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A. INTRODUCTION

Metallophthalocyanines and other macrocyclic transition metal complexes of
similar structure are well known as catalysts for both homogeneous and hetero-
geneous chemical reactions [1-5]. In most cases, these reactions involve the transfer
of electrons. In the case of oxidations, the reaction is promoted by molecular oxygen
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and mediated by phthalocyanine, which interacts with the molecule to be oxidized.
If the metallophthalocyanine is attached by some suitable means to an electronic
conductive surface such as an electrode, one might expect to observe catalytic activity
for an electrochemical reaction, modifying in this fashion the electrode surface.

The first reaction studied using these complexes was the reduction of molecular
oxygen. Jasinsky, in the mid-1960s [ 5,6] reported catalytic activity for Co-phthalocya-
nine for O, reduction. This finding led to extensive research in many places in the
world on metal chelates as possible electrocatalysts for the reduction of O, a reaction
of technological importance in the development of fuel cells. The topic has been
reviewed by several authors [7-10]. The aim of many electrochemical investigations
on metallophthalocyanines has been to obtain active materials that could replace
platinum and other expensive substances as catalysts for the oxygen cathode in fuel
cells.

Metallophthalocyanines constitute a promising class of catalysts and they
present some advantages over metal and metal oxides, not only because of the cost
but also because they provide very interesting models for theoretical and experimental
studies since their catalytic action can be described in terms of more definite parame-
ters such as chemical structure, chemical and physical properties, their reactive
centres can be identified, and their activity can be correlated to their activity in some
chemical reactions that do not involve electrode surfaces. Figure 1 illustrates the
structures of some metallophthalocyanines that have been studied for the electrocata-
lytic properties of O, reduction and other reactions. M-phthalocyanines (M-Pcs) are
insoluble in water and they have been incorporated on electrodes by vacuum sublima-
tion, vapour deposition or by precipitation or adsorption from a solution in an
organic solvent or concentrated acid [7-10]. Water-soluble M-tetrasulphonated
phthalocyanines (M-TSPcs) are irreversibly adsorbed on graphite surfaces from
aqueous solutions [10]. Naphthalocyanines are incorporated on electrode surfaces
by methods similar to those for M-Pcs. Polyphthalocyanines result from polymeriza-
tion of M-Pcs by heat treatment in the presence of carbon powders and the electrode
is then made with the resulting mixture [7].

Most of the work reported in the literature has been directed towards the
oxygen reduction reaction and there are still relatively few papers published on the
catalytic activity of these metal chelates for other electrochemical reactions. However,
it has been demonstrated that some phthalocyanines and related macrocyclic com-
plexes can promote the electro-oxidation of formic acid [7,11], CO [7,11-14], SO,
[15-17], oxalic acid [18], hydrogen [19,20], hydrazine [7,11,21-26], mercapto-
ethanol [27], cysteine [22,28—30] hydroxylamine [25,31], glycine, alanine, and tyro-
sine [32], the evolution of oxygen [33], the reduction of H,0O, [34] and the
electroreduction of CO, [35-38], cystine [28,39], alkylchlorides [40,41], molecular
nitrogen [42], N, O [43], NO [44], nitrate ions [45], thionyl chloride [46-60] and
sulphuryl chloride [49]. It could be considered that the investigations on the electro-
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Fig. 1. Structures of some metallophthalocyanines.

catalytic activity of metallophthalocyanines for reactions other than the reduction
of dioxygen are far from complete and there is a great variety of reactions to be
studied using catalysts of this type.

Metallophthalocyanines are also promising for promoting photocatalytic reac-
tions. They can act as spectral sensitizers deposited on semiconductor electrodes
[61-78] so their applicability not only involves fuel cells but also solar energy
conversion devices. The colour change of phthalocyanines following the oxidation
state of the macrocyclic ligand has been recognized for some time and has opened
up new investigations for its applications in electrochromic displays [79-81]. Related
to this ability, the rare earth diphthalocyanines are noticeable by an electrochromic
reversibility which allows their use as electro-optic transducers in plate screens
[82-84]. Phthalocyanines are also promising as electrode materials not only as
catalysts but as reactive species in lithium cells [85-87]. Combined with a lithium
anode in an electrochemical cell, low-molecular unsubstituted phthalocyanines have
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shown discharge capacities ranging from 17 [86] to 26 equivalent electrons per
-phthalocyanine molecule [87].

B. OXYGEN REDUCTION ON METALLOPHTHALOCYANINES
(i) Theoretical aspects

The electrochemical reaction involving metal phthalocyanines as catalysts that
has received by far the most attention in the literature is the electro-reduction of
oxygen. This reaction takes place in the cathode in most known fuel cells and
provides the maximum energy when the oxygen molecule is completely reduced to
water via four electrons with a standard potential of 1.229 V vs. NHE. This reaction,
which appears to be simple, is, in fact, rather complex. It proceeds via high-energy
intermediates which slow down the overall reaction. On most electrode materials, it
stops after the transfer of two electrons to give hydrogen peroxide with a standard
potential of 0.695 V vs. NHE. If the reaction proceeds via two electrons, it provides
nearly half of the energy given by the four e~ reduction. Finding non-noble metal
catalysts that promote the overall 4-¢ reduction of the oxygen molecule is one of the
main tasks of the current research in the area. The tendency of the O, molecule to
be reduced to H, O, on most electrode materials is probably a consequence of the
high stability of the O—O bond, which has a dissociation energy of 118 kcal mol 1.
In contrast, the dissociation energy of the O—O bond in H,O, is only 35 kcal
mol~! . The O, molecule can be described according to the molecular orbital
diagram shown in Fig. 2 [88-89]. According to Hund’s rule, in the ground-state O,
posseses two unpaired electrons located in a doubly degenerated n* antibonding
orbital. This corresponds to a triplet state. The O—O bond formed by a = bond
between the 2p atomic orbitals consisting of a ¢(30,)* bond with two electrons and

