorance
of the metal atomic orbitals. Also, the comparison between atomic and mole-
cular orbitals is questionable.

The "end-on" adsorption was first proposed by Pauling [11,12]. Using the

same concepts as described above, an extension of Griffiths model can be made
by also considering the metal atomic drbitals [10]. For a transition metal in
a relatively high oxidation state, the d-orbitals will be considerably con-—
tracted, compared with the zero—-valent state; thus the overlap with the bon-
ding and anti-bonding w-orbital of dioxygen will be small in the “side-on®
adsorption case. Therefore, the dioxygen ligand coordipated to iron{II) and
cobalt{II) complexes prefers the "end-on" orientation.

For the charges on the dioxygen ligand and the metal ion, Weiss proposed
that the dioxygen in oxyhemoglobin is present as a superoxide ion with the
iron being in a ferric state, i.e. Fe(III) ~ 0; [13].

The following, more sophisticated, model to discuss is the gpin-pairing
model {14,15,16). The pertaining theory has both qualitative and quantitative

aspects, and is developed to explain the results of ESR spectroscopy. In the
spin-pairing model the metal ion and the dioxygen molecule are both considered
to be free radicals, whose spins have palred up in the dioxygen adducts [14].
wWithin the framework of this spin-pairing theory., Drago and Corden {14] give a
description of the binding of dioxygen to five-~coordinated cobalt(II) com-
plexes. The energy level diagram of the cobalt(II) complex is given in the
left part of figure 3.4. The level splitting pattern is predicted by simple
ligand field theory and is, of course, the same as givén in figure 3.2 for the
tetragonally distorted octahedral complex. A I w _*-orbital (the asterix
denotes that the orbital is anti-bonding), which contains one of the two
unpaired dioxygen electrons, overlaps with the'dzz—orbital of the cobalt(I1I)
ion. This results in a o-bonding orbital cpntaining two electrons. The
corresponding o* anti-bonding orbital is empty. The other 1 w_*-orbital is
orthogonal to the,dzz-orbital and it remains essentially unalézred in the
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Fig. 3.4 Energy level scheme for dioxygen binding to a Co(Il) complex within

the spin-pairing model. Only stabilizing interactions are depicted.

adduct. The unpaired electron of the adduct resides in the unaltered 1 ng*w
orbital and belongs in principal to the dioxygen molecule. To maximize the
o-bonding interaction between the d22~ and the 1 wg*”orbital, the adduct tends
to have a bent configuration as shown in fiqure 3.4 {16]. The overlap of other

d-orbitals with dioxygen molecular orbitals is neglected in this model.

An iron{iI) icon has a d-electron configuration with one electron less
than cobalt(I1). As already mentioned before, the spin state of iron(1I)
complexes 1s not exactly known. Often, it is reported that coordination of an
axial base to a four-coordinated iron(II) complex converts the complex in a
high spin complex which thereafter reversibly picks up dioxygen {10,14,17,18,19].
Therefore, in the spin-pairing model high spin five-coordinated iron(1I) is
used as starting point. From the energy level schemes of the iron ion and the
dioxygen molecule, as depicted in, respectively, the left and right part of
figure 3.5, two types of molecular orbital schemes can be constructed for the
dioxygen adduct. The first one is given in fiqure 3.5a. The metal dzz—orbi~
tal overlaps with one of the anti-bonding 1 w _* dioxygen orbitals. The
combination results in a filled o-bonding and an empty o*-anti-bonding
orbital. One of the dxz- or dyz-orbitals is also partly occupied and the orbi-
tals can overlap with the other antl-bonding 1 wg*-orbital of the dioxygen
molecule to form a bonding and anti-bonding combination with w-symmetry
(dw-pr). The occupancy of the molecular orbitals is given in figure 3.%a.

All levels are either fully populated or empty. and therefore, the adduct is

diamagnetic as is observed for reversible iron(II) systems {15].
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Fig. 3.5 Energy level scheme for dioxygen binding to a Fe(II) complex within
the spin-pairing model. a) "end-on (bent)" adduct; b) “end-on
{linear)" adduct. Only stabilizing interactions are depicted.

Also, an overlap of both 1 ﬁg*—orbitals with the dxz- and/or dyz—orbiials
is possible. The d22 is now ralsed in energy by its strong interaction with
the dioxygen ligand. This interaction is thought to be so strong that the
dzz-orbital is driven higher in energy than the dxz*yz (see figure 3.5b). The
level scheme shows now two fully populated (dw-pw) bonding and two empty
(dw-pw) anti-bonding combinations. Alsoc this formalism of the dioxygen binding
to the iron(1I) complex leads to a diamagnetic complex.

For the first formulation, an adduct is expected which lies between the
linear and the bent configquration. For the last case, with only dw-pw inter-
actions, a linear adduct is favoured, because this geometry results in maximum
possible overlap between the metal dxz-, éyz- and the dioxygen 1 w_*-orbitals
[16] {(see figure 3.5). Although a linear complex is possible within the spin-
pairing model, a bent dioxygen adduct is reported for most iron(Il) porphyrin

complexes [16].

another theory, which must be mentioned, is the increased valence theory
[20,21] as applied by Harcourt to dioxygen bridged dimers of porphyrins [22].
Van der Putten [23] used this theory to explain the dioxygen reduction beha—
viour of a planar dicobalt chelate. Only the principles of the increased
valence theory are éutlined here. In the dioxygen bridged dimers of porphyrins
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“bridge” adsorption of dioxygen occurs [24]. The dioxygen molecule interacts

here with two metal atoms simultaneously, see figure 3.6 (c.f. with the
“side~on* and "end-on" adsorption types). For noble metals such as platinum

0
0/
0—0 Q10
AN
\Mé/ I"Le Me/ Me
SI0E-ON END-ON BRIDGE

Flg., 3.6 various adsorption types of dioxygen.

and silver often bridged adsorption is assumed [25,26]. In the cofacial
dicobalt porphyrins synthesized by Collman and coworkers [27], the porphyrin
rings are interconnected with two chains of atoms. For a chain of four atoms,
the so created distance between the two cobalt ions makes bridge interaction
of the dioxygen molecule possible.

The increased valence theory can be considered as an extension of the
classical valence theory. Some guantum chemical concepts about one-electron
bonds (for instance H;) are added to the normal two—electron bonds
{electron-pair binding) of the valence theory. The increased valence formulae
are constructed from the normal valence formulae, but now the possibility that
electrons occupy anti-bonding orbitals is also accounted for in the formulae.
The theory is convenient for the description of a molecular system in which
four electrons are delocalized over three atomic orbitals, belonging to three
different atoms. (In the case of a dioxygen adduct the three atoms are,
respectively, the metal and the two oxygen atoms). A more extensive treatment
of the theory is given in reference [23].

3.4. Electronic structure of dioxygqen adducts.
Quantitative models

The next theory to be treated, can be denoted as the spin crossover
theory. It is based on a semi-quantitative model to be clarified as follows.
After dioxygen adsorption on an iron chelate molecule, resonance between
the following confiqurations is possible [28]:
2+ 3+ -

-~ e - :
PcFe 0, & PcFe 0, ' (2)
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Appleby and coworkers proposed that in the bulk of for instance a vacuum
deposited layer of iron phthalocyanine, the following chemisorption step
occurs [29]:

o, + pcre>t 0, 2 o, pere>t o, (3)
From results of several spectroscopic techniques, such as MOssbauer and Opti-
cal Reflectance Spectroscopy. they concluded that the chemisorption of dioxy-
gen is most favourable for ?e(III)—high spin or intermediate spin configura-
tions. In the same way. Appleby et al, also explained the conduction mechanism
of the phthalocyanine layer by supposing resonance (with chemisorption) and
the existance of complete redox chains in the layer, in which charge transfer
occurs by processes as given in the next equation.

- - +
o PcFe3+ O2 (=0 P(:F‘e3 +0,) (4)

o, pcFe ' o
cre — 2 2

—
2 2 v 72
Appleby et al. assumed that the existence of an easy multispin crossover
is an important factor for a complex to bind dioxygen and to catalyse its
reduction [283}. This assumption is based on the above given equations, in
which for dioxygen both singlet and triplet states are possible.
The ground state wave functions {(or vectors) for the ds(Fe3+)~c0nfi—

guration in N, -chelates have been determined [30]. A short description of

the calculatign technique will be given, focussed on the method to decide from
ESR data whether spin crossover easlily or not easily occurs for a certain
complex.

The 1's (angular momentum quantum number of an individual electron) and
the s's (spin quantum number of an individual electron) can be added to one
angular momentum quantum number L and one spin quantum number €. Now, the

25 +
following terms ( s 1L) can be derived for the ds-configuration: GS, 4?. 4D.

46. 2S. 2P. 2D. 20. 2D, 2F. 2F, 2G, 2H. 21. The energles of these terms are
determined by interelectronic repulsion. Next, the spin—orbit coupling must be
accounted for and a new quantum number J = L + § can be defined {(weak coupling
limit). At this stage, the derived wave functions (or states) are orthogonal
and are composed of functions which can be defined by SLJ. These are the
ordinary states of the free ion. ‘ .

The degeneracy of the states is further reduced through the crystal field
operator. This operator can be expanded in spherical harmonics and for an

octahedral we have:
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where Zi is the charge of the ligand on the place R,, e is the unit of

i
charge, C; (6.¢) are the spherical harmonics, a is the distance of the
ligands from the origin and {(r. €. ¢) are the coordinates of the electron. For
C4v-symmetry the crystal field operator can be simplified to:
2

Vo= Bz c_ + B4 cC +B
c O (o]

F-9
F-3
>

(c_4 + c4) (6)

o
P

where Bi are crystal fleld parameters. The Hamiltonian can be diagona-

lized for several combinations of the crystal field parameters. The resulting
ground state wave functions remain reasonably well characterized by the spin
quantum number. Ground state spin diagrams can now be constructed, in which
the ground state spin-multiplicity is gliven as a function of the crystal field
parameters.

For the ground state wave functions of each spin-multiplicity domain, it
is possible to calculate the electron g-values, which can be compared with the
g~values measured by ESR spectroscopy. In this way, the place of a complex in
the ground state spin diagram can be determined. An easy spin crossover can be
expected when the complex lies close to the border between two multiplicities,

In short, the procedure is as follows: for a Fe(III) complex the g-values
are determined by ESR spectroscopy. The wave function which belongs to these
g-values and its place in the ground state spin dlagram is determined. When
the complex lies on the border of two multiplicities, it is expected that the
complex is active in dioxygen reduction.

Three g-values, instead of two as for C4v-symmetry, are found for many
Fe(III) complexes. Thls indicates that the symmetry of the complex is even
lower than C4v-symmetry. To account for this, the above given calculation must
be repeated for C2v-symmetry.

one of the first quantum chemical calculations on iron porphyrin (Fep)
has been published by Zerner et al. [31]. They have adapted the Hlckel
approximation until a method resulted, suitable to calculate the energies of
the d~orbitals of the metal ion in the ligand field of the macrocycle. The
method is called the Self Consistent Charge — Extended Hiuckel (SCC-EH)
approximation. This means that the iterative calculations are stopped, as soon
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as the charge distribution, which is each time determined, does not change
during one calculation cycle.

They determined the sequence in increasing energy for the metal d-orbi-
tals as, respectively, dxy < dxz, dyz < d22 < dx2~y2. In most cases this
sequence did not change when they added a fifth (axial) ligand, as for in-
stance water, to their calculation model. Also, the position of the iron ion
{above or in the plane of the molecule} did not change the energy order of the
d-orbitals. These modifications can, of course, change the energies of the
orbitals and this influences their occupancy.

A FeP molecule with the Fe atom in the plane of the macrocycle resulted,
in this model calculation, in an intermediate (5 = 1) spin state with the

2

occupancy: (dxy)z: (dxz.dyz)g: (dzz)lz {(dx ~y2)0. For the iron atom above the

plane of the ligand, Zerner et al. found a high (8 = 2) spin state, which
belongs to the occupancy: (dxy)z: (dxz,dyz)z; (dzz)lz (dxz—yz)l.

when the adduct formatilon of dioxygen is treated within the same model, a
"side-on" adsorption geometry for the adduct is predicted and the molecular
orbitals are Filled in such a way that the dioxygen adduct is diamagnetic. The
“end-on” adsorption appeared not to be stable within this extended Hiickel
calculation model.

The same approximation method has been applied to metal phthalocyanines
{MePc) by Schaffer et al. [32]. The cage formed by the four nitrogen atoms is
somewhat smaller for these complexes than for porphyrin complexes. This leads
to a disturbance of the dxy-orbital, because the lobes of this orbital are
pointing towards the nitrogen atoms of the ligand. To deal with this distur-
bance, a bonding and an anti-bonding combination of the dxy-orbital and the
ligand orbitals can be constructed. These corbitals are, respectively, denoted
by dxy and dxy*. The authors proposed, on the basis of this calculation, the
following sequence in increasing energy for the d~orbitals: dxy < dxz, dyz <
dz2 < dxy* < dxzwyz. ESR measurements showed that the unpaired electron of
CoPc is placed in the dzz-orbital instead of the dxy*-orbital, as would be
expected by using the above given energy order. Schaffér et al. give as pos-
sible explanation that in a phthalocyanine crystal the nitrogen atoms of the
neighbour molecules, in adjacent layers above and below the phthalocyanine
molecule, act as fifth (or sixth) ligand and drive the energy of the dz2
above the energy of the dxy*-state. Also, for FePc the dxy* 1s occupled before
the dzz. Based on their calculations, Schaffer et al. proposed a planar FePc
molecule, with an intermediate (S = 1) spin state. A high (S = 2) spin complex

is not attainable with FePc, because this requires a displacement from the
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molecular plane considerably further than for the corresponding FeP complex.
This will weaken the iron~nitrogen bonds too much and thus makes the high spin
complex energetically unfavourable.

A related compound to the phthalocyanines is cobalt—acacen for which the
structure is given in figure 3.7 [33]. Two of the four inner nitrogen atoms of

Caé /ﬁHz-CQ? /,CHB
=N, =
H——C< el e
/C—'~0' '0"—C\\
CH3 CH3

Fig. 3.7 The molecular structure of cobalt-acacen.

the phthalocyanine complex are replaced by oxygen atoms. Rohmer et al. [34]
have carried out calculations to decide whether the dioxygen adsorption on the
cobalt ion is “"end-on® or “"slide~on". From ESR measurements with 170 labeled
dioxygen can be concluded that both oxygen atoms are magnetically equivalent.
This result is consistent either with a “side-on" structure or with a rapid
flipping of the dioxygen group between two bent positions. The oxygen atoms

rearrange as is visualized in figure 3.8.

0 0
| \ 0—0 y i
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Fig. 3.8 Flipping of the dioxygen group between two “end-on" geometries.

The result 1is that for the "end-on" adsorption also a kind of average
"side-on" structure 1s observed. Although the average structure is the same
for both adsorption types, there is one fundamental difference: the average
*side-on" structure represents for the "end~on" adsorption an energy maximum,
while for the "slde-on" adsorption this is a configuration which has just a
minimum of energy.

The calculations of Rohmer et al. showed that the “end-on" adsorption is
the most stable configuration. The introduction of a fifth axial ligand on the
cobait ion did not alter the energy sequence for the two adsorption types.

They also described the general principles and interactions, which deter-
mine the energles of the various ways of adsorption. A great part of this

treatment is also valid for phthalocyanine molecules, and therefore, some more
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attention will be paid to the description of cobalt-acacen. In the model
calculation Rohmer et al. used the atomic orbitals of the involved atoms as a
starting point. The 2px and 2pz atomic orbitals of oxyqgen are composed to a
new orbital, denoted by w; {or wz. depending on the overlap between the
orbitals of the two oxygen atoms). By this, only the atomic orbitals of oxygen
are given in such a way that an easy description of the overlap between the
involved orbitals is possible for the adsorption geometries of the figures
3.9, 3.10 and 3.11. It must be noted that the superscript a does not indicate
that the orbital is anti-bonding. For some adsorption geometries this orbital
consists almost entirely of the 2pz atomic orbital, while for other cases, it
is a half and half nmixture of the 2pz and 2px atomic orbitals. The remaining
2py-orbital of the oxygen atom is called wz. These 2p-orbitals participate of
course also in the oxygen-oxygen bond dnd the normal M.O. diagram for dioxy-
gen, as given in figure 3.1, remains valid. For the metal ion the normal
d-orbitals are used.

" 1In the figures 3.9, 3.10 and 3.11 the orbital overlap is drawn for
respectively “end-on" (bent); "end-on" (linear) and "side-on" adsorption. The

Fig. 3.9 Orbital overlap for “end-on (bent)" adsorption. To draw the dyz-

b
and 1 wg—orbitals the axes are rotated 90° counter clockwise.

strength of a bond is predicted not only by the overlap between two orbitals
but also by the energy difference and the occupancy level of the orbitals. The

interaction between two orbitals is only significant if the energy difference
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Fig. 3.10 oOrbital overlap for "end-on {linear)" adsorption. Other conditions

as in figure 3.9.

Z

fig. 3.11 Orbital overlap for “"side-on" adsorption. Other conditions as in

figure 3.9.

of them 1s small. Completely occupled orbitals destabilize the adduct when

they overlap.
For cobalt—acacen the order in increasing energy for the d-orbitals is:

dxy < dxz, dyz < dz2 < dxz-yz. while according to Rohmer et al,, the dzz~orbi*
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tal has a higher energy than the anti~bonding 1 ﬂg~orbita1 of dioxygen. This
metal dzz—orbital overlaps in the “end-on" (bent) geometry with 1 ﬂ; (the
orbital as constructed by Rohmer et al.), for the “end-on" {linear) case with 30
and for the "side-on" structure with the bonding 1 LR 4 orbital of the dioxygen
molecule (see figure 3.9 -~ 3.11). For these orbitals the smallest energy
difference can be expected between the dzz- and the anti-bonding 1 ﬁ;—orbital;
therefore this combination has the most stabilizing effect on the adduct. The
interactions of the metal dxz and dyz with the M.0. orbltals of dioxygen are
comparable for the two “end~on" adsorption cases. Thus the “end-on" (bent)
structure 1s more favourable than the linear one. In the “side-on" adsorption
structure the dyz-orbital overlaps with the bonding 1} wz—orbital of the
dioxygen molecule and, because of the fact that both orbitals are filled, this
overlap destabilizes the adduct {(see figure 3.11).

wWhen the same concepts are used for cobalt phthalocyanine, then an “end-
on" (bent) structure is predicted for its dioxygen adduct, if at least also
the metal dzz~orbita1 of this complex is in energy above the 1 wg—orbital of
the dioxygen molecule.

In the last decade several ab initio calculation methods were developed
to reveal the electronic structure of the porphyrins and of their dioxygen
adducts. Especially, the dioxygen adduct of an iron porphyrin has often been a
subject of study, because this compound is considered to be a model compound
for the active centre of the hemoglobin molecule, as already has been
mentioned in the introduction of this chapter. Many research workers are also
puzzled by the observed cooperativity phenomenon for the hemoglobin molecule.
The molecule possesses four iron porphyrin groups and after dioxygen adsorp-
tion on one of these the others are activated to adsorb also a dioxygen mole-
cule [35]. In normal deoxyhemoglobin the iron ilon is displaced ocut of the
plane of the porphyrin ring and this out-of-plane-displacement has been
estimated from an X-ray diffraction study to be 0.06 nm [36}. when dioxygen
binds to deoxyhemoglobin, the iron ion moves into the élane of the porphyrin
ring. After this, a sequential process is suggested which causes conformation
changes in the four heme subunits. These changes are held responsible for the
cooperativity of dioxygen bonding to hemoglobin [37,38]. Many quantum chemical
calculations are undertaken on iron porphyrin to reveal the mechanism of the
movement of the iron ion into the plane of the porphyrin ring as a result of
dioxygen adsorption [39]. Only the electronic structures of the dioxygen
adducts of cobalt and iron porphyrin predicted by most of these methods, will
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be considered here. For the dioxygen adduct of cobalt porphyrin, with NH3 as
fifth (axial) ligand, the energy sequence and occupancy of orbitals is calcu-
lated by Dedieu et al. to be: (dxy)2 (dxz)2 (dyz}2 (w:)z (wz)l [39]. Here
n; and wb have the same meaning as in the discussion of the electronic
structure of cobalt—acacen. Besides, NH3 is used in many computations to
simulate the effect of imidiazole. In bicloglical systems, often this base is
encountered as a fifth (or sixth) axial ligand to the porphyrin {19]. For a
catalyst as CoPc or FePc adsorbed on graphite probably basic groups of the
surface occupy the fifth axially coordination site as was already stated in
section 3.1., and dioxygen can bind on the sixth coordination place [40,41].
Therefore, the dioxygen binding to four—- as well as to five-coordinated CoPc
must be treated. The ground state electronic configuration, as given by Dedieu
et al.. indicates a charge transfer from cobalt to the dloxygen group, and a
formal description as Co(III)-OS is possible for the cobalt porphyrin-dioxygen
adduct. Another result of their calculations is that the “end-on" (bent)
structure is the most favoured one. Recent calculations of Newton et al. [42]
for Co(OZ)P NH3 confirm the electronic structure proposed by Dedieu et al.
Several authors give a ground state configuration for Fe(oz)P NH3, which
corresponds with the formal description of the system, as Fe(II)Oz, i.e. a neu-
tral dioxygen qroup [39.43,44,45]. From the Mulliken population analysis,
indeed a neutral dioxygen group is obtained, but in reference [44], a net
negative charge for the dioxygen unit results. Most of the ab initic calcula-
tions predict a bent Fe—0-0 moiety for the iron porphyrin complexes {451 in
agreement with X-ray structure data [46]. A simplified M.0. diagram showing
the main interactions in Fe{(O_}P _NH_, as follows from the ab initio calcula-
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Fig. 3.12 simplified M.O. diagram of Fe(oz}PNHS.
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One of the most recent model calculations on phthalocyanine is due to
sabelli et al. [40]. Por the di-anions of Pc and P, they used a procedure
which is called CNDO-CI (Complete Neglect of Differential Overlap-Configuration
Interaction), and for the corresponding iron complexes a method called INDO~CI
{Intermediate Neglect of Differential Overlap-Configuration Interaction) was
employed. They found that for FePc both planar d-orbitals (dxy and dx2~y2)
are destabilized with respect to FeP. The reason for this is that in the first
compound the inner ring structure is smaller. Also, the higher negative charge
on the bridge nitrogen atom of the phthalocyanine molecule compared with the
corresponding bridge carbon atom of the porphyrin macrocycle plays an impor-
tant role. The result of this destabllization is an intermediate spin (5 = 1)
for the iron ion instead of the high spin state (5 = 2) often reported for FeP.

Sabelli et al. found as a result of their calculations a very striking
difference in the structures of the dioxygen adducts of FePc and FeP. For the
porphyrin compound "end-on" binding of the dioxygen to the iron atom is
preferred at an angle of 119°. For the FePc model, on the other hand, the
"side~ on" configuration is most favourable., Their calculations show that in
the case of FePc very little charge transfer occurs between the iron ion and
the dioxygen molecule, with almost zero net charge on the oxygen atoms.

Sabelli et al. also carried out the calculation with CO as a sixth
ligand, to simulate the effect of a carbon support on the FeTSPc molecule. The
macrocycle adsorbs on the carbon support such that possibly a basic group of
the support occupies the sixth coordination site. The basic group must be an
electron donor, possibly an adsorbed oxygen atom or oxidized carbon and
therefore, CO is used in the calculation as extra ligand. The result of the
introduction of CO is an increase in binding energy of the dioxygen molecule
by about a factor 2.

At the end of this section, the proposed structures for the dioxygen
adducts are summarized in table 3.1 aﬁd 3.2. the structures claimed in section

3.3. are also included.
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Author [ref.] “end-on (bent)" “side-on" Co(III)—O; Co(II)—o2

Griffiths [9] ’ + - -
Pauling [11] + - -
Drago [14] + +
wayland [16] + +
Rohmer [34] + +
Dedieu [39] + +
Newton [42] + +

Table 3.1.: The structure of the dioxygen adducts of cobalt chelates.

+ denotes the predicted structure; - no predictions made.

Author [ref.] “end-on (bent)" "side-on" Fe(III)-O; Fe(II)—O2
Griffiths [9] + - -
Pauling [11,12] + - -
Weiss [13] - - +

Wayland [16] + +
Zerner [31] + +
Dedieu [39] + +
Kirchner [43] + +
Case [44] + -+
Olafson [45b] + +
Boca [46] + +
sabelli [40]° + +
Sabelli [40] + +

Table 3.2.: The structure of the dioxygen adducts of iron chelates. + denotes

the predicted structure; - no predictions made. a: FeP b: FePc.
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3.5. Dioxygen bridged metal complexes

As shown in this thesls, dioxygen bridged phthalocyanine dimers most
likely play an important role in the reduction mechanism of the dioxygen mole-
cule, Therefore, the electronic structure of such complexes will now be dis~
cussed. Up till now little attention has been paid to the theoretical conside-
rations of dioxygen bridged metal complexes, It can be explained with the
increased valence theory that breaking of the dioxygen bond occurs with only
FeP and not with CoP, in agreement with experiments. The cleavage of this bond
is often concluded from the fact that in a dioxygen-saturated solution of FeP
{but also of FePc) oxo-bridged dimers (PcFe—Q-FePc) are present [47].

Ochiai [48] has attempted to explain these observations by using more
standard quantum chemical concepts. He argued that the dioxygen bond splitting
would present a high potential barrier when going from the dioxygen to the
oxygen bridged dimer. The probable transition state species M+0~ (or MO)
should facilitate the bond cleavage. In an energy diagram for octahedral coor-
dination of the metal ion, as given in figure 3.13, he visualized the inter-
actions between the dw-electrons on M+ and the odd electron on O . Other
interactions, as the important o-bonding interactions, are omitted. For a
metal ion as iron with a ds—configuration for the iron{IlI) state all low
lying levels are just occupied and the M+0—-spec1es is stabilized. For
cobalt the extra electron has to occupy the anti-bonding orbital (wz).
thus no stabilization of the system is expected.

Ay2ey2
9,2 ..
ST 2
Gydomfietp /

Fig., 3.13 Energy level diagram scheme for the transition state species
+_
MO .

28



The electronic structure of a cobalt u-peroxo complex [(NH3)5CO~02—CO(NH3}5]4+
or a cobalt w-superoxo complex [(NHB)SCo-OZ-Co(NH3)5]5+ have been analyzed by
Vicek [49] and Hyla-Kryspin et al. [50]. unfortunately. Vlicek assumed a struc-
ture with the dloxygen axis perpendicular to the cobalt-cobalt axis, but a
recent X~ray analysis revealed a structure for the complex with the oxygen-
oxygen axis more parallel- to the cobalt-cobalt axis [51]. Hyla-Kryspin et al.
[50] applied the self consistent charge and configuration molecular orbital
method to explain qualitatively some of the properties of the binuclear cobalt
complexes. Because of the complexity of the electronic structure, it is not
easy to draw an energy level diagram in which the interactions are visualized.
The unpaired electron, responsible for the cobserved paramagnetism of the
u-superoxo cobalt complex occupies a meolecular orbital containing mainly
oxygen atomic orbitals. This orbital is anti-bonding and lies between the
practically non-bonding dw (dxy,dyz.dxz)- and the anti-bonding do (dzz,dx2~y2)-
orbitals of the cobalt ions. wWhen in an energy level scheme only the molecular
orbitals containing mainly oxygen atomic orbitals are depicted, approximately
a scheme results of a dioxygen molecule with an extra electron in an anti-
bonding orbital: i.e. a superoxo (0;) group. These authors also predict that,
when the complex is reduced, the cobalt ions will stay in the +3 oxidation
state, whiie the superoxo (0;) group is reduced to the peroxo (og-) group.