Fig. 2. Molecular orbital diagram of the oxygen molecule in the ground state. (Adapted from refs. 88
and 89)
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two mn(1m,)*(m,)* with three electrons each. These interactions give rise to a pair of
bonding electrons and one anti-bonding on the same plane. The bond order is two.
When O, undergoes reduction, the electrons added occupy anti-bonding orbitals,
decreasing the bond order for O—O. This increases the O—O distance and the
vibrational frequency decreases. The excess of bonding over non-bonding electrons
in the diagram of Fig. 2 is four. This explains the high stability of the O, molecule
and its relatively low reactivity, in spite of its high oxidizing power. Furthermore,
the spin conservation principle restricts the reactions in which O, can participate.
Dioxygen in its ground triplet state will lead to a triplet molecule when interacting
with a singlet molecule. The life of the intermediate formed must be much greater
than the time of a vibration in order to give a singlet state product. This is why
oxygen acts as a one-electron oxidant instead of a two- or four-electron oxidant. The
spin restriction can be overcome upon coordination of the O, molecule to a metal
centre which, for our purposes could be surrounded by a macrocyclic ligand such as
the phthalocyanine. The plausible 1:1 and 2:1 metal-dioxygen complex structures
are illustrated in Fig. 3. Geometries 1 and 2 have been shown to give similar bonding
patterns: each exhibits one ¢ and one n interaction. The Griffiths model [90] (1),
involves a side-on interaction of O, with the metal. The bonding (see Fig. 4) can be
viewed as arising from two contributions: a ¢ type of bond formed by the overlap
between a mainly = orbital of oxygen and dz? (and s) on the metal and a n backbond
interaction between the metal dzn orbitals and the partially occupied =* antibonding
orbital on O,. In the Pauling model [91] (2), an end-on interaction of O, with the
metal forming an angle close to 120° is proposed. This has been verified by crystallo-
graphic studies of O, adducts of metal complexes [92]. In this model, a g-rich orbital
of dioxygen donates electron density to an acceptor orbital dz2 on the metal, forming
a o-type bond. A = interaction is also produced between the metal dn (dxz, dyz)
orbitals and 7* on dioxygen, with charge transfer from the metal to the O, molecule.
The principal difference between geometries 1 and 2 are then steric factors and the
nature of the ¢ bond formed. Both geometries can be viewed as exhibiting the strong
o donation of an electron pair from dioxygen but with different donor orbitals being

O M
L / . v
o\/oc,> /oo\ /oo

M M M

1 2 3 4

Fig. 3. Possible configuration of dioxygen interaction with a metal in a complex.
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Fig. 4. Molecular orbitals involved in different interactions of O, with a metal centre.

considered: the geometry preferred must then largely be determined by the relative
donating abilities of the filled = (geometry 1) and o (geometry 2) dioxygen orbitals.
Following Tatsumi and Hoffman [93], the bonding in the 2:1 complexes can be seen
as arising from the interaction between the d-block orbitals on the metal with n*,
and combinations of lone pair orbitals on O,. The factors that govern the particular
geometry, either bridge (3) or trans (4), can be traced by following the effect of lower
symmetries on singlet and triplet dioxygen orbitals [94]. For macrocyclic ligands,
such as porphyrins and phthalocyanines, steric effects can also be of great importance.

The bridge interaction was proposed by Yeager [95-97] and it is likely to
occur on noble metals such as Pt where O, is reduced to water with little or no
peroxide formed. A trans configuration is likely to occur with some cobalt phthalocy-
anines which form adducts with O, in solution [98-102]. Trans geometry is known
to occur on a large series of dimeric cobalt dioxygen complexes [103]. Face-to-face
porphyrins such as the ones reported by Collman et al. [104,105] and Chang and
co-workers [106] are most likely to form these bridge configurations with O, and
it will be discussed later that this type of interaction promotes the rupture of the
O—0 bond. A Griffith type of interaction could also lead to the rupture of the O—O
bond. Some organometallic complexes described by Vaska [92] are known to form
adducts with O, with a side-on interaction, as corroborated by X-ray studies.
However, these compounds do not exhibit any catalytic activity for O, reduction,
probably because the interaction leads to a stable adduct.

The interaction of the metal with the O, molecule is influenced by the electron
density on the metal, which is obviously affected by the nature of the ligands, which
determine the ligand field strength. From our previous discussion, the metal complex—
O, bonding factors that influence the character of the d orbitals on the metal will
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have obvious consequences not only on the particular structure chosen but also on
the ability of the metal complex to bind oxygen. Indeed, it is well known that the
presence of = donors as a fifth ligand on phthalocyanines [107-112] increases their
catalytic activity towards O, reduction. Another important factor is the particular
symmetry of the ligand field which can alter the relative position and energy of the
metal d levels and thus affects the overlap of these orbitals with the right orbitals
of O,.

Most of the experimental structures of the transition metal deoxy systems show
only small deviations from the fourfold symmetry [112,113]. According to the work
published in the literature, the complexes of Fe and Co show the highest electrocata-
lytic activity [114-147]. With phthalocyanines generally, the iron derivatives [7—
10,129,130,135-137,144,145] are more active than cobalt complexes, whereas with
porphyrins, the opposite is true in most cases [138]. Manganese chelates also show
high activity, in some cases comparable with that of iron [137], but according to
some authors [122,123,131,1407], the activity diminishes with time.

It is clear at this point that a complete understanding of the nature of catalytic
and electrocatalytic processes on metal macrocycles requires a detailed study of their
electronic structure. There have been a considerable number of quantum-mechanical
calculations on both porphyrins and phthalocyanine metal deoxy and oxy systems,
but despite these efforts there are many unresolved questions.

Bonding in these tetradentate ligand systems can be viewed as arising from a
¢ coordination of nitrogen lone pairs with the metal and a = interaction of metal
p-m and d-z with nitrogen p-n orbitals [ 148]. The smaller ring size, and consequently
the smaller indole nitrogen—metal distances, gives rise to a larger ligand field in
phthalocyanines compared with porphyrins. As a consequence, the d,._,. metal
orbital is strongly destabilized in the former due to the antibonding mixing between
the mostly d orbitals with the appropriate symmetry ring MOs. The characterization
of the ground electronic structure of the deoxy systems (and obviously the oxysystems)
is still in doubt in some cases. Especially controversial are the Mn and Fe systems.
Relevant to this problem appear to be the works of Coppens and co-workers [149-
151] on relating transition metal orbital populations with X-ray diffraction data (and
the spin-unrestricted X-a calculations on Fe porphyrin systems by Sontum et al.
[152]. Finally, the mixing between d-n orbitals on the metal and p orbitals on indole
nitrogens could provide a mechanism for back-bonding charge transfer from the
metal to the ring, diminishing the electronic density at the metal and then its activity
toward dioxygen. Experimental evidence in support of or against a significant metal
n ring 7 back bonding has been discussed for the iron—porphyrin complexes
[153,154,190-193]. Theoretical results on that problem consider Fe and Mn systems
[154] but the information is not definitive. Clearly, more work is needed in order to
identify the electronic structures that are responsible for the different behaviour of
this macrocyclic compound.
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(ii) Redox properties of phthalocyanines and electrocatalytic activity for O, reduction

The redox properties of metal phthalocyanines have been studied by many
authors [155-189]. First-row transition metal phthalocyanines differ from those of
the main-group M-Pcs due to the fact that metal “d” orbitals may be positioned
between HOMO and LUMO of the phthalocyanine (Pc™?) ligand [190-193]. This
has been well established by several papers published by Lever et al
[155-163,173,181,182]. According to these studies, oxidation and reduction processes
occurring on the metal in the phthalocyanine are expected only for Mn, Fe and Co
derivatives. M(II)/M(I) and M(III)/M(II) reversible couples are observed for Co and
Fe phthalocyanines and their tetrasulphonated parents. According to Lever et al.
[158,173] only the Mn(III)/M(II) is observed for Mn phthalocyanines and not the
Mn(II)/M(T) couple. For Cr, Ni, Cu and Zn phthalocyanines, redox processes take
place on the phthalocyanine ring. In some circumstances, the Cr(IIT)/Cr(II) couple
can be observed [183(b)].

Randin [194] and Beck [195] have explained the catalytic activity for O,
reduction of phthalocyanines of different metals on the basis of a redox—catalysis
type of process where the redox potential of the central metal ions plays a crucial
role. According to these authors, during the adsorption of O, the metal ion in the
phthalocyanine is oxidized, thereby reducing the O, molecule according to the
scheme:

M(ID) + O, —» [M{II))* O ] 4y
[M(III)* O; ]— products + M(II)* 2
M(ID* + e~ =M(II) €)

In order to account for supplementary experimental evidence, a somewhat modified
model is proposed by Beck [195] in which the central metal ion could also be
partially oxidized. According to reaction (1), the potential at which O, is reduced
should be closely related to the M(III)/M(II) redox potential of the central metal ion.
However, only in relatively few cases have these redox potentials actually been
measured in the same electrolyte in which the O, reduction was studied. In most
cases, as reported by Randin [194], these redox potentials were measured in non-
aqueous solvents. The effect of pH on the redox potential in such water-free media
is rather difficult to translate to that of the pH of water as a solvent. Moreover, the
solution electrochemistry of phthalocyanines might differ from that when the complex
is adsorbed or immobilized on an electrode surface. For example, Ni and Anson
[196] have shown a 340 mV difference between a dissolved and an adsorbed cobalt
porphyrin. Furthermore, correlations should be valid on the basis of this model only
for those phthalocyanines that show redox processes occurring on the metal. Linear
correlations, which are illustrated in Fig. 5, found by Randin [194] included Ni and
Cu phthalocyanines and are debatable on the ground of the redox catalysis concept.
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Fig. 5. Electrocatalytic activity for O, reduction shown by Fe, Co, Ni and Cu-Pc plotted vs. the first
oxidation potential of the phthalocyanine. (Adapted from Randin [194].)