The additional electron is also placed in an anti-bonding orbital and there-
fore, the former (unreduced) complex is more stable than the latter complex.
Although, Vicek used a different geometry, he also concluded that the reduced

complex has an additional electron in an anti-bonding orbital.
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4. Dpioxygen adsorption on metal chelates.
Experimental part

4.1. Introduction

In this chapter the electrochemical and spectroscopic techniques., used to
obtain the results described in this thesis, are discussed. These techniques
are:

- the Rotating Ring Disc Electrode (RRDE) technique, to measure quantita-

tively the activity and selectivity of a particular catalyst (4.2.)
~ gcyclic voltammetry. to characterize the general electrocatalytic beha-
viour over the applied potential domain (4.3.)
- in situ light absorption spectroscopy, to study the state of the metal
chelates (4.4.)
- pelarography, to study the electrochemical reactions in solutions of
MeTsPc (4.5.).
The preparation methods used to apply the catalyst molecules to the electrode
will be given in chapter 5, where the influence of electrode preparation on

electrocatalysis 1s described.

4.2. The Rotating Ring Disc Electrode (RRDE)

In electrocatalysis, like in catalysis, the reaction rate depends on both
the rate constant and the concentration of the reacting species. Electrochemi-
cal reactions are heterogeneous and thus the surface concentration of the
reactant at the electrode is the pertaining variable., During the reaction
(reduction or oxidation) its surface concentration decreases until an equili-
brium is reached between its reaction rate and its transport rate to the elec-
trode. The mass—transport rate depends on the diffusion coefficient of the
reacting species and on the ceonvection conditions. By using the Rotating Disc
Electrode (RDE) technique, the natural convection, which is very ill-defined
[1]. 1is eliminated. Due to the rotation of the electrode, a well—-defined
forced convection is achieved., which results in a relatively simple expression
for the mass~transport limited reduction current [2]:

2/3 v~1/6 o5 1/2

- ] = s ‘
iL = ~0.61 nF D @ ne kd ¢ (1)
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" with iL the limiting current density (maA cm_z), D and ¢ respectively the
diffusion coefficient (cm2
species (mol cm-z), v the kinematic viscosity (cm2 5—1). @ the angular velo-

s—l) and the bulk concentration of the reacting

city of the electrode (rad sﬁl). n the number of electrons per reacting
species, F the Faraday number (96495 C molpl) and kd the rate constant of
mass—transport (cm 5-1)'

The activity of a particular catalyst can thus be measured by applying it
to a disc electrode. In practice, the activity is determined by measuring the
reaction rate (= current) as a function of the electrode potential. The reac-
tion rate of an irreversible electrochemical reduction depends on the poten—

tial in the following way [2]:

= —eEn,
k =k, exp —gp 2)

with ko the heterogeneous rate constant (= the value of k at E = Eeq). Eeq the
Nernst equilibrium potential (V), k the heterogeneous rate of the electron
transfer {(cm sal). 7 the overpotential defined by EMEeq and a the transfer
coefficient, while F, R and T have their usual meaning. For the current den-

sity (mA cm—z) the following relation holds:
i = -nfk ¢ (3)

where cd is the surface concentration (mol cm_g) of the reacting species.

At large overpotential values, the reaction rate is so high that all
species which reach the electrode surface react and the mass-transport limited
current, defined in relation (1), is achieved. The value of ko then deter-
mines the potential where this will happen: for a small ko, a large over-
potential is necessary, while for a high ko—value already a small overpoten—
tial is sufficient.

In practice, the observed i-E curve is characterized by the half-wave
potential (Elfz) at which the current is equal to one half of the mass—
transport limited current (i = 1/2 iL). Relations (1) and (3) (together with
the diffusion equation of Fick: i = nFD (cs-ca)lén. with 8N the Nernst
diffusion layer thickness (cm)) can be used to derive:

1
R S (4)
iL 1 + kd/k

;l—*
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From this relation, it can be concluded that at the half-wave potential k is
equal to kd' By substitution of k by kd‘ln equation (2), it is possible to
derive for the half-wave potential:

k
=B - BT 1n 4 (5)

[4
1/2 eq OF %3

From this relation, it is obvious that the catalytic activity of a catalyst
for the dioxygen reduction can be characterized by its half-wave potential.
For an actlive catalyst, ko is large and approaches k., and the half-wave

<]
potential then approaches the equilibrium potential.

In a number of experiments a Rotating Ring Disc Electrode {RRDE) was used
to determine the possible production of hydrogen peroxide or other possible
intermediates of the dioxygen reduction reaction. The RRDE is schematically

drawn in figure 4.1 (for more details see reference [3]). The compound
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Fig. 4.1 The Rotating Ring Disc Electrode (RRDE).

produced at the disc is for a certain part swept to the ring, where it can be
determined; the other part disappears into the bulk of the solution. By sol-
ving the concerning hydrodynamic equations, it can be shown that the fraction,
which reaches the ring, only depends on the dimensions of the ring and disc
and on the gap between them. This fraction is called the collection efficiency
(N) of the electrode [1.2,4]. By using this method, it is possible to dis-
criminate between dioxygen reduction to hydrogen peroxide or wéter. If dioxy-
gen is reduced to hydrogen peroxide, a ring current is observed at a ring
potential selected such, that all hydrogen peroxlde is oxidized. For dioxygen
reduction to water no ring current is observed. The selectivity of a dioxygen
reducing catalyst can be defined as the fraction of the dioxygen, which is
reduced to water.
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4.3. Cyclic voltammetry

A three-compartment electrochemical cell, as drawn in figure 4.2, is used
to perform RRDE experiments and to record cyclic voltammograms of the elec-
trodes. These cyclic voltammograms are measured in a dinitrogen-saturated
solution to characterize the electrodes onto which the catalysts (CoPc or

FePC) are deposited. These compounds show redox activity: they are reduced and

CE RRDE RE
= -

| é$

‘ Luggin ?

rg% capillary B -

—

Thermostar

Fig. 4.2 The electrochemical cell.

oxidized back during a cyclic potential sweep in the potential range between
1 and 0 v (vs. a Reversible Hydrogen Electrode).

The RDE is the working electrode (WE), and as reference (RE) and counter
electrode (CE), respectively, a Reversible Pt-Hydrogen Electrode (RHE) and a
Pt foil are used. In a few cases a Saturated Calomel Electrode (SCE) or a
Mercury Sulphate Electrode is used as RE. )

B potentiostat (Tacussel, type bipad) in combination with a function
generator (Wenking VSG 72) was used to establish the potential between the WE
and the RE. The RRDE or RDE was fixed in a holder attached to an electromotor
(Motomatic, Electrocraft Corporation}. With a control unit (Electrocraft
Corporation) the rotation frequency could be varied between 0 - 64 s-l. The
voltammetric ID,IR = f(E)-curves were recorded on an XYY'-recorder
(Hewlett Packard 7076A).
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4.4, In situ light absorption spectroscopy

Light absorption spectra of solutions of CoTSPc and FeTSPc were recorded
by using a double beam Pye Unicam spectrophotometer. In order to investigate
the influence of dioxygen on the spectra, a cuvette was constructed which
allows for deoxygenation of the solution with helium (cell thickness: 0.5 cm).
Traces of dioxygen were removed [rom the helium gas by leading the helium
stream over a BTS catalyst (BASF) at a temperature of 170°C.

To combine the electrochemical and spectroscopic measurements two cells
were constructed, in which the spectra could be recorded while simultaneously
the potential of the electrode could be controlled. The first cell (see figure
4.3) is used to obtain in situ absorption spectra of polypyrrole/Co- (or
Fe-)TSPc layers [see chapter 5] attached to a transparent gold electrode. This
electrode is also drawn schematically in the figure and consists of a thin
glass plate, onto which a thin gold layer is vacuum deposited. Before
depositing the gold film, the plate was covered with a very thin titanium
layer to assure a good adherence of the gold film. The thickness of the
electrode is a compromise between its conduction properties and its

transparency. The resulting transparency was about 10%.

electrode &g {L-—~ i
folder gas inlet
U

-— — light path
/*-%—coun ter electrode
[ k~—~referenze + Luggin capillary
working electrode
fop view side view
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/
gold contact transparant glasplafe
tayer gold layer small cell
gold layer

Fig. 4.3 Cell to record in situ absorption spectra of polypyrrole layers.
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The application of a polypyrrole film onto this electrode was carried out
in a small perspex cell, which is glued on the glass plate. Its place and
dimensions are given by the broken lines in figure 4.3. A platinum sheet is
covering the perspex box over the gold layer and the result is a small
electrochemical cell, in which the electropolymerization of pyrrole [see
chapter 5] was carried out. After this modification process, the electrode was
placed into the holder in the optical cell and in situ absorption spectra of
the polypyrrole film were recorded.

The second cell is schematically drawn in figure 4.4. An Optical Transpa-
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glass frit

spacer

gas inlet
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~
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g s (aIST VIEW)
Fig. 4.4 Optical transparent thin layer cell (OTTLC).

rent Thin Layer Electrode (OTTLE) [5,6,7] was placed .in the cell to study the
spectra of several redox states of the metal phthalocyanine molecules. This
electrode consists of a nickel minigrid (100 mesh) covered with a thin layer
of gold (2 um) and has a transmission of approximately 60% (VECO).
Unfortunately, after using this electrode in acid solutions for some time, the
nickel grid was no longer completely covered with a gold layer, as could be
concluded from the increased anodic éurrent, observed in a cyclic voltammo-—
gram, due to the oxidation of the nickel. A gold plate, in which small holes
(0.2 mm) were drilled at about the same distance from each other as the hole

size, has a lower transparency (about 30%) but a superior electrochemical
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behaviour as compared to the nickel grid. Therefore, this home-made grid was
used for the spectro—electrochémical experiments. The cell thickness is
approximately 0.4 wmm, giving a cell volume, small enough to convert all spe-
cies in the solution between the quartz plates within a few minutes. The
transport of unreacted species [rom the counter—electrode compartment and
other reservoirs (see also figure 4.4) can be neglected on the time scale of

the experiment.

Electroreflectance spectra were recorded in the Laboratoire d'Electro-
chimie Interfaciale (Meudon-Bellevue). The ER spectroscopic technique and the
exper imental set-up are described in detail in reference [8]. For these
measurements an electrode with a reflecting surface must be used. In our case,
the reflecting electrode was a piece of the basal plane of stress—annealed
pyrolytic graphite (BP of SA-Cp), kindly given by br. A.W. Moore of Union
Carbide. To obtain a c¢lean surface, the upper layers of the graphite were
removed before each experiment by using adhesive tape.

As usually in ER experiments, the geometry was such that the incident
light beam and the reflected light beam make a small angle with each other.
(See [igure 4.5, where Lhe principles of the experimental set-up are given).
A monochromator was placed in the incident beam to enable the recording of an

ER spectrum in the wavelength range of 300 to 700 nm.

Fig. 4.5 Set-up to record electroreflectance spectra. (L = Light source;
Mc = Monochromator:; C = Cell; P = Potentliostat; FG = Function
Generator; M = Mirror; Pm = Photomultiplier; LA = Lock-in Amplifier;

Rec = Recorder).

In ER spectroscopy, an ac-potential 1s superimposed on the applied dc
electrode potential. When this dc-potential lies in the domain of an electro-
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chemical change of the electrode surface, as for instance oxide layer forma-
tion or a redox reaction, then the intensity of the reflected light will show
the same modulation as the potential. For FeTSPc., adsorbed on graphite an ER
spectrum could be expected in the potential domains of the redox couples
Fe(I)TSPc/Fe(II)TSPc and Fe(1l)TSPc/Fe(III)TSPc.

The spectral amplitude at a certain wavelength depends on [9]:

1/R OR/OE = 1/R 3R/3q x dq/3E (6)

(R denotes the reflection coefficient of the electrode, E is the potential (V)
and ¢ is the transferred charge (C)). The equation shows that the spectral
amplitude depends on dq/dE and thus is proportional to the differential capa-
citance. The other term of the equation 1/R x 9R/Jq contains the optical proper-
ties of the redox species, or in the other case, of the bare surface and the
oxide layer. For FeTSPc, adsorbed on graphite, it is the difference between
the light absorption in the mono— and divalent, or the di- and trivalent
oxidation states.

To account for the observed wavelength-dependence of both the reflection
coefficient and the sensitivity of the photomultiplier, a feed-back system was
used to obtain a constant mean—value for the output of the photomultiplier.
The (rapid) oscillating (15 Hz) component of the photomultiplier signal was
analyzed by using a lock-in amplifier. As a reference signal, the ac-potential

was used, which simultaneocusly modulated the electrode potential.

4.5. Polarography

The polarographic measurements were carried out in solutions of CoTSPc
(or FeTSPc), with a polarographic analyzer of Princeton Applied Research
(model 174A). The observed polarograms (dc or pulse) were recorded on an
XY¥-recorder (Hewlett Packard 7044A).
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T 5. The cathodic reduction of dioxygen at cobalt phthalocyanine:
influence of electrode preparation on electrocatalysis

5.1. Introduction

In recent years a considerable number of papers have been published on
dioxygen reduction. In many of these investigations a metal chelate is used as
a catalyst. These catalysts are attached to the electrode with the aid of
different methods, such as irreversible adsorption [1]; vacuum deposition [2];
incorporation into a conducting polymer, as polypyrrole [3]; impregnation of porous
carbon [4] and evaporation of the solvent [5]. All these preparation
techniques result in electrodes with different activity, even if the same
catalyst and the same amount of catalyst are used., One of the most striking
examples is the difference in activity between an electrode prepared by vacuum
deposition of cobalt phthalocyanine (CoPc) and by incorporation of water-—
soluble cobalt tetrasulfonato-phthalocyanine, abbreviated as CoTSPc, in poly-
pyrrole [3]. Especilally in acid medla, the catalyst incorporated in poly-
pyrrole is much more active than the vacuum-deposited one, while in both cases
a thick layer containing the catalyst is present. To explain the difference in
activity, we have to take into account the conductivity of the catalyst layer
and the possibility of the diffusion of dioxygen through this layer. Both the
conductivity of, and the dioxygen diffusion velocity in the catalyst/polypyr-
role layer is so high that all attached catalyst molecules can take part in
the electrocatalysis, which is not the case for the vacuum-deposited film, as
will be shown later in this chapter. A comprehensive theoretical description
of this phenomenon is given in a paper by Savéant et al. [6].

The purpose of the present chapter is to demonstrate how preparation
conditions affect the activity. This will be illustrated for the reduction of
dioxygen on CoPc or, in some cases, the water-soluble modification CoTSPc. The
following preparation methods were investigated: a. Irreversible adsorption;
b. Vacuum deposition; c¢. Incorperation in polypyrrole; d. Impregnation of
porous carbon; e. Evaporation of the solvent. For a precise description see

the section ‘experimental’ [5.3.].

5.2. Theoretical aspects

CoPc (or CoTSPc) gives under all circumstances a first reduction wave of

dioxygen to hydrogen peroxide. The kinetics for the reaction is in general
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much faster in alkaline solutions than in acid solutions. The main reason is
that the probable intermedliate 0;. or an o;-like species, is relatively more
stable in alkaline solutions than in acid solutions, as was stressed by Yeager
[7]. Wwith this in mind, we expect the effect of the preparation method on the
activity to be more dramatic in acid than in alkaline solutlons, therefore,
for comparison, measurements were carried out in both electrolytes.

Clearly. the number of active sites is an: lmportant parameter determining

the i-E relationship, characterized by the half-wave potential E . as

determined with the Rotating Disc Electrode technique. It can belgﬁown that
this half-wave potential shifts when the number of active sites at an
electrode is increased. Suppose, we have an irreversible electrochemical
reaction with a rate-determining electron transfer as the first step. For the
current density measured with a Rotating Disc Electrode the following relation

has been derived by Albery [8] for a first-order reaction:

i __+
i 1+ kd/k )

: current density (mA cmpz)
: transport-limited current density {(ma cm~2)

i
i
kd : heterogeneous rate constant describing mass-transport (cm s_1
k

}
: observed heterogeneous rate constant of the electron transfer (cm s~13

At the half-wave potential (1 = 1/2 iL). kd = k. Rate constant k corres-—
ponds to a surface with a certain number of active sites. If this number of
active sites on the surface increases by a factor p, then the rate constant k
also increases by this factor, because k is based on the geometric surface
area. Increasing the number of active sites neither affects the size of this
geometric area nor the diffusion to thls surface. Therefore, for the original
and the new surface {1 and 2, respectively), we have, in the case of a

cathodic reaction, the following relations:

- F
surface 1: kd = ko exp —pw i (2)
-aF
surface 2: kd = p.ko eXp s (3)
with k0 . ¢ the value of k at E = E

Eeq : the equilibrium electrode potential
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1M : {81/2)1 - Eeq' (81/2)2 - Eeq: overpotential for
surface 1 and 2, respectively

n

Y. .(E. ., ). : half-wave potential of surface 1 and 2, respectively

(Ell2 17 771/2°2

The difference between the two half-wave potentials is:

RT
(Byy2)p = (Byyp)y = BB p =gp 1IN P (4)

o
For a = 1/2 the lowering of the half-wave overpotential is 118 mv for a tenfold
increase of the number of active sites. Generally, the shift of the half-wave
potential for a tenfold increase of the number of active sites is equal to the

Tafel slope.

5.3. Experimental

CoPc was cobtained from Bastman Kodak. The sodium salt of CoTSPc was
synthesized according to the method described by Weber and Busch {9]. All other
chemicals were commercially available and used without further purification,
except the pyrrole which was destilled before use. As will be explained below,
five different electrode systems (a—e) were prepared. For electrode system b
and d, a gold disc with a surface area of 0.50 cm2 and for system a, c and e,
a pyrolytic graphite (Cp) disc with a surface area of 0.52 cm2 was used.
Before the preparation of the electrode systems the electrodes were polished
with 0.3 um alumina, rinsed with doubly destilled water and cleaned in an
ultrasonic water bath for one minute.

a. Irreversible adsorption. 3 pyrolytic graphite electrode (Cp) is
dipped into a solution of CoPc or CoTSPc, resulting in the irreversible
adsorption of the complex on the electrode [1]. A (sub)monolayer of catalyst
is obtained. Characterization by cyclic voltammetry is possible with these
electrodes, so the exact number of active sites can be determined. It is also
possible to produce electrodes with different surface coverages by dipping the
cP electrode in solutions of CoPc in pyridine (or CoTSPc in water) with

3 to 1G~5 mol/1l. The time of exposure

concentrations ranging from 10
(dipping time) was about one minute.

b. Vacuum deposition. This technique has already been previously employed

in our laboratory [2]. In this way, it is possible to produce an electrode
which is covered with a large amount of catalyst. The thickness of the layer
was determined spectrQscopically. as described in the same paper.
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¢. Incorporation in polypyrrole. The sodium salt of CoTSPc is soluble in

water. The electro-oxidation of pyrrole gives a polymer with positive charges,
which must be compensated by negatively charged ions [8]. When the poly-
merization is carried out in the presence of the CoTSPc4~ anion, incorpo-
ration of this ion in the film is obtained. For the preparation of this type
of electrode systems, a 10_3 M CoTsPc solution in water, containing 1 vol.%
pyrrole, was used. The electro—oxidation was carried out galvanostatically
with a current of 0.2 mA. By varying the time, layers of different thickness
can be produced.

d. Impregqnation of porous carbon, The impregnation of the carbon support
{Norit BRX) was realized by dissolving 10 mg of CoPc¢ in 20 ml THF, adding
40 mg of the carbon, then refluxing and stirring for 30 minutes. The carbon

particles were attached to the Au-disc of the electrode via incorporation in a
polypyrrole film, according to a previously described procedure [11]. The
carbon support has a high conductivity and a high specific surface area, so
many catalyst molecules can be adsorbed on the surface.

e. Evaporation of the solvent. A drop (several microliters) of a CoPc

solution in pyridine is placed on a C_electrode; thereafter, the solvent is
allowed to evaporate, yielding electrodes with relatively thick layers of
catalyst. By changing the concentration of the solution from 10-3 to 10_5
mol/1, the thickness of the layer can be regulated.

The electrochemical experiments were carried out in a standard three-
compartment electrochemical cell, filled with 100 ml electrolyte. As elec-
trolyte both acid (0.5 M 32304 or 0.05 M stod) and alkaline {1 M KOH or 0.1 M
KOH} solutions were used. The polypyrrole electrodes were tested only in 0.1 M
KOH and not in 1 M KOH, because of the lack of stability of polypyrrole in
alkaline solutions [12]. For characterization of the electrode, cyclic
voltammetry was conducted in dioxygen-free solutions. The dioxygen reduction
was measured in dioxygen-saturated solutions, with the Rotating Disc Electrode
technique. The electrochemical measurements were carried out using a Tacussel
bipotentiostat (Bipad). As reference electrode a Reversible Hydrogen Electrode
(RHE) was used. All potentials in this chapter are given versus the RHE.

The reductlon curves of electrode systems in which polypyrrole was used,
are corrected for the high capacitive current of the polypyrrole itself.
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-5.4. Results and discussion

a. Acid media

Figure 5.1 gives the result for the dioxygen reduction on the electrode
systems {a-e). In table 5.1 the amounts of attached catalyst for the different
electrode systems are given. It is obvious that each electrode system cata-

10

Fig. 5.1 Effect of electrode preparation on the dioxygen reduction. For
notation see table 5.1, Electrolyte: 0.5 M H2304, dioxygen—satura~
ted; scan rate: 50 mv 5—1: rotation frequency: 16 s“l.

Table 5.1 The amounts of attached catalyst for the electrode systems of

figure 5.1.
Electrode type Description Amount of catalyst (mol cm—z)

-3 -10

a irreversible adsorption (10 =~ M CoPc) 2.6 x 10

b vacuum deposition (180 nm) : 6.3 x 10_8

¢ incorporation in polypyrrole (30 mC) 1.7 x 10—8

d impregnation of porous carbon (20%) 1.8 x 10—7

e evaporation of the solvent 4.0 x 10*8

lyses the reduction of dioxygen, however, to a different extent, indicating
that the number of active sites is not automatically the same as the total
number of catalyst molecules present; an electrode prepared via irreversible
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adsorption is even more active than a thick vacuum—deposited film.,

To illustrate the shift in half-wave potential due to a change in active
sites, as derived in equation (4). the dioxygen reduction was investigated as
a function of the CoTSPc/polypyrrole layer thickness (type c). Since the poly-
mer layer is very thin compared to the thickness of the diffusion layer. kd‘
will remain unchanged for all layer thicknesses. In figure 5.2 the dioxygen
reduction on CoTSPc adsorbed on Cp {curve 1), and on various CoTSPc/polypyr—
role layers (curves 2-6) in 0.05 M HZSO4 is shown. In this figure, the

0.0 0.5 1.0
)
1pima| fol v
-10¢ ‘
; 1 Op
/ 2 CoTSPc
~20b /3 3 2ImC CoTSPc/PP
~ s 62. " ”
7 5 122 .
300/ 5300, . .

Fig. 5.2 Dioxygen reduction as a function of the CoTSPc/polypyrrole layer
thickness. Electrolyte: 0.05 M stoé. dioxygen—saturated; scan
rate: 50 mv s-l: rotation frequency: 64 snl. For comparison the
dioxygen reduction on an irreversibly adsorbed layer of CoTSPc on

Cp is also included (curve 2).

thickness of the layer is expressed as the charge passed during the electro-
polymerization of pyrrole. In order to determine the amount of catalyst in a
film, a cyclic voltammogram in dioxygen-free solution was measured for a 30 mC
thick layer:; see figure 5.3. In this figure the cyclic voltammogram of CoTSPc
adsorbed on C_ is also given (a). The characterization of the electrodes is
somewhat hampered by the instability of CoTSPc in acid solutions. Moreover, at
potentials above 1l volt versus RHE, the polypyrrole degrades rapidly. Despite
these difficulties, for an electrode obtained from irreversible adsorption, a
surface coverage of 1.4 x 10~10 mol cm_2 can be determined from the area under
the reduction peak at 1.1 V. The 30 mC CoTSP¢/ polypyrrole layer (b) gives a
coverage of 7.8 x 10~9 mol cmﬁz. If it is assumed that for the oxidation of
pyrrole to neutral polypyrrole 2 electrons per molecule are involved, and that

in the oxidized form of polypyrrole, every four pyrrole units carry one posi-
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Fig. 5.3 Cyclic voltammograms of CoTSPc adsorbed on Cp (a) and of a 30 mC
cotsPc/polypyrrole layer (b). Electrolyte: 0.05 M stoq, dioxygen—
free; scan rate: 100 mVv s_l.
tive charge [10]., a coverage of 1.67 x 10—8 mol cm“Z can be calculated for a
30 mC CoTSPc/polypyrrole layer. In this chapter this theoretical value will be
used.

A linmiting current of 2.5 mA is reached below 0 V versus RHE in curve 2,
figure 5.2. (The platéau is not shown in the figure). This value equals the
theoretical diffusion limiting current for the reaction of dioxygen to hydro-
gen peroxide. Curve 6, in the same figure, shows, although not very clearly, a
first wave and the start of a second wave. In our view, the first wave corres-
ponds to the reaction of dioxygen to hydrogen peroxide; the second wave is
attributed to the further reduction of hydrogen peroxide to water., With this
in mind, the half-wave potentials for the curves 2 and 6 can be determined
with reasonable accuracy if only the reaction of dloxygen to hydrogen peroxide
is considered. The results are respectively 70 and 395 mV. With the use of
these values, and the surface coverage in the two cases, the shift in half-
wave potential as a function of the number of active sites can be calculated.
The result is 155 mv/decade of active sites.
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For the Tafel slope of the first wave of curve 6 (figure 5.2) a value of
-155 mV has been determined. Notwithstanding the difficulty of the determina-
tion, this is the same value as reported by Zagal-Mova [7], for the dioxygen
reduction on CoTSPc adsorbed on CP. The value of the Tafel slope corresponds
very well with the observed shift in the half-wave potential. This agreement
may be somewhat flattered because of two “each-other" compensating effects.
First, the amount of catalyst in the film is probably taken too high, if we
compare this with the results of the cyclic voltammetric measurements; second-
ly, it is probably not correct to neglect the dioxygen reduction on the poly-
pyrrole matrix completely. ‘

Returning to the results for the five different electrode systems as
presented in figure 5.1, we note that a vacuum—deposited layer {b) has a lower
activity than an irreversibly adsorbed layer (a), notwithstanding its thick-
ness. Since the film has a relative low conductivity, the reaction must take
place malnly at the interface between the substrate and the phthalocyanine
film, Dioxygen must diffuse through the inactive outer parts of the film to
reach the active sites at the interface. The electrode obtained by evaporation
of the solvent (e) has a comparable physical structure, but probably a some-
what higher porosity and/or conductivity, resulting in a slightly increased
activity for this electrode system as cbmpared with system b.

The two other electrode systems consist of a catalyst dispersed on a
matrix with high porosity and high conductivity, so that the whole layer, or
at least a major part of it, is involved in the electrocatalysis. The direct
incorporation in polypyrrole results in the most efficlient utilization of the

catalyst.

b. Alkaline media

Electrode systems a, b and e all show about the same activity in ! M KOH,
as can be concluded from the figures 5.4 and 5.5. Due to the greater stability
of CoPc (or CoTsPc) in alkaline as compared with acid solutions, a more pre-
cise characterization of the electrode is now possible. In figure 5.4a, the
results are given for an irreversibly adsorbed layer prepared by using solu-
tions of different concentrations. The surface coverage increases from
6.4 x 10!
{for a concentration of 10’3 M CoPc). Figure 5.4b demonstrates that the

mol cmm2~(for a concentration of 10_5 M CoPc) to 2.6 x loﬂlu‘mol cm-

increased coverage is accompanied only by a slight increase in activity. The
vacuum-deposited film (110 nm} also drawn in figure 5.4b has the same activity

as the above mentioned a-type electrode prepared from a 10’3 M solution.
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Fig. 5.4 a) Cyclic voltammogram of CoPc adsorbed on Cp. The concentrations
of the dip solutions are given in the figure. Electrolyte: 1 M KOH,
dioxygen-free; scan rate: 100 mv s—l.

b) Dioxygen reduction on the electrodes of a, compared with a
vacuum-deposited layer of CoPc. Electrolyte: 1 M KOH, dioxygen-
saturated; scan rate: 50 mv swl: rotation fregquency: 16 s-l.

An electrode with a vacuum-deposited film gives non-reproducible and
featureless cyclic voltammograms in dioxygen~free solutions. From the measured
activity, it can be coﬁcluded that the conductivity and porosity of the layer
are such, that about the same activity as that obtained for a monolayer is
realized. On comparing figures 5.1 and 5.4b, it appears that the vacuum-
deposited films show a relative higher activity in alkaline than in acid solu-
tion. In our view, this difference is not caused by the electrolytes them~
selves, but due to the used preparation method. It is difficult to obtain
films with identical physical properties. Different films have a somewhat
different conductivity and/or porosity. depending on the exact preparation
conditions; these conditions cannot be kept constant with the applied method.
Nevertheless, in both electrolytes only one monolayer or even less, is elec—
trochemically active.

With electrode system e (deposition of CoPc by evaporation of the sol-

49



(2) 50

Ip/uA
25

—— 4108 mol CoPc/em?
w2169 mol CoPo/ el
o= Z»T{I'mmolCapu’cm‘2

10

fig. 5.5 a) Cyclic voltammogram of electrode system e (evaporation of the
solvent). The amounts of deposited catalyst are given in the
figure. Electrolyte: 1 M KOH, dioxygen-free; scan rate: 100 nmv s*i.
b) Dioxygen reduction on the same electrodes as in a. Electrolyte:
1 M KOH, dioxygen-saturated:; scan rate: 50 mVv sml: rotation

-1
frequency: 16 s .

vent), the characterization also results in a featureless cyclic voltammogram,
as can be observed in figqure 5.5a. The amount of catalyst has almost no effect
on the activity, as is demonstrated in flgure 5.5b.

The dioxygen reduction on electrode system ¢ (CoTSPc incorporated in
pelypyrrole) has been examined in 0.1 M KOH solutions. The result is shown in

figure 5.6, For comparison, the dioxygen reduction curve measured on a layer
prepared from irreversible adsorption of CoTSPc (coverage 1.4 x 10—10 mol cm~2)
has been drawn in the same figure. As can be seen from these curves, there is
almost no difference in activity, in spite of the high catalyst loading in the
case of the 30 mC CoTsPc/polypyrrole £ilm (1.67 x 10-8 mol cm_z). with the
CoTsSPc/polypyrrole layer again a second wave appears. This wave can be
ascribed, as is also done for acid electrolytes, to the further reduction of
hydrogen peroxide to water. The appearance of the second wave is due to the
great number of active catalyst molecules. For the vacuum-deposited layer,

there 1s no second wave, again suggesting that only part of the vacuum-
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Fig. 5.6: Dioxygen reduction on CoTSPc, adsorbed on C_, compared with a
30 mC CoTsPc/polypyrrole layer. Electrolyte: 0.1 M KOH, dioxygen-
saturated; scan rate: 50 mv s—l: rotation frequency: 64 shl.
deposited layer is active. At high overpotential, the current decreases due to
the change of polypyrrole to a reduced, non-conducting, form.

It is difficult to determine one unique Tafel slope for the first wave of
the dioxygen reduction on a 30 mC CoTSPc/polypyrrole layer in 0.1 M KOH: the
results vary from -60 mv at low overpotentials to -130 mV at higher overpoten~
tials. Tafel slopes of -120 mV have been reported by Zagal-Mova for an irre-
versibly adsorbed layer of CoTspPc [7]. Figure 5.6 shows that the shift of the
half-wave potential as a function of the amount of catalyst, is not equal to
the observed Tafel slope. The reason for this is that an adsorbed monolayer
already accomplishes a reversible (or quasi-reversible) reduction of dioxygen
to hydrogen peroxide in 0.1 M KOH. Any further increase of the'number of
active sites does not bring about an enhanced activity, as is characteristic
for reversible reactioﬁs.

Electrode system d has not been examined in alkaline solutions.
5.5. Conclusions

The investigations of five electrode systems demonstrate that the number of
active sites is an important factor determining the activity of an electrode.
This number is by no means the same as the total amount of catalyst present on
the surface. A layer prepared by irreversible adsorption on an inert electrode
material is recommended to study electrocatalysis, because of the possibility
of determining the exact number of active sites and, moreover, the diffusion
to the surface is well-defined. The use of this electrode system enables the
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determination of the "intrinsic catalytic activity" of a catalyst. With
*intrinsic catalytic activity" is meant the (catalytic) activity of a surface
expressed by an exchange current density and corrected for the number of the
active sites on this surface. The obtained quantity can be called turnover
number.

The use of this turnover number instead of the exchange current density
will not give very different results for metal electrodes, since they all have
about the same number of surface atoms per unit surface area. However, this is
not the case with large organic molecules as catalyst, containing only one
active site per molecule. For instance, when the catalytic activity of a sur-
face, covered with CoTsPc, is’compared with the activity of platinum, the use
of exchange current densities glves a false picture. If the same geometric
surface area is taken into account, an adsorbed monolayer of CoTSPc contains
5 % 1013 molecules cmpg. assuming an area of 2 nm2 per molecule with the mole-—
cules lying parallel to the surface. For platinum, however, a number of
1.35 x 1015 atoms cm_z can be calculated using a density of 21.45 g/cm3. Thus,
a platinum electrode has 27 times more active sites than an adsorbed monolayer
of CoTsPc. An (imaginary) CoTSPc electrode that would contain the same number
of active sites as platinum per unit surface area {(and which, therefore,
allows a falr comparison), would show in acid electrolytes a half-wave poten-
tial, that is shifted 220 mv in anodic direction, compared with the electrode,
described by curve 2 in figure 5.2,
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6. The cathodic reduction of dioxygen at metal tetrasulfonato-phthalo-
cvanines: Influence of adsorption conditions on electrocatalysis

6.1. Introduction

In a number of papers, the dioxygen reduction at electrodes, prepared by
irreversible adsorption of metal chelates on graphite has been described
[1-8]. It was discovered more or less accidently that electrodes, that had
been used in an electrolyte in which a water-soluble porphyrin or phthalo-
cyanine was dissolved, showed the same dloxygen reduction behaviour when they
were thereafter investigated in the electrolyte free of dissolved metal
chelate [7,9]. So, the adsorption of these complexes is so strong that
measurements in electrolytes devoided ‘of the metal chelate are possible,
without desorptlon of the complek on the time scale of the experiment. In
which way the molecules are adsorbed on the surface is not completely under-
stood [8,10,11}. Also the conditions which affect the establishment of the
adsorption equilibrium are not fully known. In some cases, the adsorption is a
fast process, while in other cases adsorption occurred only as the result of
cycling of the electrode for half an hour in a solution of the complex [8,12].

To get more insight into the adsorption phenomena, we have investigated
the adsorption process in more detail and also the effect of ageing on
phthalocyanine solutions has been investigated. The first question was: under
which conditions can the highest coverage of cobalt- or iron tetrasulfonato~
phthalocyanine (Co- or FeTSPc) on pyrolytic graphite (Cp) be obtained. For
comparison, also cobalt- or iron phthalocyanine {(Co- or FePc) are investiga-
ted. Subsequently, the effect of different coverages on the dioxygen reduction
has been studied. Also UV-Vis. spectra were recorded to determine the reaction
of the water-soluble phthalocyanines with dioxygen. Generally, it is accepted
that peroxo species are formed [13,14,15]:

{ Co-0-0-Co ; Fe~0-O-Fe )

For FePc even the subsequent forming of an oxo-bridged species has been

reported {16,17]:

( Fe-O-Fe }
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However, for CoPc an oxo-bridged dimer has never been reported [17,18].
In our experiments, we have concentrated our attention on the oxygenation

behaviour of aged phthalocyanine solutions.

6.2. Experimental section

CoTSPc and FeTSPc were synthesized as described by Weber and Busch {19].
The chemicals CoPc and FePc were obtained from Eastman Kodak and used as such.
As a solvent fbr CoPc and FePc pyridine, while for the tetrasulfonated form
déuble destilled water, was used.

To determine the solution species in the case of the water soluble com—
plexes, UV-Vis. spectra were recorded, using a double beam Pye-Unicam spectro-
photometer. The spectra were recorded in dioxygen- or helium-saturated solu-
tions. The helium was purified from traces of dioxygen by leading the gas over
a BTS-copper type catalyst (obtained from BASF), at a temperature of 150°C.
Preliminary experiments have shown that at room temperature the reaction with
dioxygen is slow. For this reason, the spectra were recorded at a temperature
of 70°C.

All electrochemical experiments were performed in a standard three-
compartment electrochemical cell. In the case of cyclic voltammetry, the elec-
trolyte, 1 M KOH, was made free of dioxygen by bubbling nitrogen through it.
The dioxygen reduction was measured with the Rotating Disc Electrode technique
in the same, but now dioxygen-saturated, electrolyte. A Tacussel bipotentio-
stat was used.'

The working electrode was a disc electrode made of Cp, with a surface
area of 0.52 cmz. The electrode was polished with 0.3 um alumina before use,
to obtain a flat surface, free from adsorbed species. The alumina was removed
from the disc by cleaning in an ultrasonic bath for 1 winute or by rinsing in
a powerful stream of water. No difference was observed for the two procedures.
The complexes were applied onto the disc by dipping the polished electrode for
1 minute into a solution of the corresponding complex and thereafter flushing
with destilled water. A Reversible Pt-Hydrogen Electrode (RHE) was used, to

which all potentials are referred. The counter electrode was made of a Pt-foil.
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6.3. Results and discussion

6.3.1. The adsorption process

For the description of the adsorption process the following experiments
are relevant:
* The difference between CoTSPc and FeTSPc. From a freshly prepared 10-4 M
solution of CoTSPc in destilled water, adsorption of CoTSPc on graphite is

possible in one minute or less. The presence of CoTSPc on graphite is indica-

ted by the redox peaks in the cyclic voltammogram (figure 6.1). For FeTSPc no
201
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-4
Fig. 6.1 Cyclic voltammogram of CoTSPc adsorbed on Cp from a 10 ¥
solution. The dashed curve 1s for Cp only. Electrolyte: 1 M KOH,
-1
dioxygen-free; scan rate: 100 mv s .

adsorption is observed under these conditlons. Adsorption of the latter could
only be achieved by addition to the solution of a salt like Licloq. a base
(KOH) or an acid {stoé). figure 6.2. If the concentration of one of these

207
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Fig. 6.2 Cyclic voltammogram of FeTSPc adsorbed on Cp from a 10—4 M
solution in 1 M KOH. Other specifications as in figure 6.1.
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supporting electrolytes is increased, then also the coverage of FeTSPc
increases; for a concentration of 1 M a saturation value for coverage is
obtained. Therefore, all solutions, used for the achievement of the adsorption
of FeTSPc, were prepared from 1 M KOH, For CoT8Pc, however, no effect of type
and concentration of the supporting electrolyte was observed.

e Crystallization in the presence of ions. CoTSPc is soluble in 1 M KOH.

After a few days, however, small crystals are observed in the solution and the
colour changes gradually from dark blue to green. After a week a deposit is
formed and the colour of the solution has become light green. If the deposit
is dissolved in destilled water, the original CoTSPc spectrum is obtained
anew. The light green colour of the remaining solution is probably caused by
an impurity or by some degradation of the complex. A CoTS8Pc solution in
destilled water is stable for months: it still retains its blue colour. FeTSPc
shows the same behaviour.

-5
s Irreversible oxygenation. A freshly prepared scolution of CoTSPc {(circa 10 M)

in dioxygen-free 0.1 M KOH shows a spectrum as depicted by the solid curve in
figure 6.3A. This spectrum was recorded immediately after addition of CoTSPc
to the dioxygen-free 0.1 M KOH solution. Two peaks are visible and are
ascribed to a monomer (670 nm) and a dimer species (626 nm) [14,15].

By bubbling of dioxygen through the solution for one hour, a new peak
appears at a wavelength of 670 nm and this peak has been ascribed to a peroxo-
bridged dimer [14,15], figure 6.3A. This figure also shows that after helium
saturation the original spectrum did not restore. If we use shorter times for
dioxygen and helium saturation a more reversible oxygenation 1s observed.

For longer times, a few hours and mcre, however, and depending on the mea-
suring temperature, oxygenation 1s quite irreversible. This means that the
spectra of the dioxygen—free species could not be converted into the spectra
of the dioxygen—containing species, vice versa, with the same rate as at the
beginning of the experiment. So the rearrangement 1s irreversible.

In figure 6.3B, with helium first and then dioxygen, the slowing down of
the oxygenation is already visible. By comparing figure 6.3A and B, it is evi-
dent that the dioxygen adduct is formed with a higher rate when the solution
is directly saturated with dioxygen. Although the initial conditions are a
little different (for figure 6.3B the concentration of the freshly prepared
solution appeared to be somewhat higher than for figure 6.3A, leading to rela-
tively more dimer species in the solution), this does not influence the drawn
conclusions.

For the recorded spectra of FeTSPc, it is even more difficult to draw
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Fig., 6.3 UV-vis. spectra for CoTsPc (10_5 M).
A)

recorded immediately after addition of CoTsSPc to 0.1 M
KOH (dioxygen-free).
—---- after 1 hour of dioxygen saturation
..... and, thereafter, 1 hour of helium saturation.
B) The same notation is used but the time sequence of dioxygen and
helium saturation has been reversed.

conclusions. These experiments are complicated by the fast degradation of the
complex in the presence of dioxygen as can be observed in figure 6.4. Contrary
to CoTsPc, with FeTSPc a dioxygen-containing species is detected immediately
after addition of FeTSPc to the dioxygen—free solution. Probably. the
dioxygen-FeTSPc bond is so strong, that dioxygen is already irreversibly
adsorbed on FeTSPc in the solid form.

In acid media the effects are qualitatively the same, but somewhat
smaller.
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Fig. 6.4 UW-Vis,. spectra for FeTSPc (10~5 M) (see for notation fiqure 6.3},

* Concentration dependence. In the figures 6.5 (and 6.6) the results for
three different concentrations of CoTSPc (and FeTsPc) dip solutions are given.
As can be concluded from these flgures, increasing the concentration leads to
a higher coverage.

If for the redox process observed for CoTsSPc (fiqure 6.5) n = 1 is
supposed, one cén calculate the following coverages from the charge under the
oxldation or reduction peak: 1.4 x 10“10; 5.5 x lo_ll and 1.5 x 10-11 mol cm
4. 10-5 and 10~6 M, respectively. A limiting surface

2

for concentrations of 10
coverage appears to be reached with concentrations of 13_4 M or higher,
because this coverage (1.4 x 10-10 mol cmz) is equivalent to a monolayer of
CoTsPc {or FeTSPc), assuming that the molecules lie parallel to the surface
and occupy 2 nm2 per molecule. ‘

An increase of the diptime fo one hour for the 10_6 M solution leads to
the same coverage as observed for the ].0-4 M solution after 1 minute, indi-

cating a diffusion controlled process. However, kinetic control for the

59



201

10
IDI}JA

-10.

..20..

Fig. 6.5 Cyclic voltammograms of CoTSPc adsorbed on Cp from solutions of
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-
¥

different concentrations.
cmm 100 M and - cCp.

other specifications as in figure 6.1.

adsorption process [8] cannot be completely ruled out on the basis of these
facts alone.
The cyclic voltammogram of FeTSPc adsorbed on Cp shows two redox pro-

cesses (see figure 6.6). From the charges under these peaks, and again

Fig. 6.6° Cyclic voltammograms of FeTSPc adsorbed on Cp from solutions of
different concentrations. Specifications are the same as in figure
6.5.
assuming a process for which n = 1, the following coverades are calculated:
1.3 x 10—10 and 3.5 x 10—11 mol cmﬁ2 for, respectively, 10_4 and 10’5 M
solutions. For the 10-6 M solution no surface concentration is given,
because for this low coverage hardly a redox peak is detectable. A similar
influence of the concentrations of FePc and CoPc, dissolved in pyridine, on
the adsorption process is observed.

The phenomena can be explained as follows: it has been reported [14,15]
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that increasing the ionic strength of a solution of CoTSPc increases the dimer
peak in the Uv-vis. spectrum. The extra ions most probably compensate the
expected large electrostatic repulsion between two COTSPC4- ions. We now
suppose that in alkaline solutions the dimerization process is followed by
aggregation of the dimers. After some time these species have grown to such
dimensions that the accessibility for dioxygen and so the oxygenation rate is
decreased. It is to be expected that aggregation does not affect the absorp-
tion behaviour; and the recorded spectra are therefore not changed. Further,
we suppose that the aggregation happens for dioxygen-free species as well as
for dioxygen-containing species. The new formed species show a considerable
longer time for dioxygen uptake or release as compared with the original mono-
mers or dimers. A possible reaction scheme 1s given in figure 6.7 for both

CoT8Pc and FeTSPc. In this scheme, the reactions with dioxygen are written in

REL. FAST

Mos 0 — MOy

+ +

M M

' FAST Tl FAST
REL. FAST

D+ 0 = 00,

+ +

nD n00,

‘l SLOW Tl SLOW
SLOW

(Ol o0y ——= {009)g41

Fig. 6.7 Reaction scheme: M is monomer; D is dimer, M02 and DO2 are species

containing dioxygen, and (D)n+l and (Doz)n+l are aggqregates.

the horizontal direction, while vertical the dimerization and the aggregation
are given. The aggregation and the oxygenation of the aggregates occur slowly.
For FeTsSPc no dioxygen-free dimer is detected. The acceptable reason for this
is, that the equilibrium between the monomer and dimer form lies completely on
the monomer site.

In 1 M KOH, the aggregation continues and after some days the tetra-
sulfonato-phthalocyanine starts to precipitate until finally a clear solution

is obtained.
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For FeTSPc solutlons, at first a peroxo-bridged species is formed, as can
be concluded from the fact that with helium saturation a spectrum of the
dioxygen~free FeTSPc monomer is obtained. It is not likely that an oxo-bridged
species is converted into a dioxygen-free specles by helium saturation alone.
Besides the aggregation (as is also observed for FeTSPc in 1 M KOH), after
some time some peroxo species are probably converted into oxo-bridged species,
-and this could also partly explain the observed irreversible oxygenation of
FeTsPc.

The adsorption of FeTSPc on Cp is probably promoted in the same way as
the aggregation in solution, by increasing the ionic strength of the solution.
The large negative charge of the FeTSPc-ring hinders the adsorption of FeISpc
on the graphite surface. By compensation for this charge by cations, adsorp-
tion of the FeTSPc molecule is made possible.

The difference between the adsorption behaviour of CoTSPc and FeTSPc
leads to the conclusion that the metal centre is involved in the bonding to
the graphite surface. Perhaps an association of this centre to a dioxygen
functionality on the graphite takes place, as was already previously suggested
by Zagal [7], based upon the different observed coverages for the ordinary and
the basal plane of pyrolytic graphite. On the latter substrate less surface
groups are available.

Contrary to our observations, Zecevic et al. [8] reported that the pH has
no effect on the adsorption process of FeTSPc. In their experiments they used
solutions, which were prepared from stock solutions. It is evident that their
solutions must be aged. Especially with FeTSPc, we observed a drastic decrease
in surface coverage of the Cp when solutions of several days old were used. In
that case hardly any redox peaks were detectable. The same behaviour was found
with FePc, dissolved in pyridine.

6.3.2. Dioxygen reduction on CoTSPc

The fact that different coverages are achieved when solutions of varying
dip concentrations are used, enables us to study the electrocatalysis of the
dioxygen reduction as a function of the electrode coverages with phthalo-
cyanines.

Figure 6.8 shows the dioxygen reduction behaviour for the three coverages
of CoTsPc, as calculated in the preceding section. As already described in
chapter 5 or reference [20]. the half-wave potential increases as the coverage

increases. In this chapter, we want to focus our attention to the values of

62



Fig. 6.8 Dioxygen reddction at electrodes covered ﬁith different amounts of
CoTSPc. 1.ax100, .. 5.5 x 10 1}, .- 1.5 x 10} mol
-2

cm , ———~- Cp. Electrolyte: 1 M KOH, dioxygen-saturated; scan

rate: 50 mv 5—1; rotation frequency: 16 s

the limiting current. For the electrodes with surface concentrations from

1.4 x 10—10 to 5.5 x 10“ll mol cm_z, a current of 0.8 mA is measured in the
diffusion controlled region. This is equal to the diffusion limiting current,
determined according to the Levich equation for the reduction of dioxygen to
hydrogen peroxide, at a rotation frequency of 16 s—1 and an electrode surface
area of 0.52 cmz. The limiting currents observed for different rotation fre-
quencies are depicted as Levich plots in figure 6.9A. For the smallest coverage,
curve 3, a deviation from Levich behaviour is observed. Plotting these results
as Koutecky-Levich plots (i;l versus 0—1/2), in figure 6.98B, the extrapolated
line for the smallest coverage (curve 3) does not go through the origin, indi-

cating the occurrence of "kinetic limitation". This is attributed by Durand et

2.0 R
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15
I/ mA 24
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OSJ 1 / e

i /:;/f

2 L 6 8 g2 g2 %
v
0.25 05 -1/2, 442

Fig. 6.9 Levich (A) and Koutecky-Levich (B) plot for the dioxygen reduction at
the electrodes of figure 6.8. Again the amounts of CoTSPc are 1) 1.4
-10
x 10 ; 2) 5.5 x 10 ll: 3) 1.5 x 10 il mol cm 2
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al. [21], to a rate determining chemical reaction between dioxygen and the
catalyst. In their experiments, they used cobalt porphyrin as a catalyst. In
our case a similar explanation can be given.

However, in the case of very small coverages an alternative explanation
based upon a theory about surface diffusion, as has been developed by McIntyre
and Peck, Jr. for gold [22], is also possible. When only few catalyst mole-
cules are present on the surface, it must be realized that approach of the
electrode by a dioxygen molecule not automatically means that an active site
is encountered. According to McIntyre and Peck, Jr. “"current or kinetic satu-
ration" occurs as the time for a dioxygen molecule to traverse through the
convective diffusion layer becomes comparable to the time, required to diffuse
across the surface to an active site [22]. The thickness (8) of the convec—
tive diffusion layer at a Rotating Disc Electrode (RDE) is given by:

5 - 1.61 pl/3 ,1/6 1/2

(1
where D is the diffusion coefficient of the electroactive species, v is the
kinematic viscosity of the electrolyte and v is the rotational speed of the
electrode. The time (T) to traverse this layer can be calculated as:

= 1.3 D*1/3 v1/3 0-1

(2)
For curve 3 of figure 6.9 a deviation of the Levich behaviour is already
visible for a rotation frequency of 16 s-l. For this rotation frequency the

time required to pass the diffusion layer is 0.12 s, with v = 1.065 x 10~2 cm2

s.'1 and D = 1.36 x 10“5 cm2 s~1 [23]. The chosen onset point of the “kinetic
saturation" is rather arbitrary; whereas McIntyre et al. took the value at
complete saturation, we have chosen a rotation frequency, where only a small
deviation of the Levich behaviour is observed. Thus, the surface diffusion
time (t) must be smaller than the solution diffusion time (t) for the case
of a rotation frequency‘of 16 5,1. Therefore, it is reasonable to assume
that t is in the range of (0.01-0.1)T.

When the surface diffusion is treated as a random walk., with the above
mentioned assumption, an estimate of the surface diffusion coefficient, Ds'

can be made from the following relation:

<x2> = 2 Dst (3)
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where <x2> is the mean square displacement, If it is assumed that CoTsPc is
randomly distributed over the graphite surface, then a loading of 1.5 x 10"11

mol cm~2 is egquivalent to a surface domain of 11 nm2 for one CoTSPc mole

cule, i.e. a circle with a radius of 1.9 nm. The time available to travel this
distance is 0.0012-0.012 s (i.e. 1-10% of the time necessary to pass through

the diffusion layer), so a surface diffusion coefficient of 1.5 x 10_11 -

1.5 x 10—”12 cm2 s_1 is determined. This value is in the same range as the
value for the surface diffusion coefficient for a gold (111) face, which has
been calculated by McIntyre et al., (7 x 10-11 cm2 sﬂl). For both surfaces only
a weak interaction is expected to occur between dicoxygen and the su}face
[22,24]. Association of the catalyst mclecules on the graphite surface will
result in a higher surface diffusion coefficient. In this chapter only a
random distribution will be taken into account. Thus, the above given calcula-
tion demonstrates that surface diffusion can explain the “"kinetic limitation®.
Both explanations (a rate determining chemical step or surface diffusion) are
equally probable; the second explanation has, however, the advantage that it

does not require introduction of a rate determining chemical step.

6.3.3. Dioxygen reduction on FeTSPc

The resulting dioxygen reduction behaviour for the three different
coverages, is depicted in fiqure 6.10. It is clear that the dioxygen reduction
wave is composed of two different waves, as previously published by Zagal et

al., [6,7.25]. when the coverage decreases, the first wave (or the wave at low

Ig/mA
-0 &1

-0 84

-1.21

- 16.

Fig. 6.10 Dloxygen reduction at electrodes covered with different amounts of
1.3x10%, ... 3.5 x 10 mol em 2,

-.-.= no coverage determinable, -—--- Cp. Other specifications as in

figure 6.8.

FeTSPc.
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overpotential) disappears more rapidly than the second wave (main wave), see
figure 6.10. For FePc, the same observations have been made [26].

The results of a study of the dioxygen reduction on electrodes, covered
with different amounts of FeTSPc, as a function of the rotation frequency are
summarized in a Levich plot, figure 6.11. The points in this figure are the
obtained current maxima (see also figure 6.10). These maxima are characteris-
tic for both FeTsPc [7] and FePc [26]. The decrease in current in figure 6.10
is caused by the competition between FePc (or FeTSPc) sites and the graphite
surface at high overpotentials. The graphite surface itself, gives hydrogen
peroxide as a reduction product, and compared with the reduction of dioxygen

to water at FePc (or FeTSPc), this causes a decrease in current.