Van Veen et al. [12,131,138] using phthalocyanines and porphyrins of different
metals, instead of finding linear correlations found curves that exhibit a maximum
activity for metal chelates having intermediate M(III)/M(II) redox potentials. These
volcano-shaped curves are illustrated in Figs. 6 and 7. Similar correlations between
0, reduction and the redox potential are found if both processes are investigated in
the same electrolyte. An example of such a work has been published by Yeager and
co-workers [133-135], Zagal et al. [136,137], van der Putten et al. [197], and Savy
and co-workers [198,199].

Figure 8 includes redox voltammetric data taken from ref. 136 and obtained in
aqueous solution for phthalocyanines and tetrasulphophthalocyanines of Cr, Mn,
Co and Fe adsorbed on a graphite electrode. The reversible voltammetry peaks
labelled 1 correspond to the M(III)/M(II) process and peaks 2 to M(II)/M(I) even
though, in the case of Mn phthalocyanines, it could correspond to an electron transfer
process involving the ligand [158]. Figure 9 shows a curve that correlates the M(III)/
M(II) redox potential of the metal chelates with their catalytic activity for O,
reduction, expressed as potential at constant current. A volcano-shaped curve is
observed. Figures 6, 7 and 9 illustrate very clearly that the M(IIT)/M(II) redox couple
must be in the appropriate potential window in order to achieve catalytic effects.
Volcano-shaped curves are common in chemical catalysis and electrocatalysis where
activity is generally plotted against the heat of adsorption of a precursor or intermedi-
ate [200,201]. In the present case, the redox potential of the metal is probably
correlated with the heat of adsorption of O, on the metal centre in the phthalocya-
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Fig. 6. Electrochemical activity for O, reduction of M-Pc plotted vs. the first oxidation potential of the

metallophthalocyanine. (Adapted from van Veen and Visser [131].) Phthalocyanines deposited on Norit
BRX carbon black electrodes.

nine. Recently, Savy and co-workers [198,199] have suggested that the M{IT)/M(I)
and not the M(III)/M(II) reversible couple is the one that plays the key role in
determining the catalytic activity of M-Pc. Even if one plots the M{II)/M(I) redox
potential against catalytic activity, the shape and maximum of the curves in Figs. 6,
7 and 9 should be about the same. Savy and co-workers worked with naphthalocya-
nines [198,199] but the ligand in this case should not affect the correlations found
here.

The overall four-electron reduction of molecular oxygen in acid aqueous solu-
tion is:

0, +4H* +4e=2H,0 Eq=1229V @

In alkaline solution, O, reacts with water to give OH~ ions with E;=0401V.
Under exceptional conditions, the thermodynamic reversible potential for the four-
electron reduction of oxygen has been achieved under open-circuit conditions but it
is not generally the situation. The oxygen reduction process is not a reversible one
in aqueous solutions and on most electrode surfaces proceeds via the transfer of two
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Fig. 7. Electrocatalytic activity of several metallophthalocyanines and metalloporphyrins for the reduction
of O, plotted vs. the M(III)/M(II) redox potential. (Adapted from van Veen et al. [138].) TPP = tetraphe-
nylporphyrin; OEP = octaethylporphyrin. Complexes deposited on Norit BRX carbon black electrodes.

electrons to give peroxide as the main or only product of the reaction, i.e.:
0,+2H* +2¢=H,0, E,=0695V %)

The main interest in the electrocatalysis of O, reduction is finding electrode surfaces
that promote the four-electron process since more energy is released in that reaction
if, for example, O, is employed in the cathode in a fuel cell. The four-clectron
reduction of oxygen directly to water has been achieved using dicobalt cofacial
porphyrin dimers adsorbed on graphite [104-106,202] and these studies have demon-
strated the importance of the formation of a configuration involving the interaction
of the oxygen molecule with two metal centres simultaneously. Unfortunately, these
sorts of porphyrin dimer tend to lose their activity with time. Since the phthalocyanine
nucleus is likely to be more stable [159], they look more attractive as possible
catalysts for O, reduction. Binuclear phthalocyanines have been synthezised by Lever
and co-workers [203,204]. The presence of two metal centres separated by a proper
distance to promote the splitting of the O—O bond and then the four-clectron
reduction of oxygen seems not to be a necessary requisite since reduction directly to
water has been observed on iron [128-130,135,136,144,145,205-208] and manganese
phthalocyanines [137,205]. In the case of iron phthalocyanines, some authors have
attributed this to the catalytic activity of Fe-Pc in chemically decomposing the
peroxide generated electrochemically on the electrode surface and giving an apparent
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four-electron reduction for O,. In fact, it has been found that the catalytic activity
for O, reduction of several phthalocyanines and porphyrins is directly correlated
with their activity for peroxide decomposition. This can be seen in Fig. 10, taken
from ref. 131.