T b6 Bz 02

Fig. 6.11 Levich plots for the dioxygen reduction at electrodes covered with
-10

3

the same amounts of FeTSPc as in figure 6.10. 1} 1.3 x 10

-11 -2
2) 3.5 x 10 mol cm ; 3) no coverage determinable.

Curves 1 and 2 in figure 6.11 demonstrate that the dioxygen reduction at
the two highest coverages satisfies the Levich equation, while for the other
case, curve 3, a deviation of this behaviour is observed. The diffusion limi-
ting currents are a factor of two higher for FeTSPc as compared with CoTSPc,
because of the dioxygen reduction to water at FeTSPc instead of hydrogen
peroxide. When the results are plotted in a Koutecky-Levich plot, we obtain,
as in figure 6.98 for CoTSPc, parallel lines, of which the line for the
smallest coverage does not pass the origin, indicating again “kinetic limita-
tion"; the same explanations, as before for CoTSPc, are now possible.
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If the FeTSPc coverage of the electrode decreases, then the prewave shows
more severe “kinetic limitation™ than the mailn wave, as can be concluded from
figuré 6.10. For this "kinetic limitation” an explanation based on surface
diffusion is also possible, but here the conclusion must be drawn, that we are
dealing with two different FeTSPc sites. One type of site is then responsible
for the main wave, while the other, in minority present, should cause the pre-
wave. ‘

The possibility of the existence of two different sites (monomeric and
dimeric) has already been suggested by us earlier and was based on analogies
[26]. A survey of the literature shows that direct reduction of dioxygen to
water without formation of hydrogen peroxide as an intermediate is occurring
on noble metals as platinum and silver [27], electrodes prepared by UPD {(Under
Potential Deposition) of some metals [28] and cofacial dicobalt porphyrins
[29]. In all cases, this behaviour 1is explained, assuming bridge adsorption.
For FeTSpPc {(or FePc) a direct reduction of dioxygen is occurring at low over-
potentials, as is demonstrated by the fact that with Rotating Ring Disc Elec-
trode (RRDE) experiments no ring current due to the production of hydrogen
peroxide is detected at the potentials of the prewave [25]. As stated pre-
viously, the prewave must be assoclated with dimer sites for which bridge
adsorption of dioxygen is possible, while the main wave is due to monomer
sites.

The dioxygen reduction behaviour at the highest coverage of FeTSPc is
given for four different rotation frequencies in figure 6.12A. In this figure
also an extension of the prewave is constructed (dashed lines), Of course.
this extrapolation is questicnable, but the extrapolated curves show the onset
of "kinetic limitation" (see figure 6.12B) and this agrees with the fact that
the prewave rather critically depends on the coverage. In figqure 6.12B a devi-
ation of the Levich equation for a rotation frequency from 16 s.”l onwards is
observed. If again the assumption is made that for this rotation fregquency the
time\required for the surface diffusion is 10% of the time necessary for
passing the diffusion layer, then a time of 0.012 s is available for surface
diffusion. In this time, a distance of 1.9 nm could be covered according to

equation (3) when as surface diffusion coefficient 1.5 x»lc-lz cm2 sml

is
used, From this distance, it can be calculated that, in the case of a uniform
distribution of the sites over the surface, the coverage is 1.5 x 10~11 mol

—-2 - _
cm . Compared with the total amount of 1.3 x 10 10 mol cm 2 of FeTSPc

present on the surface, this corresponds to 12% of it. Taking 1% of the time
necessary for passing‘the diffusion layer as the surface diffusion time, then
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Fig. 6.12 A. Dioxygen reduction at FeTSPc adsorbed on Cp for the highest
coverage (1.3 x 10—10 mol cmvz) only. The rotation frequen-
cies are given in the fiqure. The dashed lines represent the
extrapolations of the prewave. Other specifications as in figure
6.8. '

B. Levich plots for the extrapolated prewave. The straight line also

drawn in this fiqure is the Levich behaviour of the current maxima
for the highest coverage (see also figure 6.10; line 1).

the corresponding surface diffusion coefficient of 1.5 x 10-11 cm2 3-1

must be used and the same amount of dimer sites is calculated.

To prove the existence of dimer sites, independent evidence is necessary.
Unfortunately, it is not possible to carry out reflectance spectroscopy with
electrodes made of ordinary pyrolytic graphite, because the surface of these
electrodes is not reflective enough. Reflectance spectroscopy has been per-—
formed on the basal plane of pyrolytic graphite by Nikolic et al. [12], which
shows a higher reflectivity. However, this basal plane pyrolytic graphite does
not behave identical with ordinary pyrolytic graphite. Zagal} for example,
reported an almost completely vanished prewave [7]. Going from ordinary to
basal plane pyrolytic graphite, the coverage has decreased 4 to 5 times. From
the dramatic effect on the prewave of a 3 to 4 times decrease in coverage, as
can be seen in figure 6.10, we can imagine that the prewave completely
vanishes when the basal plane instead of ordinary pyrolytic graphite is used.

pPerhaps., there is also an influence of the surface roughness on the probabili-
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ty of the occurrence of dimer sites, as has been suggested in a previous
publication [26].

As to the results of Nikolic et al. for the basal plane, they recorded
spectra at a potential of 0.9 V vs. RHE, where the adsorbed FeTSPc molecule is
in the oxidized Fe(III)-state (see figure 6.2). The spectrum shows a main peak
at 635 nm, ascribed to a dioxygen—containing dimer species. It may, however,
also be argued that the peak corresponds to a monomer Fe(LII)TSPc species
which has almost the same absorption wavelength (632 nm) as a dioxygen-con-
taining dimer in the solution [30}. Experiments are planned to solve this
question by studying the épectra at potentials below 0.9 Vv, where the Fe ion
is in the Fe(Il)-state. For the moment, we will take the dimer model of
Nikolic et al. as valid. In their view, a structure with the phthalocyanine
rings perpendicular to the surface belongs to the possibilities. This model
gets some evidence from Raman spectroscopy [10,31].

The estimate of 12% dimer sites seems to be in contradiction with the
spectroscopic results., We must keep in mind, however, that for each dimer site
there are two monomer sites available. Between two molecules bridge adsorption
can occur, while outside the region between the two molecules two places
remain for the formation of monomeric dioxygen adducts. So, even if we are
dealing with only FeTSPc dimers and assuming that the adsorption model of
Nikolic et al. is valid, we must keep in mind that bridge adsorption is occur-
ring on only 33% of the available sites. The estimated number of 12% should be
considered as an indication of the value which can be expected for the amount
of dimers: so an agreement with the results of Nikolic et al. is still
possible.

The model, presented here, explains the observed "kinetic limitation" for
the prewave solely by the small number of dimer sites. The advantage with
respect to other models is that there is no need for the introduction of a

rate determining chemical step.

6.3.4. FePc _compared with FeTSPC

Until now, no distinction is made between CoTSPc¢ (or FeTSPc) and CoPc (or
FePc) in the observed cathodic dioxygen reduction behaviour. The differences
between CoPc and CoTSPc are so small that they can be neglected. However,
although most results are qualitatively alsc the same for FeTSPc and FePc,
there are some differences, which need a closer examination.

The already previously published results obtained for FePc, irreversibly
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adsorbed on graphite from a pyridine solution [26], are repeated in fiqure
6.13. First of all, it must be noted that with FePc slightly higher coverages

are obtained as compared with FeTSPc. The coverages for FePc, calculated in
)

-2

-1 ~11
the same manner as for FeTSPc, are 1.6 x 10 and 2 x 10 mol cm  for

I’y

1.0
ED/V

(o4

Fig. 6.13 A. Cyclic voltammogramé of FePc adsorbed on Cp from pyridine
solutions with different concentrations. 10—3 M,
..... 10“4 M, ~.-.— 10“5 M, -——--- Cp. Other specifications
as in figure 6.1.
B. Dloxygen reduction at the electrodes of A, Other specifications

as in figqure 6.8.

10~3 and 10,4 M solutions, respectively. For the 10’5 M solution no peaks are
detected. -

In the potential region of the prewave hardly any differences are obser-
vable {figures 6.10 and 6.13). Perhaps, due to the slightly higher coverage
for FePc, less "kinetic limitation” occurs in the case of a 10—3 M FePc
solution as compared with a 10'4 M FeTSPc solution. The observed current
maxima in the i~£ curves for the dioxygen reduction are shifted circa 100 mv
in cathodic direction, going from FeTSPc to FePc. This shift is not due to a
difference in coverage because the figures 6.10 and 6.13 for FeTSPc ‘and FePc,
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respectively, show that this maximum does not shift as the coverage is
altered. A comparison of the cyclic voltammograms measured for FePc and FeTSPc
in dioxygen-free electrolytes leads to the conclusion that the shift of the
current maximum is accompanied by a shift in the potential for the second,
most cathodic, redox process. These results concur with the statement made by
Zagal et al. that the current maximum is associated with the second redox
process [25].

It is amazing that the sulfonation of the ligand has such a great effect
on- the redox potentials, as observed for the metal chelates. The reason why
only the most cathodic redox process is affected, is not completely under-
stood, especially if one ascribes both redox processes to the central metal
ion, as is done by Zecevic et al. [8].

Further investigations are necessary to explain the difference in the
redox behaviour between FeTSPc and FePc, and to draw conclusions about the way
of adsorption of the éomplexes on the electrode. Hopefully, this will lead to
more insight into the mechanism of dioxygen reduction on FeTSPc or FePc, irre—
versibly adsorbed on pyrolytic graphite.

6.4. References

1. R.J.H. Chan, Y.0. Su and T. Kuwana, J. Inorg. Chem. 24 {(1985) 3777.

2. A. Bettelheim, R.J.H. Chan and T. Kuwana. J. Electroanal. Chem. 99 (1979)
391.

3. R.R. Durand and F.C. Anson, J. Electroanal. Chem. 134 (1982) 273.
N. Kobayashi, M. Fujihira, T. Osa and S. Dong, Chem. Lett. (1982) 575.
J.H. Zagal, R.K. Sen and E. Yeager, J. Electroanal. Chem. 83 (1977) 207.

6. J.H. Zagal, M. Pacz, J. Sturm and S. Ureta~Zanartu. J. Electroanal. Chem.
182 (1984) 295.

7. J.H. Zagal, Thesis, Case Western Reserve University, Cleveland (1978).

8. 8. Zecevic, B. Simic-Glavaski and E. Yeager, J. Electroanal. Chem. 196
(1985) 339.

9. D. Ozer, R. Parash, F. Broitman, U. Mor and A. Bettelheim, J. Chem. Soc.
Faraday Trans. I 80 (1984) 1139.

10. B. Simic-Glavaski, S. Zecevic and E. Yeager, J. Phys. Chem. 87 (1983)
4555.

11. B. Simic-Glavaski, 8. Zecevic and E. Yeager, J. Electroanal. Chem. 150
(1983) 469. ‘

71



12.

13.
14,
15.

16.

17,
i8.
19.
20.

21.
22.

23.
24.
25,
26.

27.
28.
29.

30.

3l.

12

B.Z. Nikolic, R.R. Adzic and E.B. Yéager. J. Electroanal. Chem. 103
(1979) 281.

I. Collamati, Inorg. Chim. Acta 35 (1979) 303.

L..C. Gruen and R.J. Blagrove, Aust. J. Chem. 26 (1973} 319.

D.M. Wagnerova, E. Schwertnerova and J. Veprek—-Siska, Collect, Czech.
Chem. Comm. 39 (1974) 1980.

B.J. Kennedy, K.S. Murray, P.R. Zwack, H. Homborg and W. Kalz, Inorg.
Chem. 24 (1985) 3302.

R.D. Harcourt, J. Inorg. Nucl. Chem. 39 (1977) 243 and references therein.
T.D. Smith and J.R. Pilbrow, Coord. Chem. Rev. 39 (1981) 295.

J.H. Weber and D.H. Busch, J. Inqrg.,Chem. 4 (1965) 469. »

A. Elzing, A. van der Putten, W. Visscher and E. Barendrecht, J. Electro-
anal. Chem. 200 (1986) 313.

R.R. Durand and F.C. Anson, J. Electroanal. Chem. 134 {(1982) 273.

J.D.E. McIntyre and W.F. Peck, Jr., Proc. Electrochem. Soc. (The Chem.
and Phys. of Electrocatal.) 84 (1984) 102.

K.E. Gubbins and R.D. Walker, Jr., J. Electrochem. Soc. 112 (1965) 469.
A.V. Kiselev, Quart. Rev. 15 (1961} 99,

J. Zagal, P. Bindra and E. Yeager, J. Electrochem. Soc. 127 (1980) 1506.
A. van der Putten, A. Elzing, W. Visscher and E. Barendrecht, J. Electro-
anal. Chem. 214 (1986} 523.

P. Fischer and J. Heitbaum, J. Electroanal. Chem. 112 (1980) 231.

K. Jittner, Electrochim. Acta 29 (1984) 1597. A

J.P. Collman, M. Marocco, P. Denisevich, C. Koval and F.C. Anson,

J. Electroanal. Chem. 101 (1979) 117.

D. Vonderschmitt, K. Bernauer and S. Fallab, Helv. Chim. Acta. 48 (1965)
951. ‘

R. Adzic, B. Simic-Glavaskl and E. Yeager, J. Electroanal. Chem. 194
(1985) 155. ’



1. The mechanism of the dioxygen reduction at iron tetrasulfonato-phthalo-
cyanine incorporated in polypyrrole

7.1. Introduction

The dioxygen reduction at FeTSPc, adsorbed on pyrolytic graphite (Cp)., in
basic media is characterized by an i-E curve, consisting of two waves, as was
observed by Zagal et al. [1}. For FePc (iron phthalocyanine}, adsorbed on
graphite, we observed a similar behaviour [2]. Recently, we [chapter 6 or ref.
3] proposed a mechanism, in which the wave at low overpotential {prewave) is
ascribed to dimer species, while the second wave (main wave) is attributed to
monomer specles. The dioxygen reduction has also been investigated at FeTSPc,
incorporated in polypyrrole, a conducting polymer, by Bull et al. [4]. For
CoTSPc, incorporated in polypyrrole, measurements were published by Florit et
al. [5] and also by us [chapter 5 or ref. 8],

The guestion arises whether we are dealing here with dimers or monomers
of FeTSPc. To answer this question, we also investigated the dioxygen reduc-
tion at FeTSPc, incorporated in polypyrrole.

For the pH-dependence of the dioxygen reduction at FeTsPc., adsorbed on
Cp, Zagal [7] found that the prewave potential shows a more or less pH-depen-
dent Nernstian behaviour for the pH-range 3 to 12; this means that no shift in
potential is observed, if as a reference electrode a pH-dependent electrode,
such as the Reversible Pt-Hydrogen Electrode (RHE), is used. For the main
wave, the experiments indicate a pH-independent process. Hence, a greater
difference in potential can be expected for the two waves in acid media. For
FeTSPc, adsorbed on Cp, this means that experiments at lower pH-values than
those used in Zagal's experiments (even though the stability of the complexes
theréin is far less) are expected to give additional information.

For comparison, the dioxygen reduction is also studied at polypyrrole
without catalyst and with CoTSPc molecularly dispersed in it.

7.2. Experimental

CoTSPc and FeTSPc were synthesized according to the methods described by
Weber and Busch [8]. All other chemicals were commerclally available and used
without further purification, except the pyrrole, which was destilled before

use.
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A Rotating Ring Disc Electrode {RRDE} was used, with a Cp-disc (0.52 sz)
and a Pt-ring. The electrode was polished with 0.3 um alumina before each
experiment to obtain a flat surface, free of adsorbed species. The alumina was
removed from the disc by cleaning in an ultrasonic bath for one minute.

In some cases the catalyst (FeTSPc) was applied onto the disc by dipping
the electrode into a solution of 10—3 M FeTSPc in 1 M KOH for one minute and
thereafter flushing with destilled water. The reason for using 1 M KOH solu~-
tions was outlined in chapter 6 [or ref. 3].

In other cases, the disc was modified with a polypyrrole/FeTsPc (or
CoTsPc) layer by electro-oxidation of pyrrole (solution containing 1% pyrrole
and 10_3 M FeTSPcé- {or CoTSPc4—) anions in water) in a galvanostatic way with
a current of 0.2 mA. Since the electro-oxidation of pyrrole gives a polymer
with positive charges, these are compensated by negatively charged FeTSPc4-
{or COTSPC4,) anions [4.5,9]. By variing the time, layers of different
thickness are produced. For some experiments FeTSPc was replaced by LiCloq.
which results in a polypyrrole layer without catalytically active material.

* The electrochenmical experiments were carried out in a standard three-
compartment electrochemical cell, filled with 100 ml electrolyte. As electro-
lytes were used both acid (0.05 M H2S04) and alkaline (0.1 M KOH) solutions or
in some cases buffer solutions with the compositions shown in table 7.1. To
the buffer solutions 1 M KN03 was added to assure a good conductivity. For
characterization of the electrode. cyclic voltammetry was carried out in
dioxygen-free solutions. The dioxygen reduction was measured in dioxygen-
saturated solutions, with the Rotating Disc Electrode technique. In a few
experiments the ring was used to detect the hydrogen peroxide possibly pro-
duced at the disc. To achieve a quantitative oxidation of the hydrogen
peroxide, the ring was slightly platinized and maintained at a potential of
1.2 V versus RHE. '

The electrochemical measurements were carried out using a Tacussel
bipotentiostat (Bipad). The counter electrode consisted of a Pt-foil aﬁd as
reference electrode a Reversible Pt-Hydrogen Electrode (RHE) was used. All

potentials in this chapter are given versus this RHE.

7.3. Results and discussion

7.3.1. Dioxygen reduction at polypyrrole applied on Cp

Figure 7.1A shows a typical result of the measurement of the dioxygen
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Fig. 7.1A Dioxygen reduction on a polypyrrole/FeTSPc layer. Thickness of the
layer: 2.0 mC, Electrolyte: 0.05 M H2504. dioxygen-saturated;
scan rate: 50 mV s °; rotation frequency: 64 s *.
B Dioxygen reduction as a function of the thickness of the polypyr-
role layer, attached to a Rotating Disc Electrode. Electrolyte:
0.05 M 32304, di?xygen—saturated: scan rate: 50 mv s-l: rotation
frequency: 64 s .

reduction in acid solution (0.05 M H2304) for a polypyrrole layer with a
thickness of 2.0 mC. In this figure, also the cyclic voltammogram {dotted
line) for the layer in dioxygen-free solution is drawn, so the dloxygen reduc-
tion current includes a relatively high capacitive background current. To
determine the true dioxygen reduction current, the curve measured in dioxygen—
free solution is subtracted from the curve recorded in dioxygen-saturated
solution.

Figure 7.1B displays the dioxygen reduction behaviour at polypyrrole.
without any catalyst incorporated in it, as a function of the layer thickness.
The layer thickness is expressed as the charge passed during the formation
{electro-oxidation of pyrrole) of polypyrrole. According to Diaz et al. [10]
24 mC cm'-2 corresponds to a thickness of 100 nm, which means that in our
case 1 mC corresponds to a layer thickness of 8.3 nm. Figure 7.1B shows that
polypyrrole is rather inactive for dioxygen reduction, though with increasing

layer thickness the activity apparently rises, due to the increase of the
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surface area of the film, as is shown by the higher capacitive currents
obtained for the respective films in dioxygen-free solutions.

Wwhen the layer thickness is still further increased, we could expect that
for larger values a dioxygen molecule cannot diffuse through the whole layer,
on the time scale of the experiment. This leads to a situation where the
reduction of dioxygen takes place only in the outer parts, i.e. the electro-
lyte side of the film. The result will be a limitation of the reduction
current, if the conductivity of the layer does not become a limiting factor
too. A general treatment of these phenomena is given in a paper by Andrieux et
al. [11]. That this really happens, is shown in figure 7.2, where the dioxygen
reduction currents, measured at a potential of 0 Vv, are plotted as a function
of the layer thickness. These results indicate that a dioxygen molecule can

diffuse through a polypyrrole layer up to a thickness of 20 mC (= 170 nm).

-1 G.

05

[/mA

50 100 .cep

Fig. 7.2 The dioxygen reduction current at a potential of 0 Vv, plotted as a
function of the thickness of the polypyrrole layer and corrected
for the capacitive background current for the polypyrrole itself
(see text).

Electrolyte: 0.05 M H2804. dioxygen-saturaged; scan rate: 50 mv

s~1: rotation frequency: 64 s“l*

7.3.2. Dioxygen reduction at FeTSPc¢ incorporated in polypyrrole

In Eigure 7.3, cyclic voltammograms are given for FeTSPc, incorporated in
polypyrrole (A), and for FeTSPc adsorbed on pyrolytic graphite (B). Both

voltammograms were measured in dioxygen-free 0.05 M H2804. Note the difference
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Fig. 7.3 Cyclic voltammograms recorded in dioxygen-free 0.05 M 32804;
scan rate: 100 mv s~1; A) 30 mC FeTSPc/PP layer, B) FeTSPc
adsorbed on Cp.

in current scales. The dotted lines indicate the backérodnd curves as measured
for an evenso 30 mC polypyrrole film by recording its cyclic voltammogram with
C10; as a counter ion instead of FeTSPc. For the adsorbed FeTSPc layer,

the c¢yclic voltammogram of Cp without any catalyst is used as the background
current. Just as for FeTSPc adsorbed on Cp [1.3]., two redox processes are
detected for FeTSPc, incorporated in polypyrrole, in the potential region of
interest. In polypyrrole, the two redox processes are less reversible than
those for the adsorbed FeTSPc. Perhaps. the conductivity of the polypyrrole
layer is not high enough to enable a completely reversible process, It is also
possible that the electron transfer from the polymer to the metal complex is a
kineticall% slow process. Alsc a shift to lower potentials of about 100 mv is
observed for the redox process at the highest potential, for the polymer with
incorporated vs. adsorbed FeTSPc. It is rather obvious that this must be
ascribed to an interaction between the nitrogen atom of the pyrrole unlt and
the metal ion.

The amount of FeTSPc, present on the surface, can be calculated from the
surface area under the redox peaks. For FeTSPc, incorporated in polypyrrole, a
charge of approximately 600 uC is determined for each of the four redox
peaks. When a redox process with n = 1 is assumed, this results in a coverage
of 1.2 x 1070
of 1.67 x 10
polypyrrole/FeTsPc layer. The basis of this calculation is the assumption

~2
mol em . This value is in reasonable agreement with the value

8 mol cm_z that can be calculated for the coverage of a 30 mC

[chapter 5 or ref. 6] that two electrons per molecule are involved in the oxi-
dation of pyrrole to neutral polypyrrole and that in the oxidized form of

polypyrrole every four pyrrole units carry one positive charge. As we have
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shown earlier [chapter 6 or ref. 3], no adsorptlon of FeTSPc occurs on Cp
under the conditions used for the electro-oxidation of pyrrole. This means
that for a 1 mC thick layer., 4 x 10—10 mol cm—z»is the total coverage. The
redox peaks in the cyclic voltammogram of figqure 7.3B correspond with a
coverage of 1.1 x 10'10 mol cm—2 for the adsorbed FeTSPc.

Por different pH's, the dioxygen reduction results at FeTSPc, adsorbed on

Cp, are given in fiqure 7.4. The figure clearly shows that, from pH = 13 to

0.0 0.5 10
ID/mA 1 {/}//ﬁ/ S/E‘Dlv
-1 . ¥
..2.
-3.
_.&-

Fig. 7.4 Dioxygen reduction at different pH for FeTSPc, adsorbed on Cp.
Curves 1 to 5 are, respectively, measured at a pH of 0, 2, 4, 6 and
13. For the curves 1 to 4 the buffer solutions of table 7.1 are -
used. Curve 5 has been recorded in 0.1 M KOH. Dioxygen-saturated

- ~1
electrolyte; scan rate: 50 mvV s 1: rotation frequency: 64 s .

pH = 6, the main wave, as indicated by the half-wave potential. shifts from
about 600 mv to 200 mV, while the prewave shifts from about 800 mV to 650 nV.
From pH = 6 to lower values, the two waves merge gradually, and it is not easy
to say if the main wave or the prewavegwill become dominating, especially in
the pH-range from 2 to 0. It follows from Rotating Ring Disc experiments, that
in alkaline solutions both waves yield water, while in.acid solution hydrogen
peroxide is the endproduct.

The study of the influence of the layer thickness on the dioxygen reduc-
tion at FeTSPc¢, incorporated in polypyrrole, resulted in the i-E curves of
figure 7.5. The i-E curve obtained for FeTSPc, adsorbed‘on Cp, is also given -
in this, figure, to enable comparison. A problem, encountered here, is the
instability of the film. With repeated scanning. the activity decreases, being
most pronounced forvery thin films; e.qg. for the 0.58 mC film the second scan

gave a 40% smaller current at a scan rate of 200 v s—l, whereas a 15 mC
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pH = 0: 1 MHClO,

pH = 2: 125 ml 0.2 M KC1 + 65 ml 0.1 M HCl
pH = 4: 250 ml 0.1 M KH-phthalate + 0.5 ml 0.1 M HC1

pH = 6: 250 ml 0.1 M Kl-IzPo4 + 28 ml 0.1 M NaOH

Table 7.1: Compositions of the used buffer solutions. Double destilled water
was added to the mixtures until a volume of 500 ml. The buffer

solutions were made 1 M in KNO

3
0.0
ED/V
Ip/mA
_1 p /
..2-
R FeTSPe
0.20m{ Fel:Pc/PP
37 osa P
/”“\S 150" v

by

Fig. 7.5 I-E curves for the dioxygen reduction at FeTSPc/polypyrrole layers
‘ of different thicknesses; curve l: FeTSPc adsorbed on Cp. Electro-
lyte: 0.05 M H2 4’ dioxygen—saturated; scan rate: 200 mv s_l:
rotation frequency. 64 3—1.

film showed only a 10% decrease in current after a few scans. The better sta-
bility of the thicker layer is due to the higher coverage with catalyst mole-
cules for this layer. Therefore, a high scan rate (200 mv s"l) was chosen

and only the first scan is given in figure 7.5. The behaviour of FeTSPc, with
regard to the influence of layer thickness, differs from that of CoTSPc
(figure 7.6) which was previously investigated by us [chapter 5 or ref. 6].
There, a theoretical description for the improvement of the activity based
upon the increased number of active sites is given. It was concluded on theo-
retical arguments that a tenfold increase of the number of active catalyst

molecules caused a shift of the half-wave potential with a value équal to the
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Fig. 7.6 The dioxygen reduction behaviour at CoTSPc/polypyrrole layers of
different thicknesses. In the same figure are also given the
results for pyrolytic graphite (Cp) itself (curve 1) and CoTSPc
adsorbed on Cp (curve 2)., Electrolyte: 0.05 M stoq. dioxygen-—

saturated; scan rate: 50 mv snl; rotation frequency: 64 s_l.

Tafel slope for the same reaction. For CoTSPc in polypyrrole the Tafel slope
of ~155 mVv in 0.05 M HZSO4 agrees well with the observed shift (155 mv) in
half-wave potential for a tenfold increase of the number of active sites.