Cobalt phthalocyanines behave differently from their Fe parents as they only
promote the two-electron reduction [132-134,142,143,209-213] and could serve to
solve this question. Investigations carried out with mixtures of Co and Fe phthalocya-
nines in different proportions [208] have indicated that these two catalysts, when
co-adsorbed on the graphite substrate, behave independently, i.e. the peroxide gener-
ated on the Co centres is not decomposed on the Fe centres, which shows that Fe
phthalocyanine is a true four-electron reduction catalyst for O,, at least at low
overpotentials, close to the Fe(III)/Fe(Il) couple. The results are summarized in
Fig. 11, which shows that the H, O, yield varies linearly with the fraction of Co-
TSPc co-adsorbed in a Fe-TSPc/Co-TSPc mixture. It is difficult to explain the
splitting of the O—O bond if dioxygen interacts with only one Fe site at the time. It
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Fig. 9. Electrocatalytic activity of metallophthalocyanines for O, reduction vs. redox potential of the
metal. (Adapted from refs. 137 and 205.)

is feasible that dimers are formed on the surface of the electrode as suggested by
Yeager [95,96]. Another possibility is that dioxygen interacts side-on with the iron
centre in the phthalocyanine (see Fig. 2). Semi-empirical all-valence electron calcula-
tions conducted by Sabelli and Melendres [110] have suggested that the side-on
configuration is preferred to the end-on bonding in iron phthalocyanine, with the
reverse being true for the oxygen—iron—porphyrin complex. Mn-Pc also promotes
the four-electron reduction of O, at low overpotentials with no detectable amounts
of H,0, [205]. With both Fe and Mn phthalocyanines, the process takes place at
potentials very close to the M(III)/M(Il) reversible couple, whereas on Co and Cr
phthalocyanines [137,205,214], the reduction of O, takes place at a potential far
from that corresponding to the M(III)/M(II) reversible couple and the reduction of
O, proceeds through the peroxide route. Phthalocyanines of metals that do not
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exhibit redox processes, such as Ni, Cu and Zn, show very low activity and O, is
reduced via two electrons to give peroxide [10,137,205,214].

O, reduction on iron phthalocyanines give Tafel slopes of ca. —35mV per
decade (—2RT/3F) which change to —120mV per decade (—2RT/F) at higher
overpotentials. The order in protons is one only in the low Tafel region and the
order becomes zero at higher overpotentials [10,12,13,132,135-137,144,145]. 1t is
interesting to note that a pure four-electron reduction process is only observed in
the low Tafel slope region (—2RT/3F), which is the potential region where the redox
type of catalysis takes place. When the Tafel slope increases to —2RT/F, some
peroxide is formed. The same kinetic parameters are observed for O, reduction on
Mn-TSPc and Mn-Pc [205]. The mechanism proposed by several authors
[10,12,13,132,135-137,144,145] for the —2RT/3F slope potential region is:

M(II)OH + e~ =M(I) + OH fast )
M(II) + O,=M(II)" — 05 fast )
M(IID)* — O5 + e~ — intermediates leading to O—O rupture slow (8)

where M = Fe and Mn.
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Fe-TSPc co-adsorbed on the electrode surface. (Taken from ref. 208 and reproduced by permission of
Elsevier.)

For Fe-Pc, Fe-TSP¢, Mn-Pc and Mn-TSPc, the number of active sites M(II)
is potential-dependent (under Nernstian control) as the reduction of oxygen starts
at potentials close to the M(III)/M(II) couple. Tafel slopes of —40 mV at very low
currents have been also observed by van den Brink et al. [143] on Co-Pc in alkaline
media so the mechanism described above could operate on Co-Pc under those
conditions. For those catalysts where the reaction takes place at potentials much
more negative than the M(III)/M(II) couple, peroxide is the main product of
the reaction, the number of active M(II) sites becomes potential independent,
and only a —120mV per decade (2RT/F) Tafel slope is observed
[10,12,13,133,135-137,142,143]. The transfer of a first one-electron step becomes
rate-controlling:

M(II) + O, + ¢~ - [MI)—O;] rds. ©)

One considerable difficulty encountered in studying the transition metal phthalocya-
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nines as catalysts for O, reduction has been long-term stability. In the case of the
best catalyst, Fe-Pc, the oxidation of Fe(II}-Pc to Fe(III}-Pc increases the rate of
oxidative attack on Fe-Pc by the hydrogen peroxide produced at more negative
potentials [215-217]. Paliteiro et al. [218-221] have studied Pt-Pc, which is much
more stable than Fe-Pc, and have found similar catalytic activity with reduction of
O, via 4-¢ to give water. Even though the kinetic parameters (Tafel slopes of —35 mV
at low overpotentials that change to —130mV at more negative potentials) are
similar to those observed for Fe-TSPc and Fe-Pc [135,205,206], the catalytic activity
of Pt-Pc cannot be understood within the framework of a classical redox film [222]
since the absence of any redox peaks for Pt-Pc films in voltammograms recorded in
the absence of oxygen (as those obtained on other M-Pcs, see Fig. 9) suggests that
a highly specific interaction between oxygen molecules and the Pt-Pc film can occur.
The structure of a-Pt-Pc differs from that of the first-row phthalocyanines in that
the Pt-Pt distance is shorter (ca. 0.38 nm or 0.39 nm in the y form) than the first-
row derivatives (ca. 0.46 nm) [222]. It may therefore be that this structure difference
is enough to bring the Pt—Pt distance into the critical range for cooperative oxygen
reduction, giving, for the initial stages of the mechanism:

Pt-Pc + O, = Pt-Pc—O—O~Pt-Pc (10)

which is essentially similar to what occurs on binuclear face-to-face cobalt porphyrins
[104-106]. The peroxy bridge cannot react by a disproportionation step in the rigid
film and the O—O bond is presumably split by the subsequent electron transfer step
[218]. Rotating disk and rotating ring-disk experiments [219] have shown that the
reduction of oxygen occurs by two parallel mechanisms, with the four-electron
reduction process being dominant. Small amounts of H, O, are detected but the low
activity of the Pt-Pc film towards reduction of H, O, confirms that this is not an
intermediate in the reduction of O, to water.