By comparing the curves for FeTSPc., incorporated in polypyrrole, (fig.
7.5 curves 2 to 5) with each other, an increasing limiting current is observed
as the layer thickness increases. Half-wave potentials can be determined, if
each curve is considered to be a complete wave. The resulting shift in half-
wave potential on going from curve 2 to curve 5 is small and has a value of
42 mv for a tenfold increase of the number of active sites. This is less than
the Tafel slope of FeTSPc, incorporated in polypyrrole (about ~100 mv), which
could be determined for curve 5, for instance. This points to a quasi-rever-
sible reaction, because for a completely irreversible reaction (as for
CoTsPc), the observed shift in half-wave potential for a tenfold increase of
active sites should be equal and not less to the Tafel slope.

When the same calculation model is applied to adsorbed FeTSPc in compari-
son with FeTSPc, incorporated in polypyrrole, then from the difference of

about 170 mv for the half-wave potentials of curve 1 (i.e. the adsorbed layer

0 2

with 1.1 x 10”10 nol cmmz), and curve 3 (with coverage of 2.4 x 10-l mol cm ),
a shift of 780 mv for a tenfold increase of the number of active sites could
be determined. This leads to a very unlikely high value for the Tafel slope.
So, the mechanism of dioxygen reduction at FeTSPc, incorporated in polypyr-
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role, must be different from that of the adsorbed layer. In this last case, in
0.05 M sto4, the prewave has almost completely disappeared (curve l). For
FeTSPc/polypyrrole layers, this prewave reappears and this causes the con-
siderable increase in activity.

We have argued that the “"kinetic limitation", as observed for the prewave
in basic media, is caused by the fact that there are only few dimers present
on the surface [3]. The same arguments, applied here, lead to the conclusion
that, in 0.05 M H2504, FeTSPc is almost not present in the dimer form on
the graphite surface. For FeTSPc/polypyrrole films two explanations are now
possible:

1: The ratio of dimer to monomer species is the same as for FeTSPc, adsorbed
on Cp. By increasing the amount of FeTSPc on the electrode via incorporation
in polypyrrole, also the number of dimer sites increases and the prewave is
reinforced.

2: The dimerization is favoured in polypyrrole, so relatively more dimers are
present in FeTSPc/polypyrrole films, which also results in a stronger prewave.

A closer examination of figure 7.5 reveals that the results are in favour
of the second explanation. For curve 2 (0.2 mC), a slightly higher activity is
observed at low overpotential than for FeTSPc, adsorbed on graphite (curve 1),
in spite of the lower coverage in the first case (0.8 x 10—10 compared with
1.1 x 10_10 mol cm—z). In the potential region, where the second wave is
dominant, the electrode prepared by adsorption acts as the more active elec—
trode. This means that the prewave is relatively more important for FeTSPc,
incorporated in polypyrrole; hence, in polypyrrole relatively more dimer sites
of FeTSPc are present than in an adsorption layer.

In fiqure 7.7, the dioxygen reduction in 0.05 M H2304 is given as a
function of the rotation frequency for a 1 mC FeTSPc/polypyrrole layer. For
each rotation frequency a freshly prepared layer is used, because of the
already mentioned rapid deactivation. As in the preceding experiments, again a
high scan rate of 200 mV s_1 is chosen to prevent a deactivation during the
scan. The instability of the FeTSPc/polypyrrole Eilm'severely hampers the
investigations, but it also gives a clue to the mechanism of dioxygen reduc-
tion. Electrodes prepared by irreversible adsorption of FeTSPc on graphite and
electrodes covered with CoTSPc/polypyrrole layers show a greater stability.
Therefore, it is the combination of FeTSPc and polypyrrole, which is the cause
of the strong deactivation. If we realize that small configqurational changes
of the polymer are probably enough to destroy a dimer site, we can expect a

rapid decrease in activity.
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Fig. 7.7 Rotation frequency dependence of the dioxygen reduction at a 1 mC
FeTSPc/polypyrrole layer. The different frequencies are given in
the figure. Electrolyte: 0.05 M stoq, dioxygen-saturated; scan

rate: 200 mv s L.

From figure 7.7, a half-wave potential of about 570 mV can be determined
for a 1 mC PeTSPc/polypyrrole layer. For the substrate, Cp (without cata-
lysts), it is not possible to determine a half-wave potential under these con-
ditions, but it can be argued that the half-wave potential must be below 0 V.
In our view a catalyst which causes such a large increase in activity deserves
some attention, and this justifies these experiments, notwithstanding the high
instability of the layer.

The curves, depicted in fiqure 7.7, display almost no "kinetic limita-
tion", which means that a 1 mC thick layer contains enough dimer sites to
obtain a Levich diffusion behaviour {chapter 6 or ref. 3]. In fiqgure 7.8, the
rotation frequency dependence for FeTéPc, irreversibly adsorbed on Cp, is
given. This shows again, if compared with figure 7.7, the almost complete lack
of the prewave in the case of electrodes prepared by irreversible adsorption.

For a thin FeTSPc/polypyrrole layer (0.58 mC), the ring current has also
been measured as a function of the disc potential. These results are given in
figure 7.9. With a value of 0.145 for the collection efficiency, it follows
that 84% of the dioxygen is reduced to hydrogen peroxide. As the layer thick-
ness increases, also that part of the dioxygen, which is reduced to water,
increases. Fiqure 7.5 shows a disc current of about 4 mA for a 15 mC FeTsPc/
polypyrrole layer (curve 5). If it is assumed that the same ratio of water to
hydrogen peroxide production is occurring as for the 0.58 mC layer, then a

limiting current of 6.9 mA can be determined for the quantitative reduction of
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Fig. 7.8 Rotation frequency dependence of the dioxygen reduction at FeTSPc,
adsorbed on Cp. The different frequencies are given in the figure.

Electrolyte: 0.05 M “2304' dioxygen-saturated; scan rate: 200 mVv 5-1.
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Fig. 7.9 Disc and ring current as a function of the disc potential for a
0.58 mC PFeTSPc/polypyrrole layer. Electrolyte: 0.05 M 32804. dioxy-
gen—-saturated; scan rate: 200 mv s_l: rotation frequency: 64 shl.

dioxygen to water. This value far exceeds the theoretical value of 5.2 mA, as
can be calculated from the diffusion coefficient [12] and the solubility [13]
of dioxygen in 0.05 M HZSOA' The difference between the values can only be
explained by an increase in that part of the dioxygen, which is reduced to
water.

To present a complete treatment of the dioxygen reduction on FeTSPc,
incorporated in polypyrrole, in figure 7.10 some results obtained in 0.1 M KOH
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Fig. 7.10 Comparison between the dioxygen reduction at FeTSPc adsorbed on Cp.
respectively, incorporated in polypyrreole and at polypyrrole itself
in 0.1 M KOH.

15 mC FeTSPc/polypyrrole; ..... 30 mC poly-
pyrrole; ----- FeTSPC adsorbed on Cp; dloxygen-saturated electro-—

-1 -1
lyte; scan rate: 50 mV 5 ; rotation freguency: 64 s .

are given, together with the results for FeTSPc, irreversibly adsorbed on Cp.
For the FeTSPc/polypyrrole layer only one wave is observed. The higher activi-
ty of the adsorbed FeTSPc at low overpotential, compared with the vast amount
of FeTSPc, incorporated in polypyrrole, is probably due to a limited conducti-
vity of the polypyrrole layer. Perhaps, also the instability in alkaline media
of polypyrrole itself, as reported by some authors [14], plays a role. Since
the prewave and the main wave almost coincide in alkaline media, it is not
expected that a more detailed study of the diloxygen reduction on FeTSPc/poly-
pyrrole films in these media will give more insight into the mechanism of

dioxygen reduction on FeTSPc.

7.4. Concluding remarks

We have given some evidence for a dioxygen reduction mechanism operating
by dimers at FeTSPc, incorporated in polypyrrole. To prove this mechanism com-
pletely, more experiments are necessary. Currently, investigations are in pro-
gress to detect the postulated dimer species [see chapter 11]. with respect to
the proposed mechanism, the dioxygen reduction behaviour of a di-iron phthalo-
cyanine, analogous to the cofacial-dicobalt porphyrin complexes of Collman et
al. [15], if possible to synthesize, would be interesting. The cofacial-

dicobalt porphyrin complex gives reduction of dioxygen to water at relatively
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" low overpotential in acid media. Perhaps, the same results can be obtained for

a comparable di-iron phthalocyanine complex.

1.5.
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11.

12.
13.
14,
15.
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8. The electrocatalyslis of dioxygen reduction in an acidic solution of iron
tetrasulfonato-phthalocyanine

8.1. Introduction

Usually, to let occur catalysis the electrocatalyst is applied onto the
electrode by irreversible adsorption, or vacuum deposition, or evaporation of
the catalyst contalning solvent, or some other procedure. Its behaviour is
then studied in an electrolyte, free of the catalyst. when the catalyst is
also dissolved in the electrolyte, it;depends on the value of its diffusion
coefficient whether the dissolved speclies contributes significantly to the
total catalytic current. For instance, in the case of dioxygen, the major
contribution to the reduction current will be the current due to the reduction
of dioxygen on the immobilized catalyst molecules. For, because of the size of
the involved dissolved catalyst molecules, its transport rate to the electrode
is, compared to that of dioxygen, too slow to result in a considerable extra
dioxygen reduction current [1,2,3].

Preliminary experiments in 0,05 M H2804 showed a difference in dioxygen
reduction behaviour between FeTSPc, only irreversibly adsorbed onto a graphite
surface, and FeTSPc, also dissolved (10'3 M} in the electrolyte. Thus, the
ratio of the diffusion coefficients of dioxygen and the dissolved FeTSPc in
0.05 M H2804 is such, that the dissolved species contribute in a small,
but noteworthy amount to the dioxygen reduction current.

The adsorbed FeTSPc specles are predominantly monomer species [as was
. discussed in chapter 6 and 7], while dioxygen bridged dimers are present when
FeTSPc is dissolved in 0.05 M HZSO4 [4]. Moreover, these two species could
show a d}fferent catalytic activity. Thus, electrochemical measurements were
carried out to investigate the role of dioxygen bridged FeTSPc dimers in the
reduction mechanism of dioxygen, together with UV-Vis. spectroscopy to
establish the speclies present in the applied potential range. Use was made of

an Optical Transparent Thin Layer Cell (OTTLC), as described in chapter 4.

8.2. Results and discussion

8.2.1. (Spectro-)electrochemical measurements in a dinitrogen—saturated

solution of FeTSPc

The voltammogram of dissolved FeTSPc (1.03 x 10,3 Min 0.05 M 52304'
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dinitrogen-saturated) shows the onset of a cathodic reaction at E < 0.8 V. see
figure 8.1. For these measurements a rotating electrode with a Cp-disc and a
Pt-ring (A disc = 0.52 cmmz. N = 0.268) was used, but gqualitatively the same
results were obtained for other disc and ring materials, as e.g. glassy carbon
{Cg). It is obvious that dissolved FeTSPc takes part in the reaction because

15017 30
Ig/iuA |~ Ip/ pA
100+ -20
50+ 10
En/v
~50 F-10
~1001 F-20
-1504 F-30
Fig. 8.1 I-E curves measured with a Pt/Cp (ring/disc) electrode in a

dinitrogen-saturated solution of FeTSPc (1.03 x 10-3 M) at

different rotation frequencies. The broken lines indicate the
ring currents (ER = 0.93 V), Electrolyte: 0.05 ¥ HZSO4.
Rotation frequencies: 4, 16, 36 and 64 s_l. Scan rate: 10 mv swl.

the disc current showa.Levich behaviour. The ring current at ER = 0.93 V
reveals an almost quantitative back oxidation of the reduced species, produced
at the disc. At disc potentials E > 1.0 V, an oxidation reaction is observed,
which is then accompanied by a back reduction at the ring at ER = 0.93 V.

The combined spectro-electrochemical investigatlons were carried out in
an OTTLC. The cyclic voltammogram for the FeTSPc solution, as measured in this
cell, is given in figure 8.2A. Thereafter, the solution was refreshed and
‘spectra were recorded at fixed potentials after a rest time of about 3 min. at
the O-marked potentials; in between these potentials a scan rate of 2 mv s_l
was applied. During the rest period of 3 min. the current gradually drops to
zero as can be seen in figure 8.2B.

The spectra recorded during the cathodic scan at the O-denoted potentials
in figure 8.2B (0.83; 0.63; 0.43 and 0.03 V), are given in figure 8.3. The
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Fig. 8.27 Cyclic voltammogram measured in a dinitrogen-saturated solution

of reTsPc (1.03 x 10_3 M), with an optical transparent gold
electrode in a thin layei cell (0.4 mm).

B As A; however, at the potentials indicated with a circle a rest
time of 3 min. was applied, thereafter a spectrum was recorded

{see figure 8.3) before the potential scan was continued.

For both: scan rate 2 mv s—I: electrolyte 0.05 M H2804.

spectrum recorded at 0.43 V is omitted, because it does not differ signifi-
cantly from the spectrum recorded at 0.63 V. At ED = 0.83 v (i.e. the poten-
tial at zero current, see figure 8.1} a spectrum is observed with a main
absorption at 637 nm and a shoulder at 670 nm. In the UV-range of the spec~
trum, a peak is observed at 330 nm. The peak at 637 nm is close to the absorp~
tion wavelengths reported for a dioxygen bridged FeTSPc dimer (632 nm) and a
Fe(IIL)TSPc species {635 nm) [chapter 2], After having maintained the poten-
tial for 3 min. at 0.63 V, the peak at 637 nm has decreased, while the peaks
at 670 and 330 nm have increased, resulting in a spectrum with two peaks (637
and 670 nm) of approximately the same height. The peak at 670 nm, which can be
attributed to Fe(II)TSPc [chapter 2], shows a little shoulder at 700 nm.

when the potential is set at 0.03 Vv, i.e. more cathodic than the redox
peak at about 0.2 v (figure 8.2), the absorption peaks disappear and two new
ones at 470 and 270 nm appear. These last peaks can be attributed to Fe(I)TSPc
[see chapter 2].

After this cathodic scan spectra are recorded during an anodic scan from
0.03 V to 0.83 Vv and they are given in figure 8.4. The spectra at 0.43 VvV and
0.63 Vv are again very similar. In contrast with the spectra taken during the
cathodic scan, the spectrum at 0.63 V now consists of one main peak at 670 nm
in the wavelength range between 600 and 800 nm. The peak at 637 nm has dis—
appeared. Therefore, it must be concluded that after reduction of Fe(II)TSPc
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Fig. 8.3 spectra recorded during the cathodic scan from 0.83 to 0.03 v,
using the same cell and solution as in figure 8.2. spec—
trum at 0.83 Vv, -.-.~ spectrum at 0.63 V and ———~ spectrum at

0.03 v. (All spectra are recorded after a rest time of 3 min. at

the applied potential).

to Fe(I)TSPc an existing oxygen bridged dimer (both n-oxo and yu-peroxo
complexes are possible) dissociates, and the back oxidation to the second
valence state results in a free Fe(II)TSPc monomer molecule.

after this series, the solution was refreshed and the potential was then
raised from 0.83 vV to higher values. Figure 8.5 shows the cyclic voltammogram
and figure 8.6 gives the recorded spectra. The spectra show an oxidation of
the metal chelate, but also a decrease in the intensity of the absorption
bands. Affer having maintained the potential at 1.23 v for 3 min., a spectrum

89



Fig. 8.4

2.0r

200 400 600 800 Mnm

Spectra recorded during the anodic scan from 0.03 to 0.83 Vv,

using the same cell and solution as in figure 8.2. spec—
trum at 0.83 Vv, -.-.~ spectrum at 0.63 V and —-—--~ spectrum at
0.03 v. (All spectra are recorded after a rest time of 3 min at

the applied potential).

is recorded, which is not characteristic for Fe(III)TSPc, but must be attribu-

+
ted to Fe(IV)TSPc or Fe({III)TSPc : in . general, it is very difficult to
assign the location of the charge to either the metal or the organic ring

structure. When in this chapter Pe(IV)TSPc is written, then also the possible

oxidation of the ligand is included. Lowering of the potential to .83 v

again, leads to a spectrum with an absorption peak at 637 nm; however, also a

drastic decrease in intensity is observed. Surprisingly, it was not possible,

by further lowering of the potential, to re—obtain the spectrum of Fe(II)TSPc.
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Fig. 8.5 Cyclic voltammogram under the same conditions as in figure 8.2,

but now measured in the anodic potential region.

10r
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Fig. 8.6 The spectral change caused by keeping the potential at 1.23 v for

3 min. Curves and ~——-- were both recorded at 0.83 v,
respectively, before and after having maintained the potential at
1.23 v for 3 min.; -.—.— recorded at 1.23 Vv after 3 min. at this

potential.

Bottomley et al. [5] reported that a u—oxo bridged Fe(III)-phthalocyanine
dimer (Fe(III)—Ozn-Fe(III)). dissolved in pyridine, is reduced at a lower
potential than the free Fe(III)Pc monomer and that only one of the two Fe(III)
ions is reduced to Fe(II). Analogously. we propose that the spectrum at 0.83 v
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{obtained after oxidation at 1.23 vV} can be attributed to a u-oxo bridged
dimer, which cannot be reduced at the potential where Fe(III)TSPc is converted
to Fe(IL)TSPc. Due to the oxidation at 1.23 v all FeTSPc species, except the
u-oxo bridged species, are decomposed and the spectrum at 0.83 V should be

solely due to the absorption of the u-oxo species.

From the above given observations the following total picture of dis-
solved FeTSPc is proposed. In a solution of FeTSPc, part of the compound is
present as u-oxo dimers, in spite of the saturation with dinitrogen; even
after saturation with helium, purified from traces of dioxygen, the p-ozo
dimer is demonstrable. From the absorption spectra, it is concluded that about
30% of the FeTSPc is present in the p-oxo form. The rest of the FeTSPc is pre-
sent as free Fe(III)TSPC molecules or as u-peroxo dimers (Fe(I1I)-0 -0 -Fe(III))
At potentials below 0.8 v, these last two speclies are reduced as follows (in

the equatlions Fe(IIi) stands for Fe(III)TSPc, and so on):
Fe(I1I) + e + Fe(II) (la)
Fe(I11)}-0 -0 -Fe(III) + 2e - Fe(II)-0 -O -Fe(II) (1b)

If a one-electron reduction of Fe(III)TSPc (reaction (la)) is assumed,
then a diffusion coefficient of 3 x 10»6 cm2 s“1 is calculated from the
obtained limiting disc currents (see figure 8.1) for the Fe(III)TSPc molecule.
For this calculation the concentration (1.03 x 10-3 M FeTSPc) is lowered by
the part, which is in the not-reducible u~oxo form (about 30%). This value
of the diffusion coefficient agrees reasonably with the values reported for
other metal chelates of comparable dimensions [6,7]. When the second reaction
(1b) is supposed to occur, then, of course, the same value for the diffusion
coefficient is calculated for the dimer species. From this, it can be conclu-~
ded that most of the FeTSPc is present as free Fe(ILI)TSPc molecules, because
otherwise the calculation should result in a much smaller diffusion coeffi-
cient. Thus, reaction (lb) 1is occurring to a small or neqligible extent.

The ring currents of figure 8.1 reveal an almost quantitative back oxida-

tion (85%).

ring: Fe(II) - Fe(III) + e (2)
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The second reduction process, only clearly observed in the cyclic voltam-

mogram measured in the thin layer cell, is ascribed to the following reduction:
Fe(II) + e - Fe(I) (3a)
At potentlals below 0.2 V, also the u-oxo dimer is slowly reduced:

2= - +
Fe(1I1}-0" -Fe(III) + 4e + 2H30 - 2 Fe(1) + 3H20 (3b)
oOxidation of the solution leads to decomposition of most FeTSPc molecules as
can be concluded from the spectra in figure 8.6 (to what and how is not known):

Fe(1II) - Fe(IV) + e - decomposition (4a)

An oxidation of the yp~oxoc bridged dimer is also observed (see figure 8.6);

however, the oxidized p-oxo species is more stable towards decomposition:

9e 2 _ slow

Fe(111)-0" ~Pe(III) - Pe(IV)-0" -Fe(IVv) + 2¢ - decomposition (4b)
after having maintained the potential at 1.23 VvV for 3 min., the u-oxo
species is the only FeTSPc containing specles left in the solution, as can be
concluded from the absence of a spectral change, when the potential is lowered
from 0.83 V to 0.63 V. '

when the decomposition of most of the FeTSPc molecules is nearly comple-
ted, there is only a minor change in the redox peak observed at about 0.7 V,
while the redox peak at about 0.3 V has almost completely disappeared. The
explanation for this is that Fe(III)TSPc is reduced to Fe(II)TSPc close to the
potentials where also Fe{III) ions are reduced to Fe(II) ions. This was veri-
fied by measuring this last reduction in an acidic solution (0.05 M HZSO4) of
Fe2{304)3. Contrary to FeTSPc, no reduction of Fe(II) ions to Fe(I) ions is
observed. Thus, after decomposition of the FeTSPc, the redox peak at 0.3 Vv
(Fe(I1)TSPc - Fe(I)TSPc) must have disappeared also.

The statement that the p-oxo dimer is not reduced at the same potential
as Fe(III)TSPc, but only at potentials below 0.2 V, while simultaneously dis-
sociation into Fe(I)TSPc and water oceurs, could be proved as follows. In
figure 8.7, the oxidation peak due to'the conversion of Fe(Il)TSPc to Fe{IIl)-
TSPc, realized in the thin layer cell, is given. The same figure shows that
after having maintained the potential at 0.03 v for 3 min., the area under the
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Fig. 8.7 Comparison between the oxidation peak observed for the conversion
of Fe(1I)TSPc into Fe(I11I)TSPc before

having maintained the potential at 0.03 Vv for 3 min. Curve -----

and after ~.-.-

obtained without FeTSPc present in the electrolyte. Electrolyte:
0.05 M stoq. dinitrogen—-saturated. Concentration FeTSPc:
1.03 x 10~3 M. Scan rate: 2 mv shx.

peak has increased. This increase indicates that, at a potential of 0.03 v,
w-oxo dimers dissociate into free FeTSPc molecules. From this increase of
the area under the peak a value of 20% was calculated for the amount of the

FeTsPc, which is originally present in the u-oxo form.

8.2.2. (Spectro~)electrochemical measurements in a dioxygen-saturated solution
of FeTSPc

The same solution, as used in the previous section, is now saturated with
dioxygen and the potential and rotation frequency dependence of the dioxygen
reduction is measured (see figure 8.8). At disc potentials higher than 0.7 v,
the disc currents have the same shapes and values as those observed in the
case of the dinitrogen-saturated solution {(compare the inset of this figure
with figure 8.1). Thus, in this potential domain, the same species is reduced
as in the dinitrogen-saturated solution (Fe(III)TSPc, see section 8.2.1.).

Closer examination of the figure shows, however, the remarkable effect
that the disc currents at the various rotation frequencies cross each other.
For low rotation rates, the disc currents at potentials slightly more cathodic
than 0.6 Vv are highér than for high rotation rates, despite of the higher
dioxygen transport rate in the last case. The effect is small, but it was
observed also at other electrode materials such as glassy carbon (Cg) and
gold, and should thus be consldered as significant.
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Fig. 8.8 1I-E curves measured with a Pt/Cp (ring/disc) electrode in a

dioxygen-saturated solution of FeTSPc (1.03 x 10w3 M) at diffe-
rent rotation rates (4, 16, 36 en 64 s-l). The broken lines indi-

cate the ring current at ER = 0.93 V. The inset of the figure

shows ID with a higher sensitivity for potentials above 0.6 V.

Electrolyte: 0.05 M H2804. Scan rate: 10 mv s_l.

For high rotation rates. the ring current (at ER = (.93 V) reaches a
plateau with about the same height as in the dinlitrogen-saturated solution,
while for lower rotation rates, the positive ring current shows an increasingly
pronounced maximum when measured as a function of the disc potential and even
becomes negative at more cathodic disc potentials. This indicates that, espe-
cially at low rotation rates, dioxygen reacts to a product which on arrival at
the ring is reduced instead of oxidized. The reaction at the disc causes a
higher disc current at low rotation rates than at higher rotation rates; see
below for the possible product formed at the disc.

The catalytic effect due to the dissclved PeTSPc species is demonstrated
in figure 8.9. The dissolved specles cause a shift of the reduction wave of

95



Ip/mA
-0.251
~0501
-0.751
Fig. 8.9 Dioxygen reduction at FeTSPc adsorbed on a Cp-disc electrode.
-3
Curve : solution with 1.03 x 10 M FeTSPc; ~----: solution
without FeTsSPc. Klectrolyte: 0.05 M H._SO,, dioxygen-saturated.

2774
Rotation fregquency: 4 s 1. Scan rate: 10 mvV s 1.

dioxygen to a higher potential and the curve is more steep than the curve,
observed for only immobilized catalyst molecules.

The spectrum observed at 0.83 V is almost equal to the corresponding
spectrum recorded in the dinitrogen-saturated solution. This can be explained
by the lack of interaction between Fe{III)}TSPc and dioxygen. Also the u-oxo
species does not react with dioxygen.

The spectra recorded at other potentials show only minor changes with
respect to the corresponding ones in the dioxygen-free solution. After holding
the potential at 0.63 V or lower for 3 min., most of the dioxygen is also
reduced (probably to hydrogen peroxide) with as a result that the spectra
reseimble those of the dioxygen-free solution. Perhaps, hydrogen peroxide
slowly oxidizes Fe{1I)T5Pc to Fe(1lI)TsPc (or even Fe(IV)TSPc), but this
species is converted back to Fe(II)TSPc at the gold electrode. It must be
stressed that the invariability of the spectra upon the introduction of
dioxygen, does not include that therefis no interaction between dioxygen and
Fe(II)TS5Pc or Fe(I)TSPc. In this expefiment. we observe no reaction because
the dioxygen is reduced at the metal chelate {or the gold electrode) and the
metal chelate returns to the divalent or the monovalenf oxidation state,

depending on the applied potential of the gold electrode.

The following total picture is proposed: in the stagnant diffusion layer
at the disc electrode, dioxygen reacts with Fe(II)TSPc. The following reaction
scheme is proposed (TSPc is omitted in the eqguations):

Fe(II) + 0, - Fe(III)-0 ~O (5a)
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Even a J-peroxo bridged dimer can be formed. as it has been reported that
dioxygen reacts with Fe(II)TSPc in the ratio 1 to 2 [4].

Fe(III)-0 ~O + Fe(Il) - Fe(III)-0 -0 -Fe(Iil) (5b)

At potentials below 0.6 V, probably (further) reduction of the dioxygen

adducts occurs:

.*..
H,0
Fe(III)-0 -0 + e - Fe(II)~0 -0 - Fe(III) + H,0, {6a)
+
H,0
Fe(III}-0 -0 ~Fe(III) + e - Fe(II)-0 -0 -Fe{IIl) -
Fe(1I) + Fe(IIIl) + H.O (6b}

272

Fe(III)-0 -0 -Fe(III) + € - Fe(II)~0 -0 -Fe(III) -
+
Hy0
Fe(II)~0 + Fe(ILI)-0 - Fe(III) + Fe(IV) + 21,0 (6¢)

Also, a reaction with the produced hydrogen peroxide is possible:

.‘. .
2re(III) + H0, + 2330 - 2Fe(IV) + 4320 (7a)
Fe(IL) + H,0, + 2&20 -+ Fe(Iv) + 4H20 , {7b)

For high rotation rates., the diffusion layer is so thin that the transport
time for the species from the disc to the ring becomes too short for reaction
(5) to {7) to occur appreciably and this explains why, at low rotation rates,
the disc current is higher than at higher rotation rates. The decrease of the
ring current is a logical consequence. The reaction of Fe(II)TSPc with
dioxygen and the consecutive reactions (6 a,b,c) lead to a considerable
reduction of the Fe(lI)TSPc concentration and, therefore, the ring current
decreases. The resulting Fe(I1II)TSPc species cannot be reduced at the applied
ring potential (ER = 0.93 V). To explain that the ring current becomes even
negative for low rotation rates, higher oxidation states must be considered,

so therefore, reactions (6c) and (7) are added to the reaction scheme.
To verify the above given reaction scheme, 1t was investigated whether
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hydrogen peroxide was produced. For detection of this compound, the ring was
platinized and a ring potential of 1.23 Vv was applied. At this potential,
hydrogen peroxide is oxidized to dioxygen. In figﬁre 8.10, the increase of the
disc current 1s accompanied with also an increase in the ring current. It can

be concluded that a great part of the dioxygen is reduced to hydrogen peroxide.
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Fig. 8.10 I-E curves under the same conditions as in fiqure 8.8; however,

the ring is now platinized and its potential is raised to 1.23 v.

Even a greater hydrogen peroxide proddction than could be determined from the
ring current may be assumed, because in this solution (1.03 x 10-3 M FeTSPc)

a rapid deactivation of the platinized ring for hydrogen peroxide oxidation is
observed. Therefore, the measured ring current cannot be considered as an
indication of dioxygen reduction direcily to water,

To identify the species, which are reduced at the ring for low rotation
rates, the potential dependence of the ring current was investigated for a
constant disc potential of about 400 mv. Platinum was not used as ring elec-
trode material because of the possibility of dioxygen reduction at a relative-
1y high potential (about 0.9 V). Therefore, a Cg-ring/Cg-disc electrode was
used with the following specifications: A = 0.8 cmz. N =0,374 and S = 0.627.
when the experiment of fiqure 8.8 was repeated with this electrode, it turned
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out that the results were about the same as for the Pt-ring/Cp-disc electrode
(see flgure 8.11).

Fig. 8.11
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I~E curves measured with a Cg/Cqg (ring/disc) electrode in a

dioxygen-saturated solution of FeTSPc (1.03 x 10—3 M) at diffe-
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rent rotation rates (4, 16, 36 and 64 s ). The broken lines
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indicate the ring current at E
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= 0,93 V. Electrolyte: 0.05 M

Now, the ring current is measured as a function of the ring potential for
three different disc potentials (0.93, 0.63 and 0.43 V). The results are given

in the figures 8.12, 8.13 and 8.14, respectively. At the disc potential of

0.93 V no reaction occurs: so, figure 8.12 can only represent the reduction
and oxidation of species already present in the solution. In figure 8.13,

recorded at a disc potential of 0.63 V (where only Fe(III)TSPc is reduced), we
observed an increased ring oxidation current at potentials higher than 0.8 V.

To obtain the right picture of the i1-E curves for the new species (produced at
the disc and reacting at the ring). the curves of figqure 8.12 should be sub-
tracted from those of figure 8.13. Thereby, of course, the shielding of the

ring by the disc must be taken into account. The Fe(I1II)TSPc species, reduced
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Fig. 8.12 IRmER curves measured with a Cg/Cg (ring/disc) electrode for

constant disc potential (ED = 0,93 V) at the rotation frequency:
4, 16, 36 and 64 s . Electrolyte: 0.05 M H.SO, with 1.03 x 10 ° M
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FeTSPc, dioxygen-saturated. Scan rate: 2 mV s
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Fig. 8.13 IR-ER curves as in figqure 8.12; however, ED = 0.63 V.

at the disc (ED = 0.63 V), can, of course, not be reduced at the ring too.
This means that at a ring potential of 0.63 Vv, the cathodic ring current will
be less, due to the same reaction at the disc. The shielding factor, S, of a
Rotating Ring bPisc Electrode is defined only for diffusion limited ring and
disc currents. However, the figures (8.12, 8.13 and 8.14) clearly show that in
this case no diffusion limited currents are observed. The shielding effect is.
therefore, calculated by taking the ratio of the ring current at ER = 0.63 V,
observed for ED‘= 0.63 Vv, and the ring current at the same potential, but for
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Fig. 8.14 IR—ER curves as in figure 8.12; however, ED = 0.43 V.

ED = 0.93 v. At this ring potential, the oxidation process, belonging to the
reduction process at the disc for ED = 0.63 V, will not give a significant
contribution to the ring current. The calculated S'-value (the shielding cal-
culated with our adapted definition is denoted as S') varies now from 0.79 for
the highest to 0.86 for the lowest rotation frequency: these values were used
for compensating the total cathodic part of figure 8.12. When, after this com-
pensation procedure, the curves of fiqgure 8.12 are subtracted from those of
figure 8.13, the true i-E curves for back oxidation of the disc product(s)
remain. In the resulting figure 8.15, we see that the oxidation starts at
about 0.6 V with a half-wave potential of about 0.8 V. Moreover, 1t can be
concluded that the species, reduced at the disc (half-wave potential 0.73 V),
1s almost reversibly oxidized back at the ring (half-wave potential 0.85 V).
Figure 8.16 is the result of the subtraction of the curves of figure 8.12
from those of figure 8.14 (ED = 0.43 V). For high rotation frequencies,
curves are observed, which are comparable to those of figure 8.15. For this
rotation rates, the time of transport through the diffusion layer at the disc
is so short that reactions (5) and (7) cannot occur to an appreciable extent.
However, for low rotation frequencies a negative ring current is observed.
From about 1.1 V to more negative ring potentials a small reduction wave is
observed, but even at higher potentials the current is already negative. This
reduction wave can be attributed to the back reduction of Fe(IV)TSPc to
Fe(III)TSPc. For comparison, see also figqures 8.1, 8.5 and 8.6, where the oxi-
dation of Fe(III)TSPc to Fe(IV)TSPc is studied. The ring current at w = 4 is
negative for ring potentials above 1.1 V, because the amount of FeTSPc. which
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Fig., 8.15 IRNER curves for ED = 0.63 V, corrected for species already
present in the solution; i.e. this figure is cobtained by subtrac-

tion of the curves of figure 8.12 from those of figure 8.13.
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Fig. 8.16 IR-ER curves for ED = 0.43 V, corrected for species already
present in the solution; i.e. this figure is obtained by subtrac-
tion of the curves of figure 8.12 from those of figure 8.14.

is converted into Fe(IV)TSPc due to the reactioﬁs at the disc (ED = 0.43 V),
leads to a decrease in the ring current, observed for the oxidation of

Fe(I11)TSPc, at high ring potential. So, after the subtraction, a negative

102



ring current results also for potentials above 1.1 V. At lower potentials
(ER below 0.8 V) a reduction of Fe(III)TSPc, produced at the disc by
reactions (6a, b and c¢) is observed (see figure 8.16).

so, from the investigations of the ring current as a function of the ring
potential, it can be concluded that indeed the species Fe{III)TSPc and Fe(IV)-
T5Pc, as proposed products of the reactions (6a, b and ¢), must be present in
the solution.

It is not easy to predict the relative importance of the reactions (5} to
(7). One of the two reactions (5a) or (5b), and also (6a) or (6b), must occur
to account for the increased hydrogen peroxide production. Reaction (5b) is
given, because it is known from dloxygen uptake measurements that two Fe{II)-
T8Pc molecules react with one dioxygen molecule [4]. Reaction (7b) would
require a relatively fast reaction of hydrogen peroxide with Fe(II)TSPc. From
spectroscopic measurements, we know that acidic solutions of Fe{II)TSPc (and
also Fe{III)TSPc) react with hydrogen peroxide to form Fe(IV)TSPc, however, a
fast reaction is not so likely because hydrogen peroxide is not reduced to
water by adsorbed Fe(II)TSPc [see chapter 2]. Also, the considerable amount of
hydrogen peroxide, produced at a high overpotential for the rotation frequency
of 64 s-I (see figure 8.10), does not lead to a decrease of the ring current
due to Fe(lI)TspPc oxidation (see figure 8.8). In fiqure 8.9, the curve recor-
ded in the case of FeTSPc, also dissolved in the solution, 1s somewhat more
steep than without dissolved FeTSPC. This suggests that a different dioxygen
reduction mechanism occurs on FeTSPc dissolved in solution, compared with that
on adsorbed FeTSPc. Perhaps, the dimer species (Fe(III)—O--0-~Fe(III}} of reac~
tions (5b, 6b and 6c¢) results in a somewhat more reversible dloxygen reduction

reaction.

8.3. Concluding remarks

Combined spectro— and electrochemical investigations show that in an aci-
dic solution FeTSPc is mainly present in the third valence state (Fe(IIL)TSPc).
Beside this species, a w—oxo bridged dimer (Fe(III)—OzU-Fe(III)) is detected
(about 30%). After reduction of Fe(III)}TSPc to Fe(II)TSPc a dioxygen adduct is
formed. At lower potential (0.5 V), this adduct undergces a one-electron
reduction, and hydrogen peroxide together with Fe(IlI)TSPc is produced.

Experiments also show that the u-oxo bridged dimer is only reduced {and
dissociated) at potentials below 0.43 V. From this, it can be concluded that
the formation of the u-oxo adduct will block the dioxygen reduction. buring

103



the reduction of dioxygen the splitting of the oxygen—oxygen bond is necessary
to obtain water, as the desired reduction product. However, there is a chance
that this bond splitting results in the formation of the p—oxo adduct, which
will block the catalyst site for the adsorption and reduction of a next
dioxygen molecule.

Perhaps, also u-peroxo dimers are formed from Fe(II)TSPc and dioxygen.
All FeTsPc species, proposed in this chapter, are given in figure 8.17. The
potential domains, in which these species could exist, are also indicated in

the fiqure.

0y/H,0p  0p/Hp0  Hy0p/Hy0

0.0 o0 VEIV
dioiygen—free species '
Fe{IV)TSPc I
Fe(III}TSPc [
Fe(II)TSPc e |
Fe(I)TSPc I

dioxygen species

2-
TSPcFe(II1)-0 -Fe(III)TSPc T

ISPcFe(IV) -0 -Fe(IV)TSPe —
TSPcFe(111)-0 -0 ) — I
TSPcFe(III}~0 -0 ~Fe(III)TSPc —

Fig. 8.17 The proposed FeTSPc species and their potential domains in 0.05 M

H280 4

The reduction current curves are, for FeTSPc also dissolved in the solu-
tion, more steep than without dissolved FeTSPc, suggesting that the u-peroxo
dimers possess a higher catalytic activity than the adsorbed FeTSPc monomers.
In some of these u-peroxo species the dioxygen bond is broken after the
reduction, with as a result that water and Fe(IV)TSPc are produced.
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9, Polarography of dioxygen in solutions of metal tetrasulfonato-phthalo-
cyanines

9.1. Introduction

In this chapter, the results of a polarographic study of the catalytical
behaviour of cobalt- and iron tetrasulfonato-phthalocyanine (Co~ and FeTsPc),
with respect to the dioxygen reduction, are described. Though mercury will
never be used in a practical fuel cell system, polarography gives us an extra
opportunity to the RRDE technique [used in chapter 8] to study the behaviour
of these dissolved catalysts,

First, the dioxygen reduction behaviour on mercury is compared with that
observed on a graphite (Cp) surface with and without Co- or FeTSPc, deposited
on it. Secondly, the influence of Co- and FeTSPc, dissolved in the electrolyte

(0.05 M H_SO

550, or 0.1 M KOH), on the dioxygen reduction at mercury is studied,

9.2. Resulis and discussion

9.2.1. pioxygen reduction on mercury

The polarographic equipment, as described in chapter 4, is used, with a
drop time of 1 s and a scan rate of 10 mv shl. Figure 9.1 shows a typical
result, obtained in a dioxygen-saturated 0.1 M KOH solution, for the dioxygen
reduction on mercury. [In contrast as done in previous chapters, all figures
of this chapter show the cathodic current depicted in the positive vertical
direction, as usual in polarography].

Although for the measurements a Saturated Calomel Electrode (SCE) is used
as a reference electrode, all potentials are quoted here vs. a Reversible
Hydrogen Electrode (RHE) (ESCE = 1,020 v (RHE) for 0.1 M KOH). The polaro-
gram of figure 9.1 is recorded with 0.005% gelatin added to the electrolyte to
suppress the polarographic maximum [1,2].

In figure 9.1, also the i-E curves observed for the dioxygen reduction at
a Rotating pyrolytic graphite (Cp) Disc Electrode are given, with and without
the adsorbed catalysts: Co- and FeTSPc. The method to obtain these results is
described in chapter 6, where the catalytical activity of Cp electrodes, with
and without adsorbed metal chelates, 1s studied. The results, given in chapter
6, are obtained in 1 M KOH, while here 0.1 M KOH is used; in principal the

106



10t

1/8A

Fig. 9.1 The dioxygen reduction in 0.1 M KOH on mercury ( ) and on
modified graphite surfaces. The latter curves are obtained with a
RDE and are normalized as described in the text. ---~- HR & : R

Cp with adsorbed CoTsPc; and ..... : Cp with adsorbed FeTSPc.

same behaviour is found in both electrolytes. The results of figure 9.1 for
Co- and FeTSPc, adsorbed on Cp, refer to a monolayer coverage (1.4 x 10—13
mol cmnz) of the graphite surface by the metal chelates. In order to facili-
tate the comparison, the disc current observed for CoTSPc, adsorbed on Cp, is
normalized such that the limiting disc current is equal to the current plateau
in the polarogram. This is allowed because both surfaces show a dioxygen
transport limited current for the reaction of dioxygen to hydrogen peroxide
[chapter 6 and ref. 3,4,5]. The i-E curves for Cp and Cp with adsorbed FeTSPc
are normalized in the same way but now in relation to the normalized current
for CoTSPc, adsorbed on Cp. The value of the rotation frequency 1s not rele-
vant as long as only results obtained at the same rotation frequency (domain:
0-64 s—l) are used for the three different surface modified RDE's. The
limiting current for FeTSPc, adsorbed on Cp, is about twice that of CoTSPc
because dioxygen reduction now leads to water as prodyct [chapter 6].

The fiqure clearly demonstrates that bare graphite is far less active
towards dioxygen reduction than mercury. Depositing a monolayer of a catalyst
like CoTSPc on graphlite increases its activity but the activity of mercury is
not equalled. For FeTSPc, adsorbed on Cp, the onset of the i-E curve is at
about the same potential as for mercury, But, contrary to mercury, the
adsorbed FeTSPc gives water as reduction product for both observable waves.

For mercury, often a dioxygen reduction mechanism iszproposed in which
first dioxygen ls reduced to a superoxide ion (o;} in an outer—ﬂe}mholtz—
layer reactlon. Hereafter, an irreversible formation of hydrogen peroxide
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occurs [7]. The outer-Helmholtz-layer reactlion is supposed to be reversible
and independent of the electrode surface material [7,8] and it is, therefore,
striking to see at graphite a reaction at a much higher overpotential than
this outermgelmholtz-layer reaction. This marked phenomenon was also pointed
out by McIntyre et al. [9], who studied the dioxygen reduction on a special
kind of graphite (the basal plane of stress annealed pyrolytic graphite,
abbreviated: BP of SA-Cp) in acetonitrile. To account for this behaviour, they
proposed that the superoxide ion adsorbs on the graphite surface and that it
is somehow stabilized on this surface, with the result that the dioxygen
reduction is deactivated. By applying a catalyst to the graphite surface, the
"inhibition” is partly removed and a dioxygen reduction curve more similar to
that on mercury is observed. According to Sawyer et al. [7]}, a search for a
better catalyst would be a futile enterprise if the dioxygen reduction mecha-
nism is such that first the superoxide ion is produced. However, this does not
hold for graphite, because here it can be investigated which catalyst is most
effective in the removal of the "inhibition".

In an acidic solution (0.05 M H,50,) a similar behaviour is found for the
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different surfaces, see fiqure 9.2 (ESCE = 0.33 v {(RHE) in 0.05 M stod).

The current plateau of the polarogram is now higher than that measured in

75F
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Fig. 9.2 comparison between the dioxygen reduction in 0.05 M H280 on mercury

4
and on modified graphite surfaces. The same notation as in figure

9.1 is used.

alkaline solution, because of the greater diffusion coefficient of dioxygen in
0.05 M stoq. To suppress the polarographic maximum, again gelatin was added
to the electrolyte. For better comparison, the i-E curves, obtained with the
RDE technique, are nprmallzed in the same way as for the basic case. For

FeTSPc, now a smaller limiting current is observed than for CoTSPc, indicating

108



that the selectivity of FeTSPc has deEreased drastically. By using the Rota-

_ ting Ring pisc Electrode (RRDE) technique, it was indeed established that
hydrogen peroxide is the only product of the dloxygen reduction at FeTSPc,
adsorbed on Cp, in acidic medium.

9.2.2. Dioxygen reduction on mercury in the presence of dissolved metal

tetrasulfonato-phthalocyanines

A remarkable difference was observed for the polarograms in the presence
of either Co- or FeTSPc. Addition of CofsPc (10‘3 M) has no effect on the
dioxygen reduction. With FeTSPc, a different polarogram is obtained in both
electrolytes (0.05 M HZSO4 and 0.1 M KOH). In fiqure 9.35 the polarogram
measured in a dioxygen—saturated solution of FeTSPc (10 ° M in 0.1 M KOH) is

given. The maximum on the polarographic wave appears not to be a polarographic
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Fig. 9.3 Polarograms observed in 0.1 M KOH, with (

dissolved FeTSPc (10’*3 M.

) and without (~———- )

maximum of the first kind because addition of gelatin to the solution does not
lead to the disappeatance of the parabolically shapeﬁ maximum. Also, it was
observed that the maximum is proportional to the FeTSPc concentration, which
could, of course, not hold for a polarographic maximum of the first kind. It
can also be considered as a polarographic maximum of the third kind, which
normally occurs in the presence of organic substances [10}. Some objections
against this explanation are:
-~ Although Co~ and FeTSPc are of comparable structure, only for FeTSPc a
maximum on the polarographic wave is found.

-~ FPFor FeTSPc, adsorbed on graphite. also a maximum is observed on the i-E
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curve measured in alkaline solution, see chapter 6. There, an explanation
based on the competition in dioxygen reduction between the catalyst sites
and the uncovered graphite surface parts was given for the phenomenon.

A similar explanation holds for mercury. Thus, at the beginning of the
polarographic wave, dioxygen is reduced to water on FeTSPc¢. This results in an
increase in the current as compared to the current measured in the electro-
lyte, free of FeTSPc, because on mercury only the reaction to hydrogen
peroxide occurs in this potential domain. It is not known, whether the cata-
lyst is adsorbed on the mercury surface or is present only in the neighbour-
hood of the surface, but it is most likely that in both cases the surface is
not completely covered with FeTSPc. At a slightly higher overpotential, the
dioxygen is reduced to hydrogen peroxide on the mercury surface before it can
form an adduct with FeTspPc. At moderate overpotential, say from 0.5 V onwards
to 0.2 VvV, the produced hydrogen peroxiae is neither on mercury nor on FeTSPc
further reduced, so the current has there the level observed for mercury in
pure 0.1 M KOH.

The dissolved FeTSPc has also an effect on the second wave of the polaro-
gram. This wave is the reduction of hydrogen peroxide to water. in the pre-
sence of FeTSPc the overpotential is slightly lowered and also a more steep
curve results for the wave.

The above described effects of the dissolved FeTSPc on the polarogram are
similar to those reported by Beyer et al. [11] for the polarogram of dissolved

iron phthalocyanine in a methanol-LiOH solution (0.1 M LiOH).

The effect of FeTSPc on the dioxygen reduction at mercury in an acidic
solution (0.05 M H2SO4) is shown in figure 9.4, The polarographic wave
starts at a low overpotential and also a higher current plateau is obtained
than without FeTSPc.

In this medium, contrary to alkaline sclution, also a polarographic wave
for FeTsPc itself is obtained (see figqure 9.5%). This response is measured in a
solution deoxygenated by helium. The polarographic wave has an onset potential
of about 0.6 V. RDE experiments with a Cp electrode show a reduction wave for
FeTSPc at a slightly higher onset potential [see chapter 8]. Probably, the
polarographic wave for the reduction of FeTSPc interferes with the wave for
the anodic dissolution of mercury and, due to this, the 1-E curve has shifted
to a lower potential.

when the wave observed in the dloxygen-saturated FeTSPc solution is
"corrected” for the response of FeTSPc itself, then still a higher current is
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Fig. 9.5 Polarograms observed in helium-saturated 0.05 M H
and without (———- ) dissolved FeTS8Pc (10~3VM).
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cbtained than for mercury without FeTSPc, dissolved in the solution. In the
latter case (pure 0.05 M stoé), the current plateau represents the diffusion
limited current for the reduction of dioxygen to hydrogen peroxide. From this,
the conclusion can be drawn that due to the dissolved FeTSPc, part of the
dioxygen is reduced to water, as already suggested in chapter 8, where the

behaviour of a dioxygen—saturated FeTSPc solution at a Cp disc electrode is
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described. Spectroscopic measurements [see chapter 2 and 8] have shown that,
in solutions of FeTSPc in water dioxygen bridged FeTSPc dimers are formed.
Probably, these species are responsible for the increased four—electron reduc-—
tion of dioxygen.

The polarographic wave observed at lower potential (see figure 8.4 as
well as 9.5) can be attributed to the reduction of Fe(II)TSPc to Fe{I)TSPc,
together with the reduction of u-oxo bridged FeTSPc dimers, as proposed in
chapter 8. Also, a start of the reduction of hydrogen peroxide can be the
cause of the second wave in fiqure 9.4, but an accurate comparison of figure
9.4 and 9.5 shows that the increases in current in the potential domain of the
second wave are almost equal, so that also in figure 9.4, the second wave can

be ascribed to FeTSPc species.

9.3. Concluding remarks

A comparison between the resultsiobtained for the dioxygen reduction at
Cp, with and without adsorbed CoTSPc, on the one hand and the dioxygen reduc-
tion at mercury on the other hand, shows that Cp is a rather inactive material
for the dioxygen reduction, and that due to the presénce of CoTSPc on the
graphite, only the activity of mercury can be approached. A Cp surface with
adsorbed FeTSPc has in acid solution almost the same activity as a mercury
surface but, in alkaline solution, due to an increased selectivity, the trans-
port limited current in the presence of FeTSPc is twice as high.

FeTSPc, dissolved in the electrolyte, catalyzes the dioxygen reduction on
mercury. In alkaline solution, the polarographic wave shows a maximum due to
the reduction of dioxygen to water on FeTSPc. For the same reason, a higher
transport limited current is found in acidic solution. Here again, we see that
solution species of FeTSPc facilitate the 4-electron reduction of dioxygen in
0.05 M H,SO,. The occurrence of dioxygen-bridged FeTSPc specles suggests
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that these species are responsible for the increased 4-electron reduction.
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106. Electroreflectance spectroscopic measurements
10.1. Introduction

In chapter 6 or in reference [1], the dioxygen reduction at Co- and
FeTSPc, adsorbed on pyrolytic graphite (Cp), was described. The model, pro-
posed in that chapter for especially the dioxygen reduction at FeTSPc,
requires that most of the metal chelate is adsorbed as monomers and a smaller
part (about 10%) as dimers. Further independent evidence for the way of
adsorption of the catalysts on the graphite surface could result from electro-
reflectance spectroscopic (ER) measurements [2].

The ER experiments described in this chapter were carried out in collabo-
ration with dr. C. Hinnen at the CNRS Laboratoire d'Electrochimie Interfaciale
{Meudon-Bellevue). For the experiments} the basal plane of stress annealed
pyrolytic graphite (BP of SA-Cp), which has a highly reflecting surface [3],
was used.

In this chapter, the ER spectra obtained for Co- and FeTSPc, adsorbed on
BP of SA-Cp, are compared with absorption spectra of the compounds, dissolved
in acidic or alkaline solution, obtained with an Optical Transparent Thin
tayer Cell (OTTLC) [reference [4], see also chapter 4 and 8]. From this compa-
rison, some conclusions are drawn about the way of adsorption of the metal

chelates on the graphite surface.

10.2. Theoretical aspects

A compound, adsorbed or deposited on a reflecting surface, can be studied
with reflectance spectroscopy., if this compound absorbs light. Mostly. in
catalysis or electrocatalysis, the amount of deposited molecules is small and
the resulting light absorption is too weak to perform reflectance spectros—
copy. By using an electron—conducting substrate, it is possible to vary the
oxidation state of the deposited molecule by changing ihe potential of the
(electrode) surface. Usually, different oxidation states also show different
light absorption behaviour. By modulation of the electrode potential with a
certain frequency and amplitude around the redox potential, i.e. the potential
where the conversion from one oxidation state to another occurs, the intensity
of the reflected light is also modulated. This intensity modulation can be
detected easlly by using phase-sensitive detection techniques. [See for the
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experimental detalils chapter 4]. Due to the applied modulation technique, the
obtained electroreflectance spectrum consists of the difference between the
absorption spectra of both involved oxidation states [5]. Thus, this method
gives an increased sensitivity, but the results are more difficult to inter-
pret.

10.3. Results for alkaline solution

In figure 10.1, the cyclic voltammogram recorded in 0.1 M KOH for FeTSPc,

adsorbed on the BP of SA-Cp, is given. An electrochemical cell was used which

02 05 10 E/V
T/uA
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Fig. 10.1 Cyclic voltammogram recorded for FeTSPc, adsorbed on the BP of
SA-Cp, in 0.1 M KOH. Electrolyte: dinitrogen-saturated (see text}.

Scan rate: 300 mv s—l. Electrode area: 0.4 cmz.

was constructed in such a way that electroreflectance spectroscopy could be
performed on the same electrode (see also figure 4.5}. The adsérption of the
compound was obtained from a concentrated solution (more than 10‘3 M) in

0.1 M HClod. Unfortunately, it was not possible to remove all traces of
dioxygen from the electrolyte by bubbling dinitrogen gas through the solution.
The two observed cathodic waves are, therefore, due to the reduction of

" dioxygen. From cyclic voltammetric measurements for FeTSPc, adsorbed on Ccp, it
is well known that two redox couples, which belong to the adsorbed complex.
are situated, respectively, at about 0.9 Vv and about 0.4 V {[chapter 6]. (For
the measurements a Mercury Sulphate Electrode was used as reference electrode,
but all potentials are given here vs. a Reversible Hydrogen Electrode (RHE)}).
In figure 10.1, these redox processes are not clearly visible; only the oxida-
tion peak for the couple at 0.9 Vv is observed. the results of Zagal-Moya [6]
on BP of SA-Cp confirm that, indeed, also for FeTSPc, adsorbed on this mate-
rial, redox couples can be detected at, repsectively, 0.9 v and 0.4 V.
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The two redox processes are more easily observed as peaks in figure 10.2,
where the capacitive behaviour of the electrode is given. This (differential)
capacitive behaviour is measured by applying an ac-potential (with a 15 Hz
frequency and a 10 mv amplitude) to the electrode, superimposed on a dc-poten-
tial which is raised or lowered with a slow, but constant, rate. The measured
signal 1s an ac-current, 90° in front of the ac-potential, and converted into

a differential capacity. Following the assignment of Zecevic et al. {7]. the
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Fig. 10.2 capacitive behaviour of FeTSPc, adsorbed on the BP of SA-Cp, in
0.1 M KOH under dinitrogen atmosphere. Mcodulation frequency:

- . -1
15 s ! and modulation amplitude: 10 mV. Scan rate: 6 mv s .

cathodic peak at about 0.9 V can be ascribed to the conversion of Fe(III)TSPc
to Fe(II)TSPc, and the 0.4 V peak to the change of Fe(II)TSPc into Fe(I)TSPc.
ER spectra are recorded in the potential domains of both redox couples.
The ER spectrum, recorded at 0.90 V, shows in the UV-domain a distinct repro-
ducible structure, although also the other part of the spectrum is completely
reproducible (see figure 10.3)., The lack of structure in the wavelength range
of the visible light indicates that the involved oxidation states (Fe(III)TSPc
and Fe{II)TSP¢) of the adsorbed molecule do not differ much in their absorp—
tion behaviour. The ER spectrum at E = 0.45 Vv (figure 10.4) has a clear
morphology.
CoTsPc, adsorbed on the BP of SA-Cp, shows at about 0.4% V also a surface
" redox process. The observed ER spectrum (not given here) is almost simllar to
that obtained for FeTSPc at the same potential.
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Fig. 10.3 ER spectrum of FeTSPc, adsorbed on the BP of SA-Cp, at B = 0.90 V.
Electrolyte: 0.1 M KOH, dinitrogen—saturated. Modulation frequen-
cy: 15 s and modulation amplitude: 100 mv.
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Fig. 10.4 ER spectrum of FeTSPc, adsorbed on the BP of SA-Cp, at B = 0.45 V.
Electrolyte: 0.1 M KOH, dinitrogen—saturated. Modulation frequen-
_1 -
cy: 15 s = and modulation amplitude: 100 mv.