(iii) Electrocatalytic activity in terms of molecular orbital considerations

The catalytic activity of a metal chelate involving the formation of intermediates
that interact with an active centre should be correlated with the ability of these
complexes to bind extraplanar ligands. As discussed above, the ability of the metal
to form these charge transfer intermediates could be correlated to the redox potential
of the metal. The electronic structure of the metal in the phthalocyanine, which is
obviously related to the redox potential, could serve to explain the activity of
phthalocyanines of different metals. As discussed before, oxygen reduction is favoured
by allowing the O, to accept charge from a filled or half-filled metal d orbital via
back-bonding to the n* orbital and/or to donate charge from the filled # MO to an
empty or half-filled orbital of the metal. This catalytic bond would then be favoured
by filled or half-filled dxz, dyz and dz? orbitals. Formation of this “most favourable”
bond between O, or other reactant molecule at the axial position will further require,
according to perturbation theory [223], that the energies of the predominantly d
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orbitals be the same or of similar energy as those of the intermediate species. Thus
the catalytic activity should be related to the relative energies between the d orbitals
of the metal in the phthalocyanine and the axial ligand, as explained by Hoffmann
et al. [223,224] using symmetry and perturbation theory arguments. Molecular
orbital calculations by Taube [225] using a simple LCAO-MO model indicate that
the energy of the d orbitals in the metal phthalocyanine decreases almost linearly
on going from Mn to Ni. The calculated energies are shown in Fig. 12. This is
expected since the electronegativity increases along the transition metal series from
Mn to Cu. According to Hoffmann, the energy of the z* HOMO of the O, molecule
may lie between the two extremes of the d orbital energies for the transition metal
series (see Fig. 13). One would then expect a volcano-shaped curve if activity is
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Fig. 12. Approximate position of the energy levels of homonuclear diatomics (left) and the first transition
series (right). The metal levels will vary with the ligand and the charge on the metal according to ref. 224.
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plotted for this series going from Cr to Cu. Metals having the d orbitals very different
in energy from that of O, will show lower activity than those lying at energies similar
to the HOMO of O,. Figure 14 shows a plot that illustrates that the assumptions
made above are correct. It also shows that the energy of the d orbitals of Fe in Fe-
TSPc may match with the energy of the corresponding n* orbitals of dioxygen.
Ulstrup [226] has provided an alternative explanation for the catalytic activity
of transition metal phthalocyanines in terms of a mediating role of the catalyst for
the reaction which essentially supports the considerations discussed above, If the
electronic levels of a bare electrode (without phthalocyanines) and the reactant
molecule lie too far apart, the transition of electrons is improbable. The phthalocya-
nine catalyst should then act as a mediator, supplying intermediate electronic levels,
thus increasing the probability of electron transfer.

C. ELECTRO-OXIDATION OF NITROGEN-CONTAINING COMPOUNDS CATALYZED BY

METALLOPHTHALOCYANINES

(i) Electro-oxidation of hydrazine

Similar concepts to those discussed above for oxygen reduction can be applied
to other electrochemical reactions. In principle, any molecule or species that requires



J.H. Zagal|Coord. Chem. Rev. 119 (1992) 89-136 107

Mn Fe

v
<
U
=

Cu

'

o

~J
T

1 1 ] l i A

L 5 6 7 8 9 10
d electrons

Fig. 14. Electrocatalytic activity of different M(II)-TSPs for O, reduction in 0.1 M aqueous NaOH as a
function of the number of d electrons. (Adapted from refs. 137 and 205.)

the interaction with a metal centre or active site in order to undergo an electron
transfer process could react catalytically in the presence of a metal phthalocyanine.
Hydrazine is a highly reactive molecule that can be oxidized via four electrons to
give molecular nitrogen (E, = 1.16 V vs. SHE). It has been used in the anode of fuel
cells [227]). Hydrazine is known to interact with transition metal phthalocyanines
[228] and this has been confirmed by several spectroscopic studies including IR
[229] and EPR [230]. Oxidation of hydrazine by air is also catalyzed by metal
phthalocyanines and tetrasulphophthalocyanines [230-232]. Several studies have
shown that the electro-oxidation of hydrazine to molecular nitrogen is catalyzed by
the phthalocyanines and tetrasulphophthalocyanines of several transition metals
[21-26,137,233].

The redox catalysis concept can also be applied to the oxidation of hydrazine
and the mechanisms proposed [21-26] take into account the M(IT)/M(I) reversible
couple of the metal in the phthalocyanine, i.e.

Co(T)L™ == Co(Il)L + e~ an
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Co(IDL + N, H, == [LCo(I)" (N, H,)* ] (12)
[LCo(I)~(N,H,)*]+ OH™ - products (13)
where L = P¢, TSPc.

M(IL + N,H, - [L-M(D) " (N,H,)*] (14)
[L-M(I)~(N,H,)* 1+ OH~ - L-M(I)-N,H, + H,O + ¢~ (15)
[L-M{D)—N,H,]+ OH™ - M(IIL + N,H, - + H,0 (16)

where L = Pc, TSPc and M = Fe, Mn and Cr.