After dioxygen saturation of the electrolyte, new peaks appear in the
differential capacity curve. In figure 10.5, besides the original peak at
about 0.90 V, a new one is observed at a slightly lower potential (0.80 V). In
the potential domain of the other redox process also an extra peak is obtainegd,
however, this peak lies at a slightly higher potential (at about 0.55 V) than
the original one. The new peaks are probably due to the reaction of a dioxygen
adduct of FeTSPc, which arises after the reduction of Fe(III)TSPc. These

117



20¢
Ciqucm“2

0.2 0.5 10 EVv

Fig. 10.5 Capacitive behaviour of FeTSPc, adsorbed on the BP of SA-Cp. in
0.1 M KOH under dioxygen atmosphere. Modulation frequency:

- -1
15 s 1 and modulation amplitude: 10 mv. Scan rate: 6 Vs .

dioxygen adducts are probably more or(less reversibly reduced and, therefore,
these adducts contribute to the capacity of the electrode. From Rotating Ring
Disc Electrode measurements [6], it is known that, at the potential of the
additional peak at 0.80 Vv, dioxygen 1s (already) reduced to water. Therefore,
it must be concluded that the two additional peaks, observed under dioxygen-
saturated conditions, indicate the presence of two different dioxygen adducts:
the first one results in dioxygen reduétion at high potential, while the
second one also results in dioxygen reduction, but at lower potentials. The
peaks are probably associated with FeTSPc dimers and monomers, for which the
existence is proposed in chapter 6.

Saturation of the solution with dioxygen has no influence on the ER
spectra. The additional peaks in the capacity curve neither correspond with

additional features in the ER spectra, nor result in extra ER spectra.

10.4. Results in acidic solution

The cyclic voltammogram measured in 0.1 M HCIO4 shows, 1ike in alkaline
solutions, two redox peaks in the potential region of interest for dioxygen
reduction; see figure 10.6. However, contrary to the alkaline electrolyte, the
reduction of traces.of dioxygen, still present in the solution after dinitro-

gen saturation., only starts in the potential domain of the redox process at
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Fig. 10.6 Cyclic voltammogram recorded for FeTSPc, adsorbed on the BP of
SA-Cp, in 0.1 M Hc104. Electrolyte: dinitrogen-saturated (see
text). Scan rate: 300 mv s_l. Electrode area: 0.4 cmz.

the lowest potential (0.2 V). From studies of the redox potential as a
function of the pH [6,7,8], it can be concluded that the redox process at E =
0.90 v in alkaline solution shifts to E = 0.70 V in acidic solution. For the
other couple a shift from 0.45 V to 0.20 v is observed.

For the redox peak at 0.7 V, again an ER spectrum with almost no struc-
ture is recorded (figure 10.7), differing, however, significantly from the
corresponding one in alkaline medium. So, the structure of the adsorbed FeTSPc
species in acidic solution differs from that in alkaline solution.

162 1/R {dRIdE} 7 v~
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Fig. 10.7 ER spectrum of FeTSPc, adsorbed on the BP of SA-Cp, at E = 0.70 V.
Electrolyte: 0.1 M 50104. dinitrogen-saturated. Modulation
frequency: 15 s‘1 and modulation amplitude: 50 mv.
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For the 0.2 V redox process, the ER spectrum is given in figure 10.8.
comparing this figure with figqure 10.4 (alkaline solution) shows that the ER
spectra recorded for the redox couple Fe(II)TSPc/Fe(I)TSPc are similar.

102 1/ R (dR/DE) / v~
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Fig. 10.8 ER spectrum of FeTSPc, adsorbed on the BP of SA-Cp, at E = 0.21 V.

Electrolyte: 0.1 M HCl0,, dinitrogen-saturated. Modulation

4
frequency: 15 s 1 and modulation amplitude: 50 mv.

10.5. Discussion

To obtain more information from the recorded ER spectra, a comparison is
made with the absorption spectra measured for FeTSPc, dissolved in alkaline or
acidic electrolytes. As described in section 10.2., an ER spectrum consists of
the difference between the absorption spectra of the involved oxidation
states. In the experimental part [chapter 4], a description is given of the
technique to obtain absorption spectra of the several oxidation states of the
metal chelate, using the OTTLC.

The two redox couples, which result in ER spectra, are Fe(I)TsPc/Fe(I1I)-
TSPc and Fe(II)TSPc/Fe(I1I)TSPc, respectively. In figure 10.9 a.,b, the absorp-
tion spectra recorded in alkaline electrolyte for the two components of the
first couple (figure 10.9a), and for both components of the second couple
(figure 10.9b are given). It is obvious that subtraction of the absorption
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Fig. 10.9 a,b. Comparison between the absorption spectra, recorded in an
OTTLC, of electrochemically prepared Fe(I)TSPc (~——-- ) .and Fe(Il)-
TSPC ( ) (a); Fe(II)TSPc {( } and Fe(III)TsPc (~~--- ) (D).
[FeTsPc]: about 10~3 M. Electrolyte: 0.1 M KOH. Cell thickness:

0.4 mm.

spectrum of Fe(I)TSPc from that of Fe(II)TSPc results in a spectrum with a

" similar shape as the ER spectrum of figure 10.4. This indicates that the
adsorption of the compound on the graphite surface has little or no influence
on the optical transitions in both adsorbed Fe(I)TSPc and Fe(II)TSPc species.
in the case of the other redox couple, subtraction of the spectrum of
Fe(I1)TsSPc from that of Pe{(IIL1)TSPc {or in the other way) does not yield the
shape of the ER spectrum observed for this couple (see figure 10.3). The main
absorption peaks of both components of this redox couple almost coincide:
therefore, small influences of the graphite surface on the optical transitions
of the involved oxidation states are sufficient to yleld an ER spectrum, which
differs strongly from that constructed by using the absorption spectra of the

dissolved redox species.
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On going from alkaline to acldic solution, only small wavelength shifts
are observed for the absorption bands of the dissolved redox components. Thus,
the ER spectrum, recorded at the lowest redox potential, which is., as men-
tiocned before, very similar to the corresponding one recorded in alkaline
solution, can also be constructed from the absorption spectra for the per-
taining redox species in acidic solution. The absorption spectra of Fe(II)TSPc
and Fe(III)TSPc in acidic solution are given in figure 10.10. Like in alkaline

ABS

QSK

200 400 800 800 M om

Fig. 10.10 cComparison between the absorptlon spectra, recorded in an OTTLC, of

electrochemically prepared Fe(IIL)TSPc ( ) and Fe(III)TSPc

[E— ). [FeTSPc): about 10 ° M. Electrolyte: 0.05 M H.SO.. Cell
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thickness: 0.4 mm.

solution, the spectrum constructed from the difference between these two spec-
tra does not show the same shape as the ER spectrum recorded for this couple
({see fiqure 10.7).

From these observations, we can conclude that the adsorption of FeTSPc on
the BP of SA-Cp has an effect on the chemical nature of Fe(III)TSPc or of
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Fe{II)TsPc or of both. The chemical change of Fe(II)TSPc on adsorption can
only be small, because by using the absorption spectrum of this oxidation
state, the ER spectrum recorded at the potential of the redox couple Fe(I)-
TsPc/Fe(11)TSPC can be constructed. Unfortunately, it is not known how the
features of the ER spectrum can be translated into structural information
about the way of adsorptlion of FeTSPc on the electrode. Nevertheless, a few
conclusions can be drawn. First, the situatlion is more complicated than
suggested by Nikolic et al. [3]. They reported a reflectance spectrum of
adsorbed FeTSPc, which was very simllar to spectra obtained for FeTSPc in
solution; so., they concluded that on adsorption only minor changes occur in
the metal chelate. Secondly, the absorption spectra of Fe(III)TSPc and Fe{(Il)-
TsPc show only small differences when the solution is changed from alkaline to
acidic, however, the ER spectrum changes drastically. This probably indicates
that the form of adsorption in alkaline solution differs from that in acidic
solution. To explain the results of electrochemical measurements, we proposed
in chapter 7 another adsorption form for FeTSPc on Cp in an alkaline than in
an acidic soclution. It was argued that in an alkaline electrolyte part of the
FeTSPc is adsorbed as dimers, while in acid almost no dimers are present on

the surface.

10.6. Concluding remarks

The differential capacity curve recorded in alkaline solution for FeTSPc,
adsorbed on the BP of SA~Cp. shows two peaks. After dioxygen-saturation of the
electrolyte, two additional peaks appear. This indicates that two different
dioxygen adducts, probably a dimeric and a monomeric species, are present.
This supports the results of chapter 6, where these species are already pro-
posed to explain the dioxygen reduction behaviour of FeTSPc, adsorbed on Cp.

In chapter 7, the low activity of FeTSPc, adsorbed on Cp. in acidic solu-
tion as compared to alkaline solution, is attributed to the absence of FeTSPc
dimers on the graphite surface in the acidic electrolyte. This explanation is
sustained by the results obtained with ER spectroscopy. The ER spectra recor-
ded for the redox couple Fe(II)TSPc/Fe(III)TSPc in alkaline and acidic solu-
tion differ from each other, also suggesting a difference in the form of
adsorption of the metal chelate in the two electrolytes.

More research is necessary to translate the features of the ER spectra of
these redox couples, recorded in both electrolytes, into structural informa-
tion about the form of adsorption of FeTSPc on the electrode.
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11.. 1In situ light absorption spectroscopy of metal tetrasulfonato-phthalo—
cyanine/polypyrrole layers

11.1. Introduction

In chapter 7 or reference [1], we proposed that dimers of FeTSPc play an
important role in the mechanism of dioxygen reduction (in 0.05 M HZSO4) on
FeTSPc, incorporated in polypyrrole. The aim of thls chapter is to present
results of in situ light absorption spectroscopy. which give some supporting
evidence for the existence of MeTsPc dimers in the conducting polymer. Also,
some experiments are performed to get more insight in the role of the pH in
the oxygenation process of the metal complexes.

In the first sectlion, the spectra of CoTSPc and FeTSPc, as obtained when
dissolved in 0.05 M H2804, are discussed. Also the pH-dependence of the
oxygenation of CoTsPc is investigated. Hereafter, the spectra of CoTsPc,
incorporated in polypyrrole, are described for several oxidation states.
Finally. the spectra of the possible oxidation states of FeTSPc¢, incorporated
in polypyrrole, are given and the features of the spectra, which possibly

indicate the existence of a FeTSPc dimer, are discussed.

11.2. Co— _and FeTSPc solutions

Spectra of solutions of the metal chelates are recorded in absence of
dioxygen by saturation of the solution with purified helium gas [see chapter
4]. These spectra are compared with those obtained under dioxygen-saturated
conditions. The spectra obtained for CoTSPc in 0.05 M sto4 are depicted
in figure 11.1. Figure 11.1B shows that under dioxygen-saturated conditions a
spectral change is observed compared with the dioxygen—free situation (figure
11.17), which indicates the formation of a dioxygen adduct [see chapter 3 for
the assignment of the absorption peaks]. our observations are in agreement
with those of Simic-Glavaski et al. [2], who also concluded that in acid
solution dioxygen adduct formation is possible. Contrary to this, Wagnerova et
al. [3] and Gruen et al. [4] claimed that only in alkaline solutions a
dioxygen adduct can be observed, because of the promoting effect of the OH
ion [for comparison, &ee also the chapters 2 and 6 where the corresponding
spectra for alkaline solutions are given in the figures 2.2, 2.3 and 6.3]. To
come to a decision on this “contradiction", the pH-dependence of the dioxygen

125



REY -
S8y e

R ————

500 600 700 80D 500 600 700 800
Xom Mam

Fig. 11.1 Ov-vis. spectra for CoTSPc (10—5 M)

A) recorded immediately after addition of CoTSPc to 0.05 M
H2804 (dioxygen-free).
~~~~~ after 2 hours of: helium saturation.
B) same as A ( 3.

~~~~~ after 2 hours of: dioxygen saturation.

adduct formation rate of CoTSPc was investigated over the whole pH-range from
1 to 13.

In figure 11.2, the absorbance at the absorption wavelengths of the
dioxygen adduct (668 nm) and the dioxygen-free dimer (628 nm) are given as a
function of the pH. The method to obtain the data of the figure was as
follows: after bubbling of dioxygen through the solution for a period of 5
hours the solution was stored over night under dioxygen-saturated conditions
and hereafter the absorbance at the above mentiocned wavelengths was measured.
Solutions with different pH but with the same anions were prepared by mixing
NaOH and 82804 solutions, until the desired pH~value was obtained, though
we know that the buffer capacity of such mixtures is rather low.

Both for low and high pH., the peak which corresponds to the dioxygen
adduct increases at the expense of the dimer peak. The ionic strength of the
solution has no effect on the dioxygen adduct formation rate., as was found by
addition of a salt, like Liclo4 or Nazsoq. to a neutral CoTSPc solution up to
a concentration of 1 M.

A possible explanation for the observed pH-dependence is that not only
OH but also H+ promotes the formation of an adduct. As was shown in chapter 3,
fundamental calculations predict a charge transfer from the cobalt ilons to the
dioxygen molecule in the adduct. This adduct 1s probably stabilized by proto-
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Fig. 11.2 The dloxygen adduct formation of CoTSPc as a function of the pH.
[CoTsPc]: ].()"5 M. o o : absorbance at 668 nm (dioxygen adduct),
-[--{J~: absorbance at 628 nm (dioxygen-free dimer).

nation of one of the negatively charged oxygen atoms. In alkaline solutions
OH probably stabilizes in a similar way the positive charge on the cobalt
atom.

Dioxygen adducts of FeTSPc are observed for all pH-values. In figure
11.3A, the spectrum under helium conditions is given, while in 11.3B, the
changes occurrihg under a dioxygen atmosphere are shown. Both spectra are

recorded in 0.05 M !{2304 [see again chapter 2 for the assignment of the peaks].

In alkaline solutions, a more or less reversible oxygenation is observed. By
helium saturation, it is possible, when the temperature is raised to 70°C, to~
remove in alkaline solution the dioxygen from the dioxygen bridged dimer

[see chapter 6]. As is obvious from figure 11.3, the oiygenation is not rever—
sible in 0.05 M stod. The spectrum taken immedigtely after addition of PeTSPc
to the dioxygen-free 0.05 M sto4 solution, shows that, like in alkaline
solutions, a considerable part of the FeTSPc is already present as a dioxygen
adduct in the solid form.
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Fig. 11.3 Uv-vis, spectra for FelSPc (10"5 M).

A) recorded immediately after addition of FeTSPc to 0.05 M
H2504 {dioxygen-free).
----- after 2 hours of helium saturation.
B) same as A ( ).

~~~~~ after 2 hours of dioxygen saturation.

11.3. Co— and FeTSPc in polypyrrole

11.3.1. General considerations

When Co- or FeTSPc are incorporated in the electron-conducting polymer
polypyrrole, which is attached to an Au-electrode, it 1is possible to control
the oxidation state of the complex by varving the potential of the electrode.
[The preparation of the polypyrrole/MeTSPc layer, is given in the experimental
section of chapter 5]. During the preparation of the polypyrrole layer, the
electrode has a potential high enough to oxidize pyrrole. At this electrode
potential {(above 1.2 v (RHE)), however, also CoTSPc and FeTSPc are oxidized to
their third oxidation state: Co(III}TSPc and Fe(III)TSPc, respectively. To
make a comparison possible between the spectra of the incorporated molecules
and the spectra of the molecules free in solution, theVpotential of the elec-
trode should be set at a value where Co(III)TSPc and Fe(ILI)TSPc are reduced
to the divalent oxidation state.

in figures 11.4 and 11.5, the cyclic voltammograms in 0.05 M HZSO4 of,
respectively, a polypyrrole/CoTSPc and a polypyrrole/FeTSPcllayer are shown.
[Figure 11.4 is the same as figure 5.3B and figure 11.5 is identical with
figure 7.3A]. when we use the same assignment as Zecevic et al. [5] for the
redox peaks of CoTSPc species adsorbed on graphite, then the peak at about 800
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Fig. 11.4 Cyclic voltammogram of a 30 mC CoTSPc/polypyrrole layer. Electro—

lyte: 0.05 M "3304' dioxygen—free; scan rate: 100 mv s-l.

Fig. 11.5 Cyclic voltammogram of a 30 mC FeTSPc/polypyrrole layer. Electro-
lyte: 0.05 M H2804. dioxygen—free; scan rate: 100 mv s—l.
mvV for CoTSPc can be ascribed to the transition of Co(III)TSPc te Co(II)TSPc.
Below zero volt, according to Zecevic et al., a transition of the ligand
occurs (or Co(II)TSPc is converted to Co(I)TSPc). Both redox peaks are more or
less smoothed out in figure 11.4 because they are both lying close to the
upper and lower potential limits, respectively, of the‘polypyrrole layer. At
high positive potential, the polypyrrole layer 1s slowly and irreversibly
oxidized and below zero volt, hydrogen evolution interferes with CoTSPc
reduction.

For FeTSPc, incorporated in polypyrrole, the clearly visible redox peak
at about 650 mV can be ascribed to reduction of Fe(III)ISPc to Fe{II)TSPc,
again according to Zecevic et al. [5]., while at about 150 mv, Fe(II)TSPc is
converted intoc Fe(I)TSPc.

The spectra of the MeTSPc's, incorporated in polypyrrole, are recorded
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by using tﬁe cell and the transparent gold electrode described in chapter 4.
another gold film electrode on glass was placed in the reference beam. To
establish the absorption of the polypyrrole layer itself, a polypyrrole layer
was prepared without catalysts (instead of MeTSPc, c1o’ was incorporated in
the £ilm). In figure 11.6, the spectra recorded in 0. 05 M H250 for a polypyr-
role layer with a thickness of 20 mC {electrode area: 1.5 cm ) at three dif-

ferent electrode potentials are depicted. The absorption spectrum of this
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Fig. 11.6 Uv-Vvis. spectra for a 20 mczpolypyrrole layer at three different

potentials. Electrolyte: 0.05 M stoq. dioxygen—free.

polypyrrole layer shows nearly a continuous absorption over the entire wave-
length range of the visible light, with only a small wavelength~ and potential
dependency. To determine the true absorption spectrum of Co- (or Fe-)TSPc,
incorporated in the polymer, the absorption measured for the polymer layer

130



~ with only Cloz incorporated in it, is subtracted from the absorption measured
for the polypyrrole/catalyst layer.

11.3.2. spectra of CoTsPc, incorporated in polypyrrole

In figure 11.7, the spectra measured for a polypyrrole/CoTsSPc layer at

three different potentials are shown. These spectra were recorded in a dini-
0.4
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Fig. 11.7 Uv-vis. spectra for a 20 mC polypyrrole/CoISPc layer at three
different potentials. Electrolyte: 0.05 M sto4. dioxygen-free.

trogen-saturated soclution after one complete cyclic potential sweep in the
potential range between 0 and 1 V (RHE). Under these conditions the possible
dioxygen adducts are removed by the reduction of the dioxygen. [See also
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chapter 8, where the results obtained with an optical transparent thin layer
cell are discussed].

The spectra show broad peaks, indicating that in the polypyrrole layer
the catalyst molecules occupy a broad distribution of environments [6]. The
spectrum at 1100 mv, with a main absorption peak at 675 nm, resembles the
spectrum of chemically prepared Co(III)TSPc, recorded in THF [7]. By lowering
the potential to 500 mv the absorption peak shifts to about 662 nm, i.e. the
absorption wavelength of a monomer Co{II)TSPc molecule. The shoulder at about
620 nm can be ascribed to a dimer Co{II)TSPc species [3.4]. In both spectra at
1100 mv and 500 mv, part of the spectrum lies a little below zero, most proba-
bly due to the applied subtraction method. Nevertheless, it can be concluded
that the majority of Co{II)TSPc molecules exists as monomers in the polypyr-
role matrix: the shoulder at 620 nm indicates, however, that even in polypyr-
role dimers of Co{II)TSPc are possible.

At lower potential (0 mv} a new peak appears at 462 nm, which corres-
ponds very well with the absorption wavelength, observed by Kobayashi et al.
[8], for Cco{I)TCPc, cobalt tetracarboxy-phthalocyanine. [See also chapter 2 of
this thesis].

It is difficult to determine the CoTSPc redox potentials from the cyclic
voltammogram of fiqure 11.4. An alternative method was pointed out by Ikeda et
al. [9]. They showed that the changes in absorption behaviour as caused by
varying the electrode potential could be used to measure the formal potential
of the redox couples. Therefore, the spectroscopic method is applied here.
Figure 11.8 gives the absorption data for A = 660 nm during a potential scan
from 500 mvV to -200 mV, with a scan rate of 5 mv sQl. The half-wave poten-
tial of the obtained curve yields the formal potential of the redox couple [9].

O4r
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03

0.2

01

-200 0 200 400 E/mv

Fig. 11.8 The absorption at 660 nm as a function of the potential for a 20 mC
polypyrrole/CoTsPc layer. Blectrolyte: 0,05 M H2804, dioxygen-free;
scan rate: 5 mv s L.
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For the Co(I)TSPc/Co(II)TSPc couple a formal potential of 30 mv was deter-
mined. The advantage of this method is, moreover, that the hydrogen evolution
current does not disturb the measurement as was the case for the voltammetric
method. For the determination of the redox couple Co{II)TSPc/Co(III)TSPc, the
spectroscopic method appeared to be unsuccessful, because the spectra of the
involved oxidation states are not different enough (c.f. figure.llz?, the

spectra at 500 and 1100 mv).

11.3.3. Spectra of PeTSPc, incorporated in gglzgxrroie

In figure 11.9, the spectra recorded for a 20 mC polypyrrole/FeTSPc

layer at three different electrode potentials, are shown. The recording
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Fig. 11.9 Uv-vis. spectra for a 20 mC polypyrrole/FeTSPc layer at three

different potentials. Electrolyte: 0.05 M 32304, dioxygen-free.
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conditions were the same as for incorporated CoTSPc. The spectrum measured at
a potential of 1000 mv shows a main absorption peak at 642 nm, which is very
close to the value of 635 nm reported for Pe(III)TSPc free in solution [10].
It corresponds also very well with the absorption wavelength of Fe(III)TCPc
(Fe tetracarboxy-phthalocyanine) (640 nm) [8]. '

The spectrum at 350 mv shows a very broad absorption band. At this
potential the FeTSPc molecule should be present in its second oxidation state,
see section 11.3.1. According to Vonderschmitt et al. [10], a monomer
Fe(II}TSPc specles absorbs light with a wavelength of 668 nm. Thus, we can
conclude that part of the broad absorption band 1s due to the absorption of
monomer Fe(Il)TSPc species. However, because the absorption peak is too broad
to be attributed only to the absorption of monomer Fe(II)TSPc species, proba-—
bly a second FeTSPc species exists with an absorption wavelength of about
630 nm, being the same wavelength as for the absorption maximum of Fe(III)TSPc;
but at the applied potential this species should be reduced to Fe(II)TSPc. The
assignment of the absorption to a dioxygen bridged FeTSPc dimer can also be
rejected, because under the measuring conditions (a dinitrogen-saturated solu-
tion and an applied potential where dloxygen can be reduced), the presence of
dioxygen adsorbed on FelSPc is very unlikely. Moreover, before recording the
spectrum at 350 mv a complete potential sweep between 0 and 1000 mv was made
and it is to be expected that traces of dioxygen are fully reduced during this
scan. Saturation of the solution with dioxygen results in a dioxygen reduction
current at this potential (350 mV), but without change in the spectrum. This
can be explained by an immediate reduction of dioxygen after its adsorption on
FeTSPc. An alternative explanation for the peak at 630 nm points to the exis~—
tence of FeTSPc dimers without a dioxygen (or oxygen) bridge. However, for
Fe(II)TSPc solutions no dimer species are observed [10], so an easy compa-
rison, from which can be concluded whether the peak can be ascribed to a
Fe(I1)TSPc dimer or not, is not possible. On the other hand, the FeTSPc dimer
should, if existing in the incorporated state, absorb - analogous to CoTSPc -
at a shorter wavelength than the monomer species. The ébsorption wavelength
proposed for the dimer satisfles this requirement. Through the interaction
with polypyrrole, changes probably occur in the Fe(II)TSPc molecule such that
it is now energetically favourable to form a considerable amount of dimer
specles. )

By lowering the electrode potentlal, the Fe{(II)TSPc is further reduced
to Pe(I)TSPc. The spectrum recorded at 0 mv has a main absorption at 490 nm
(see figure 11.9). The difference in the spectra of Fe(I)TSPc and Fe(I1)TSPc
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" is sufficient enough to allow a determination of the redox potential by the
spectroscopic method, in the same way as for CoTSPc. In figure 11.10, the
potential dependence of the absorption at 490 nm is given. From this figuré a
redox potential of 175 mV follows for the Fe(I)TSPc/Fe{II)TSPc couple.

0.2
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0 200 400 600 E/mV

Fig. 11.10 The absorption at 490 nm as a function of the potential for a 20 mC

polypyrrole/FeTsSPc layer. Electrolyte: 0.05 M H 304. dioxygen-free:

-1 2
scan rate: 5 mv s .

11.4. Concluding remarks

The spectra of CoTSPc and FeTSPc, incorporated in polypyrrole, show
broad peaks. This indicates that the chelate molecules occupy a broad distri-
bution of environments. in the polypyrrole matrix.

Changes of oxldation state of the metal chelate, which can be detected
in a cyclic voltammogram, are accompanied by changes in the spectrum. The
spectrum of Co(II}TSPc, incorporated in polypyrrole, can be ascribed to mono-
mer species, but a shoulder, which corresponds to dimer species, should also
be noted. The spectrum of Fe(II)TSPc in polypyrrole is thought to be bulld up
of monomer and dioxygen—-free dimer absorption bands. The introduction of this
dimer species for Fe(II)TSPc is based upon analogy with Co{II)TSPc, because
other assignment methods, as comparing with spectra of Fe(II)TSPc in solution,
are not possible due to the fact that in Fe(II)TSPc solution no dioxygen—frpe
dimer is present. These observatlons are in agreement with the proposal done
in chapter 7 that a polypyrrole/FeTSPc layer possesses FeTSPc dimers and that
they play an important role in the dioxygen reduction mechanism.
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12. cConcluding remarks

In this thesis, it is demonstrated [especially in chapter 5] that not
only the choice of the catalyst is important but also that the deposition
method of the catalyst onto the electrode determines for a great part the
dioxygen reduction activity observed for the electrode. The deposition method
determines the number of active catalyst sites, otherwise stated: differences
in activity between electrodes, prepared using different methods, are often
due to differences in the number of catalytically active sites. To study the
“intrinsic" catalytic activity of a catalyst, an electrode system must be used
for which the number of active sites can be determined, as for instance can be
done for irreversible adsorption on pyrolytic graphite (Cp).

Careful analysis, Including correction for the number of active catalyst
molecules [chapters 7, 8 and 9], suggests that in special cases the prepara-
tion method or the environment influeﬁces the "intrinsic” catalytic activity
of the catalyst, for instance, incorporation of FefsPc in polypyrrole or
dissolution of it in 0.05 M HZSO4 results in an 1nc;eased activity which
cannot be accounted for only by an increased number of active catalyst mole-
cules. The proposed FeTSPc dimers, which are held responsible for the
increased activity, are induced by the environment. The dioxygen reduction
mechanism via FeT8Pc dimers has some fundamental importance too, because it
seems that the most favourable pathway fér dioxygen reduction starts with a
dioxygen molecule simultaneously 1nterécting with two metal atoms (or two
other active centres), For materials, such as platinum and silver, which both
show a high dioxygen reduction activity, often bfidged adsorption of dioxygen
is assumed [1,2]. In the cofacial dicobalt porphyrins a high activity and
selectivity is combined, so the assumption that this is caused by bridge
adsorption of dioxygen is rather straightforward [3]. The reaction rate
depends on the free enthalpy or Gibbs energy of the activated complex, wiz.
the enthalpy and the entropy of the activated complex [4]. For the monomer
reduction pathway., the activation enthalpy is probably so high, that it is not
completely cancelled by the favourably high activation entropy; so. a free
enthalpy results which is higher than for the dimer pathway, despite the
unfavourably low entropy of the activated dimer complex.

To préve more rigorously the role of FeTSPc dimérs 1n‘the reduction
mechanism, more research is necessary about the form of adsorption of FeTSPc
or FePc on Cp (or on BP of SA—Cp). For the Cp surface, it was argued
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[chapter 6] that two different species (monomer and dimer) are present.
Despite the sophisticated spectroscopic technigues applied to reveal the form
of adsorption [5], it is still a matter of debate whether the metal chelates
are adsorbed with the molecular plane parallel or perpendicular to the sur-
face. Also a structure in which dimers are adsorbed perpendicular to the sur-
face has been proposed [6]. The differences in adsorptlon behaviour between
CoTsPc and FeTsPc [chapter 6] suggest that the metal ions are involved in the
binding to the surface and, therefore, the complexes must be adsorbed parallel
to the surface. In chapter 10, it is demonstrated that the adsorption of the
MeTSPc's influences the optical properties of the compounds. This gives us an
indication for parallel adsorption, because only in this configuration a
strong interaction can be expected between the surface and the adsorbed mole-
cule. However, more studies must be performed to enable translation of this
optical information into structural information about the adsorbed metal
chelate.

For cobalt chelates, with exception of the cofacial dicobalt porphyrins,
always a reduction of dioxygen to hydrogen peroxide is observed, while the
iron compounds often result in a 4-electron reduction of dioxygen to water. In
most of the models for the adsorption of dioxygen on metal chelates, [chapter
3]. the charge of the dioxygen ligand bonded to the cobalt ion, is negative;
thus a charge transfer occurs between a cobalt(II) ion and the dioxygen ligand
(C03+~O;) upon adsorption. For iron, most of the models consist of a neutral
dioxygen ligand (Fe2+~02). Probably the charge on the dioxygen ligand in the
case of cobalt results in a reduction of the ligand to hydrogen peroxide
before splitting of the dloxygen bond can occur. The uncharged dioxygen ligand>
for the iron compounds is expected to facilitate the splitting of the dioxygen
bond before or during the reduction of the ligand.

Unfortunately, it is not possible to predict the redox potentials of the
compounds and of the dioxygen adducts from the models for the metal chelates
and the dioxygen adducts of these, as presented in chapter 3. Perhaps, these
data are more important in determining the selectivity<of the reduction pro-
cess than the form of adsorption of dioxydgen. For compounds with a redox
potential in the potential domain of the formal potential of the dioxygen
reduction to hydrogen peroxide, often a 4-electron reduction of dioxygen is
observed. With respect to this, it is noteworthy that the cofacial dicobalt
porphyrin offers, besides a centre for bridge adsorption, also a redox poten—
tial of about 0.8 V,(RHE) for the conversion of one of the Co(III) centres
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into Co{II). This redox potential is much lower than the one (0.8 V) observed.
for the monomeric cobalt porphyrin, due to the interaction between the two
porphyrin rings {3.,7].

for practical application of the metal phthalocyanines in a fuel cell, a
higher stability is required, especially in acidlic medla. The actlvity in aci-
dic media is, for reasons outlined in chapter 2, also too low. In chapter 7,
we observed a rapid deactivation of the electrode modified by a polypyrrole/
FeTSPc layer, although for a RDE, due to the forced convection, the turn-over
number, compared with a practical gas diffusion electrode system, is high. In
situ UV-Vis. spectroscopy. performed as described in chapter 8, has demonstra-
ted that FeTSPc is especlally unstable in high oxidation states: Fe(IIl)TSPc
and Fe{IV)TSPc (or Fe(III)TSPc+). In this chapter, it is also established
that these high oxidation states originate from the dioxygen reduction at
FeTSPc if dissolved in acidic solution. For adsorbed FeTSPc, these specles
will be, depending on the applied electrode potential, directly converted back
to the more stable Fe(II)TSPc state but, in the short time before the reduc-
tion,Adecomposition can occur. An interesting alternative could be the search
for metal chelates with the same redox behaviour as PeTSPc, however, with a
higher stability in the higher oxidation states in aclidic media.

As to the often reported p-oxo bridged FeTSPc (or FePc) species [8], we
remark that it can only be produced in a side-reaction, because this species
is reduced (and only hereafter, it dissociates rapidly) at much higher over-
potential than where usually dioxygen reduction is observed at FeTSPc [see
chapter 8]. The formation of this adduct results in a temporarily deactivation
of the electrode, because it blocks the involved sites for the adsorption and
the reduction of a next dioxygen molecule.

Incorporation of the catalysts in electron—-conducting polypyrrole has no
practical significance, because of the instability of the polymer layer.
However, for research applications, it is very convenlent because it repre-
sents an easy method to obtain a high coverage of the electrode with active
catalyst material. Due to this high coverage, the eléctrode processes can be
easily studied by applying in situ absorption spectroscopy. as 1s demonstrated
in chapter 1l.
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Abbreviations

Bp of sSA-Cp
Cg

Cp

Me

P

Pc

ep

TCPC

THF

TSPC

CE

RE
RHE
SCE
WE

ER spectroscopy

ESR spectroscopy
OTTLC

OTTLE

R(R)DE

UV-Vis. spectroscopy

CNDO-CI

INDO-CI

M.O.
SCC~EH

Compounds

basal plane of stress annealed pyrolytic graphite
glassy carbon

pyrolytic graphite

metal

porphyrin

phthalocyanine

polypyrrole )
tetracarboxy-phthalocyanine
tetrahydrofuran
tetrasulfonato—-phthalocyanine

Electrodes (E)

counter electrode

normal hydrogen electrode
reference electrode
reversible hydrogen electrode
saturated calomel electrode
working electrode

Techniques

electroreflectance spectroscopy
electron spin resonance spectroscopy
optical transparent thin layer cell
optical transparent thin layer electrode
rotating {(ring) disc electrode
Ultraviolet-Visible light spectroscopy

[

Quantum mechanics
complete neglect of differential overlap-configuration

interaction

intermediate neglect of differential
overlap-configuration interaction
molecular orbital

self consistent charge—extended Hiickel approximation
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Symbols
absorbance

surface area

distance

crystal field parameter
spﬁerical harmonic
concentration
diffusion coefficient
cell thickness
potential

unit charge

Faraday

frequency

electron g-factor
current ‘
current density

L+ 8

1st order rate constant

angular momentum guantum number

number of electrons
transferred charge

place or coordinate of ligand
gas constant

spin quantumAnumber
temperature

surface diffusion time

mean square displacement
charge of ligand in e
transfer coefficient
diffusion layer thickness
molar absorption coefficient
overpotential (S-Eeq)
wavelength

kinematic viscosity
diffusion time

rotation frequency

pole coordinates

concentration

absorbance unit

cm

-3
mol cm
2 -1
cm s
cm
v

1.6 x 1072

96495 C mol

-1

J K 1 mol

2
cm

Cc

1



Q & U oo

Q. o

[
-]
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1/2

Superscripts
from 2px- and 2pz-orbitals

from 2py- orbital.
bulk

surface

Subscripts

disc

diffusion
equilibrium
gerade

species 1
diffusion limited
Nernst

ring

surface

ungerade

standard conditions

half-wave
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Summary

The dioxygen reduction is an important reaction for the energy conver-
sion. In a fuel cell, the chemical energy of the fuel is directly converted
into electric energy. In this cell, dioxygen is reduced at the cathode.
Although this reaction is thermodynamically favourable, it is a kinetically
slow process. Metal phthalocyanines, among which those of cobalt and iron
{(CoPc and FePc), catalyze the dioxygen reduction [chapter 1].

In this thesis, the interaction between dioxygen and these metal com—
plexes is described. A literature survey shows that the dioxygen reduction,
catalyzed by CoPc, leads to hydrogen peroxide; while at FePc in alkaline solu-
tion mainly water is formed as the endproduct [chapter 2]. In this chapter
also the light absorption spectra of cobalt- and iron tetrasulfonato-phthalo-
cyanine (Co- and FeTSPc) are discussed.

Theoretical models for the description of the adsorption of dioxygen on
metal chelates are treated in chapter 3. For CoPc mostly "end-on" (bent}
bonding of the dioxygen molecule to the metal atom is concluded. It appears
that after adsorption a shift in the electronic structure from cobalt to
dioxygen occurred, so that the latter is partly negatively charged. For FePc,
"side-on" bonding is alsc theoretically possible, although considerations
concerning the dioxygen bonding to other iron chelates indicate "end-on®
(bent) bonding as the most favourable one. Often, it 1is assumed that the
charge separation in the dioxygen adduct of FePc is smaller than for the
adduct of CoPc.

Hereafter, the applied experimental methods, such as the Rotating Ring
Disc Electrode (RRDE} technique and the in situ light absorptlon spectroscopy
are treated [chapter 4]. '

From a comparison of the results of different electrode preparation
methods, such as: vacuum deposition, irreversible adsorption, incorporation in
a conducting polymer, evaporation of the (catalyst containing) solvent, and
impregnation of porous carbon, it appears that the number of active, i.e.
available sites can deviate strongly fkom the number of present catalyst mole-
cules. Also, a relation is derived between the half-wave potential observed
for the dioxygen reduction and the number of active sites [chapter 5].

The dioxygen reduction on an irreversibly adsorbed layer of Co~ and
FeTSPc on graphite is investigated as a function of the coverage. For small
coverage a kinetic limitation is observed, which can be attributed to a slow
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chemical step as well as to a slow diffusion of dioxygen across the electrode
surface to an active site. This last model leads for FeTSPc to the conclusion
that high active (dimeric) and less active (monomeric) sites are present on
the electrode surface {chapter 6].

FeTSPc. incorporated in polypyrrole, shows in acidic media (0.05 M 32804)
a higher activity than if adsorbed on graphite. The increased activity is
ascribed to the presence of FeTSPc dimers in polypyrrole [chapter 7].

spectro-electrochemical measurements indicate that in a FeTSPc solution
(0.05 M HZSOA) Pe(III)TSPc and u-oxo PeTSPc dimers are present. After the
electrochemical reduction to Fe(II)TSPc. dioxygen adsorption occurs, and the
formed adduct is reduced at a slightly more cathodic potential than the redox
potential for the original Fe(III)TSPc species. From RRDE measurements, it is
concluded that hydrogen peroxide is the predominant product of the reduction,
with also Fe(IV)TSPc (or Fe(III)TSPc+) formed. These valence states can
originate from the reactlon of Fe(II)TSPc (or Fe(III)TSPc) with hydrogen
peroxide, but also a reaction of a dioxygen molecule with two Fe(II)TSPc mole-
cules is possible, leading to the fourth oxidation state of the FeTISPc mole-—
cule, with simultaneously some direct reduction of dioxygen to water. The
u-oxo FeTSPc dimers dissoclate only appreclably at potentials more cathodic
than for the reduction to Fe(I)TSPc [chapter 8].

In chapter 9, a comparison is made between the polarographic behaviour,
and the voltammetric behaviour of a RDE with a graphite disc, both recorded in
a dioxygen-saturated solution. In comparison with mercury. the graphite
surface shows an “inhibition" of the dioxygen reduction. The adsorption of a
catalyst llke CoTSPc cancels the "inhibition”, while adsorptién of FeTSPc also
increases the selectivity (the ratio between water and hydrogen peroxide
formed). Dissolving FeTSPc into the electrolyte changes the polarographic
behaviour such that more water is produced.

gBlectroreflectance spectroscopy. performed on FeTSPc, adsorbed at the
basal plane of stress amnnealed pyrolytic graphite, is described in chapter 10.
The spectrum obtained for the redox couple Fe{(I)TSPc/Fe(II)TSPc is similar to
the spectrum composed from the absorption spectra of both components. The
other electroreflectance spectrum (Fe(II)TSPc/Fe(I1I)TSPc) cannot be construc-—
ted from the absorption spectra of the components, indicating that the adsorp-—
tion of FeTSPc on graphite changes the optical properties of the complex.

In situ light absorption measurements at FeTSPc/polypyrrole layers result
in spectra, which make the presence of FeTSPc dimers, proposed in chapter 7.

more acceptable [chapter 11].
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This thesis ends with some concluding remarks about the research of the
electrocatalysis of the dioxygen reduction. This also includes the discussion
of the dimeric reduction mechanism, as proposed for FeTSPc, in a more general
way .

The difference in selectivity between CoPc and FePc could be explained by
the fact that the dioxygen adduct of FePc has, contrary to the adduct of CoPc,
a neutral character. But, it is pointed out that also the redox potential of
the complex has an influence on the selectivity.

The stability of FePc {or FeTSPc) under dioxygen reducing conditions is
too small for practical application. Probably. this is due to the instability
of FeTSPc (FePc) in the higher valence states (Fe(III)TSPc and Fe(IV)TSPc)
[chapter 12].
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samenvatting

De reduktie van zuurstof is voor de energieconversie een belangrijke
reaktie. In een brandstofcel wordt de chemische energie van de brandstof
rechtstreeks omgezet in elektrische energie. In deze cel wordt aan de kathode
de zuurstof gereduceerd. Hoewel deze reaktie thermodynamisch gqunstig ligt.
verloopt‘hij traag.,Ketaal—ftalocyaninen. waaronder dile van cobalt en ijzer
{CoPc en FePc), kunnen de zuurstofreduktie katalyseren [hoofdstuk 1].

In dit proefschrift wordt de interaktie tussen zuurstof en deze metaal-
complexen beschreven. Een literatuuroverzicht laat zien dat de zuurstofreduk-
tie, gekatalyseerd door CoPc, leidt tot waterstofperoxyde. terwijl aan FePc
{in loog) hoofdzakelijk water als eindprodukt ontstaat [hoofdstuk 2]. In dit
hoofdstuk worden ook lichtabsorptiespectra van cobalt- en ijzer-tetrasul-
fonato-ftalocyanine (Co- en FeTSPc) besproken.

In hoofdstuk 3 worden theoretische modellen behandeld voor de beschrij-
ving van de adsorptie van zuurstof aan metaal-chelaten. Voor CoPc besluit men
meestal tot een zogenaamde “end~on" (bent) binding van het zuurstofmolekuul
aan het metaal-atoom. In de elektronenstruktuur blijkt na adéorptie een
verschuiving te zijn opgetreden van cobalt naar zuurstof, zodat deze laatste
gedeeltelijk negatief geladen is. Voor FePc blijkt een "side-on" binding theo-
retisch ook mogelijk te zijn, hoewel beschouwingen die gewijd zijn aan zuur-
stofbinding aan andere ijzer—chelaten “"end-on® (bent) aangeven als de meest
gunstige configuratie. Vaak wordt aangenomen dat de ladings-scheiding in het
zuurstofaddukt van FePc kleiner is dan in het geval van CoPc.

Hierna worden de gebruikte mestmethoden, zoals de roterende ring-schijf-
elektrode techniek en de in situ lichtabsorptiespectroscopie, behandeld
{hoofdstuk 4].

Uit een vergelilking van de resultaten van verschillende elektrode-berei-
dingswijzen, zoals: vaculimdepositie, irreversibele adsorptie, inbouwen in een
geleidend polymeer, verdamping van het oplosmiddel en impregnatie van poreuze
kéol. blijkt dat het aantal beschikbare aktieve sites sterk kan afwijken van
de hoeveelheid aanwezlige katalysatormolekulen. Tevens is er een relatie afge-
leid tussen de halfwaardepotentiaal voor de zuurstofreduktie en het aantal
aktieve sites [hoofdstuk 5].

De zuurstofreduktie aan een irreversibel geadsorbeerde laag van Co- en
FeTSPc aan grafiet is onderzocht als een funktie van de bedekking. Bij een
kleine bedekking wordt een kinetische limitering waargenomen, die zowel met
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een langzame chemische stap als met een trage diffusie van zuurstof over het
elektrode-oppervlak naar een aktieve plaats beschreven kan worden. Dit laat-
ste model leidt voor FeTSPc tot de conclusie dat er zeer aktieve (dimere) en
minder aktieve (monomere) sites op het elektrode—oppervlak aanwezig zijn
[hoofdstuk 6].

FeTSPc, geincorporeerd in polypyrrool, vertoont in zuur milieu (0,05 M
HZSO4) een hogere aktiviteit dan wanneer het geadsorbeerd is aan grafiet.

De aktiviteits-toename wordt toegeschreven aan de aanwezigheid van FeTSPc-
dimeren in polypyrrool [hoofdstuk 7].

Spectro—elektrochemische metingen tonen aan dat in een FeTSPc-oplossing
(0,05 M HZSO4) Fe(III)TSPc en p—oxo FeTSPc-dimeren voorkomen. Na de elektro-—
chemische reduktie tot Fe(II)TSPc treedt er zuurstofadsorptie op, waarna het
gevormde addukt bij een iets kathodischer potentiaal dan de redoxpotentiaal,
behorende bij het oorspronkelijke Fe(III)TSPc, gereduceerd wordt. Uit
roterende ring-schijf-elektrode metingen kan geconcludeerd worden dat het
reduktieprodukt voornamelijk waterstofperoxyde is. Ook blijkt dat er
Fe(IV)TSPc (of Fe(III)TSPc+) gevormd wordt. Deze valentietoestanden kunnen
ontstaan uit de reaktie van Fe(II)TSPc (of eventueel Fe(III)TSPc) met
waterstofperoxyde, maar ook is een reaktie van een zuurstofmolekuul met twee
Fe(II)TSPc—molekulen mogelijk, waarbij de vierwaardige oxydatietoestand van
het FeTSPc-molekuul ontstaat, terwijl tegelijkertijd enige direkte reduktie
van zuurstof naar water optreedt. De p-oxo FeTSPc-dimeren ontleden alleen
merkbaar bij potentialen die meer kathodisch zijn dan die voor de reduktie
naar Fe(I)TSPc [hoofdstuk 8].

In hoofdstuk 9 wordt een vergelijking gemaakt tussen het polarografische
gedrag, en het voltammetrische gedrag van een roterende grafiet-elektrode,
beide gemeten in een zuurstofverzadigde oplossing. Opvallend hierbij is dat
grafiet, in vergelijking met kwik, een inhibitie van de zuurstofreduktie te
zien geeft. De adsorptie van een katalysator als CoTSPc heft deze inhibitie
op, terwijl de adsorptie van FeTSPc ook de selektiviteit (de verhouding tussen
de hoeveelheid geproduceerd water en de hoeveelheid gevormd waterstofperoxyde)
verhoogt .Door het oplossen van FeTSPc in het elektrolyt verandert het polaro—
grafische gedrag zodanig dat er meer water wordt geproduceerd.

De elektroreflektie-spectroscopie, uitgevoerd aan FeTSPc geadsorbeerd op
het “"basal plane of stress annealed pyrolytic grabhite". wordt beschreven in
hoofdstuk 10. Het gemeten spectrum voor het redoxkoppel Fe(I)TSPc/Fe(II)TSPc

is identiek aan het spectrum dat kan worden samengesteld uit de absorptie-

148



. spectra van de komponenten. Het andere elektroreflectie~spectrum (Fe(II)TSPc/
Fe(III)TSPc) kan niet geconstrueerd worden uit de absorptiespectra van de
komponenten, wat erop duidt dat de adsorptie van FeTSPc aan grafiet de
optische grootheden van het complex verandert.

In situ lichtabsorptiemetingen aan FeTSPc/polypyrroollagen resulteren in
spectra, die de in hoofdstuk 7 veronderstelde aanwezligheid van dimeren nog
meer aannemellik maken [hoofdstuk 11].

Dit proefschrift eindigt met enige slotopmerkingen over het onderzoek
naar de elektrokatalyse van de zuurstofreduktie. Dit houdt ook in de bespre-
king van het dimere zuurstofreduktiemechanisme, zoals voorgesteld voor FeTSPc,
op een meer algemene manier. Het verschil in selektiviteit tussen CoPc en FePc
kan verklaard worden uit het feit dat het zuurstofaddukt van FePc, in tegen-
stelling tot het addukt van CoPc, een neutraal karakter heeft. Maar ook wordt
gewezen op de mogelijke lnvloed van de redoxpotentiaal van de complexen op de
selektiviteit.

De stabiliteit van FePc of FeTSPc onder zuurstofreducerende omstandig-
heden is te gering voor praktisch gebruik. wWaarschijnlijk is dit het gevolg
van de instabiliteit van Fe?SPc (FePc} in hogere valentietoestanden
(Fe(III)TSPc en Fe(IV)TSPc) [hoofdstuk 12].
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Curriculum vitae

De schrijver van dit proefschrift is geboren op 21 februari 1958 te
Sleen. Na het behalen van het diploma V.W.0. aan de Christelijke Scholen-
gemeenschap voor Z.0. Drenthe te Emmen begon hij in september 1976 met de
studie Scheikunde aan de Rijksuniversiteit te Groningen. Hl1j specialiseerde
zich in de Fysische Chemie en op 10 februari 1983 legde hij het doctoraal
examen af. Op 1 september van hetzelfde jaar startte hij., bij de vakgroep
Elektrochemie van de Technische Universiteit te Elndhoven, met het promotie-
onderzoek, waarvan dit proefschrift het resultaat is.

Op 11 mei 1984 trad hij in het huwelljk met Llizette Platzer.
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STELLINGEN

Beschouwingen over de mogelijke elektrokatalytische aktiviteit van een
polypyrroolfilm dienen Vergezeld te gaan van gegevens over de dikte en de
porositeit van de film. )

- K. Okabayashi, 0. Ikeda and H. Tamura, J. Chem. Soc. Chem. Comm. {1983)
684. “

- R.C.M. Jakobs, Proefschrift: "The polymer modified electrode, charac-
terization and electrocatalytical possibilities of polypyrrole”,
Technische Universiteit Eindhoven, Eindhoven (1984).

~ Hoofdstuk 7 van dit proefschrift.

Bij de analyse van het zuurstofreduktieproces aan cobalt-tetraazaannuleen
gaat Wiesener ten onrechte uit van “"side-on" adsorptie van het zuurstof-
molekuul op het cobalt-ion.

- K. Wiesener, Sov. Electrochem. 18 (1982) 672.

- Hoofdstuk 3 van dit proefschrift.

Zowel zuurstofadditie aan cobalt-tetrasulfonato-ftalocyanine als dimeri-

satie van het cobalt-chelaat zelf, beinvloeden het lichtabsorptiespectrum.

Daar deze effecten door Simic-Glavaski et al. niet van elkaar worden

gescheiden, vormt hun bespreking van de spectra een dulster geheel.

- B. Simic-Glavaski, S. Zecevic and E. Yeager, J. Electroanal. Chem. 150
(1983) 467.

Vanwege het mogelijk-zijn van oppervlakreorganisatie en eventueel het

oplossen van zelfs edelmetalen bij potentialen lager dan hun redoxpoten-—

tiaal, geven voorbehandelingsprogramma's, waarbij een potentiaalbelasting

van de elektrode wordt toegepast, geen reproduceerbaar metaaloppervlak.

- R.M. Cervino, W.E. Triaca and A.J. Arvia, J. Electroanal. Chem. 182
(1985) 51. ‘

Degrez et al. houden ten onrechte geen rekening met het feit dat de

kinetiek van de elektrochemische depositie van koper uit een zuur koperbad



10.

bij hoge stroomdichtheid sterk wordt beinvloed door de vorming van
geadsorbeerde waterstofatomen en/of moleculaire waterstof.

- M. Degrez and R. Winand, Electrochim. Acta 29 (1984) 365.

Wanneer in een bemonsteringsexperiment (het toelaten van een gasmonster
met een atmosferische druk door een kleine opening in een vacuiimkamer van

een massaspectrometer) geen rekening gehouden is met de supersonische

uitstroming, dienen de resultaten zeer kritisch te worden geévalueerd.

- J. Skalny and R.S. Sigmond, Proc. Int. Conf. Phys. Ion. Gas. (1983) 554.
~ B. Gravendeel, Proefschrift: "Negative Corona Discharges, a fundamen-

tal study", Technische Universiteit Eindhoven, Eindhoven (1987).

Titels als "Dat boek leest erg vlot", welke frequent voorkomen in
taalkunde-tijdschriften, zijn wel boeiend maar niet informatief voor een
aankomend neerlandicus.

- P.C. Paardekooper, De nieuwe taalgids 76-3 (1983) 193.

vakbonden beijveren zich alleen voor de huidige generatie werknemers,
getuige het feit dat de afspraak "geen gedwongen ontslagen maar inkrimping

door natuurlijk verloop" door hen als een overwinning wordt beschouwd.

Het door de (gemeentelijke) overheid‘niet meer registreren van de kerke-
lijke gezindte van de burger leidt niet tot een verhoging van zijn
privacy, omdat kerkelijke genootschappen als\reactie hierop een centraal
registratiesysteem opzetten dan wel hun bestaand registratiesysteem

perfectioneren.

Veel wetenschappers kunnen geen weerstand bieden aan de verleiding om

supergeleiding te onderzoeken.

Eindhoven, 11 december 1987 Bert Elzing