According to these mechanisms, the metal must be oxidized before accepting charge
from the N,H, molecule. Figure 15 shows a plot of activity versus redox potential
for the M(II)/M(I) couple and a volcano-shaped curve similar to that obtained for
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Fig. 15. Electrocatalytic activity of different metallophthalocyanines for the oxidation of hydrazine in
0.1 M NaOH as a function of the M(II)/M(f) redox potential. (Reproduced by permission of Elsevier
(ref. 26).) Note that according to Lever and Wilshire [156], for Mn the redox process could involve the
ligand.
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the reduction of O,, suggesting that the redox potential of the metal phthalocyanine
plays an important role in determining the activity of the complex.

Molecular orbital considerations similar to those discussed before for O,
reduction should be valid for hydrazine electro-oxidation, but different orbitals for
the axial ligand are involved. The hydrazine non-bonding orbitals responsible for
the oxidation of this molecule results from the n—o* and n*-o orbital mixing due
to the pyramidalization at each N centre as shown in Fig, 16, in which only one of
the hybridizations is depicted. This hybridization changes the original n* character
of the HOMO to a non-bonding orbital similar to the 3,; lone-pair of ammonia
[234]. The resulting MOs are ideally polarized for a ¢ interaction with a metal
orbital such as the dz2 shown in Fig. 16. It is interesting to note that, in contrast to
the O, activation, in this case electron donation is in one direction, from N, H, to
the metal.

Figure 17 shows a volcano curve in which the activity is plotted vs. the number
of d electrons in the metallophthalocyanine. Again, as observed for O, reduction,
the iron complexes show the highest activity. This strongly suggests that the best
match of energies between the metal d orbitals and the hydrazine HOMO occurs
for iron phthalocyanines. This seems to indicate that the energies of the O, and
N,H, HOMOs are not far from each other. In fact, if one plots overpotential for
O, reduction vs. overpotential for N, H, oxidation for each metallophthalocyanine,
a linear correlation is obtained as shown in Fig. 18.

(ii) Electro-oxidation of hydroxylamine

Hydroxylamine is known to interact with phthalocyanines. EPR spectroscopic
studies conducted at low temperature have indicated that hydroxylamine forms stable
adducts with Co and Fe-TSPs [230]. It has also been shown that hydroxylamine is
catalytically oxidized by oxygen in the presence of M-TSPs in aqueous solutions

A

Fig. 16. (A) Orbital mixing of the n* and ¢ orbitals during a planar (D,,) to anti distortion (C,;) of
hydrazine. The most stable structure is obtained upon rotation around the N-N bond yielding the gauche
symmetry (C,;) symmetry. The latter is not depicted in the figure for simplicity. (B) Interaction between
the lone-pair of hydrazine with an empty or half-filled dz? orbital of the metal.
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0.1 M NaOH as a function of the number of d electrons [26]. (Reproduced by permission of Elsevier.)

[230,232,235]. From these results, one would expect that phthalocyanines, when
adsorbed on a graphite electrode surface, would catalyze the electrochemical oxida-
tion of NH, OH. This is indeed the case. Fe-TSPcs has been found to possess some
catalytic activity for the reaction [31] but the catalytic effects are not as pronounced
as those observed for other reactions such as O, reduction and hydrazine oxidation.
This has been attributed to the formation of a “stable adduct” formed between Fe-
TSPc and NH, OH which would block the Fe active sites, preventing new molecules
of hydroxylamine to interact and react. To have pronounced catalytic effects, the
adducts or intermediates have to be labile and decompose quickly to maintain the
catalytic cycle functioning. Electrochemical evidence was found for the formation of
such adducts as the cyclic voltammogram of adsorbed Fe-TSPc is modified in the
presence of small amounts of hydroxylamine. This is illustrated in Fig. 19. It can be
seen that both Fe(Il)/Fe(I) and Fe(Ill)/Fe(I) reversible couples disappear in the
presence of hydroxylamine and there appears between them a new couple which can
be assigned to the electrochemical response of the Fe-TSPc—NH, OH adduct [31].
These results indicate that the energies of the orbitals involved in hydroxylamine are
different from, for example, hydrazine. Studies using different M-TSPcs have shown
that Ni-TSPc shows the highest activity [25], in contrast to what has been found
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Fig. 18. Comparison of the electrocatalytic activity of metallophthalocyanines for O, reduction with their
activity for hydrazine oxidation. Overpotential () for hydrazine oxidation at i =10 pA is plotted vs.
overpotential for oxygen reduction at i = —16 pA. (Adapted from ref. 137,

for O, reduction and N, H, electro-oxidation where Co and Fe derivatives show the
highest activity. These results are summarized in the form of a volcano plot in Fig. 20.
The catalytic effects are small as the reaction rates for the most active M-TSPc is
only seven times greater than the least active ones. This could be explained in terms
of the formation of stable adducts as discussed above. Evidence for the formation of
these adducts has also been found electrochemically for Co-TSPc [236,237].

From the kinetic parameters determined electrochemically, the following mech-
anism has been proposed [25,31,236,237].

M-L + NH,OH » L-M—NH, OH 17)
L-M~NH,OH + OH™ - [L-M-NHOH]~ + H,0 (r.ds) (18)
L = Pc,TSPc

which agrees with a —1 order in protons.
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Fig. 19. Cyclic voltammograms of Fe-TSPc adsorbed on graphite in deaereated 0.5 M NaOH with A, no
hydroxylamine; B,C,D and E with increasing amounts of hydroxylamine, concentrations indicated in the
figure. (Taken from ref. 31 and reproduced by permission of Elsevier.)

D. ELECTROCATALYTIC PROPERTIES OF METALLOPHTHALOCYANINES IN ELECTROCHEMICAL
REACTIONS INVOLVING SULPHUR COMPOUNDS

(i) Electrochemical oxidation of mercaptoethanol

The oxidation of thiols (R—SH) to disulphides (R—SS—R) is an important
reaction and it is involved in oil-sweetening processes and in biological systems.
Transition metal macrocyclics, such as some phthalocyanines and porphyrins
[238-240], are known to promote the auto-oxidation of thiols by oxygen. In particu-
lar, cobalt tetrasulphophthalocyanine has been found to be a catalyst for the
oxidation of 2-mercaptoethanol [241-2487 and other thiols [242,243]. Water-soluble
Co-tetrasulphophthalocyanine (Co-TSPc) readily adsorbs very strongly on certain
polymeric resins and has been used to prepare catalytic surfaces for the oxidation of
mercaptans. These results suggest that metal phthalocyanines adsorbed on graphite
are potential catalysts for the electrochemical oxidation of mercaptans.

R—SH+OH =R—S™ +H,0 (19)
RS"->R-S-+e” (rds) (20)
R-S++R-S§- ->R-S-S-R 21

The slopes range from 0.1 to 0.12 V per decade (ca. 2RT/F), suggesting a
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Fig. 20. Activity as current at constant potential for the electro-oxidation of hydroxylamine in 0.1 M
NaOH as a function of the number of d electrons of different M(II) metallophthalocyanines. (Adapted
from ref. 25.)

common electron-transfer mechanism for all of them. The activity of several metal-
lophthalocyanines is compared vs. the central metal in Fig. 21. A volcano-shaped
curve is obtained. The highest activity corresponds to Co-TSPc. As pointed out
above when discussing O, reduction, the energy of the highest occupied molecular
orbital in metal(II) phthalocyanines decreases almost linearly with the number of d
electrons in the metal complex [225] (see Fig. 12). Considering these factors, the data
in Fig. 21 then suggest that a better match of orbital energies takes place between
Co and sulphur [223]. The energy of the MO for Cr at one extreme is probably too
high, and the opposite is true for Cu. Furthermore, the interaction between the metal
and the sulphur involves transfer of electron density from a sulphur orbital to dz2
and dxz orbitals of the metal. These are filled for Ni, Cu and Zn and this type of
interaction is strongly inhibited for these metals. This could provide another explana-
tion for the lower activity of these M-TSPcs.

The orbitals for the sulphur in an alkane thiol are shown in Fig. 22. Three p
orbitals and an s orbital are fully occupied in the neutral thiol. The pz orbital can
interact with an empty orbital in the transition metal in the phthalocyanine. In the
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Fig. 21. Electrocatalytic activity of several M(II)-TSPcs for the electro-oxidation of 2-mercaptoethanol as
a function of the number of d electrons in the metal. (Taken from ref. 27 by permission of Pergamon
Press.)

case of disulphide, the most stable configuration is that in which the non-bonding
orbitals are at 90° to each other, thus minimizing electron repulsion. In the case of
a disulphide, it is unlikely, for steric reasons, that both sulphur atoms simultaneously
interact with a metal centre in the phthalocyanine. It is most likely that the interaction
takes place via one sulphur atom at a time, inhibiting the electron transfer. This
could explain why this reaction is irreversible (reduction of the disulphide) for
2-mercaptoethanol. As radicals are formed during the reaction, it is possible that the
magnetic properties might have a role in the catalysis as suggested by Randin [194]
for O, reduction on phthalocyanines. This could explain the relatively low activity
of diamagnetic Ni-TSPc compared with paramagnetic Cu-TSPc, inverting the trend
in catalytic activity illustrated in Fig. 21. It can be concluded that cobalt and iron
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Fig. 22. Molecular orbitals in sulphides and disulphides.

phthalocyanines show remarkable catalytic activity for the oxidation of 2-mercapto-
ethanol, which suggests that they are potential catalysts for the electro-oxidation of
other thiols as well. Phthalocyanines of other metals show much less activity, which
demonstrates once more that the electronic structure and energy levels in the metal
play a key role in determining the catalytic activity.

(ii) Electro-oxidation of cysteine and electroreduction of cystine

Cysteine, a sulphur-containing aminoacid R—SH, and its oxidized version
cystine (R—SS—R) play a very important role in living systems and their electrochemi-
cal properties have been studied by many authors.

The catalytic properties of phthalocyanines and tetrasulphophthalocyanines in
the chemical oxidation of cysteine by oxygen have been reported [230,231,249]. The
oxidation product is cystine. EPR studies with Co-TSPc solutions have shown that
cysteine interacts with Co-TSPc¢ [230]. This interaction is likely to occur via the
sulphur atom in the cysteine and a dz? orbital in the metal chelate. Electrochemical
studies conducted with M-TSPcs adsorbed on graphite electrodes have shown that
the phthalocyanines exhibit remarkable activity for the electro-oxidation of cysteine
under different conditions [22,28,29]. Practically no reaction takes place on the
graphite electrode when phthalocyanines are absent from its surface. The oxidation
reaction can then be entirely attributed to catalysis by the metal macrocyclics. Cyclic
voltammetry experiments have demonstrated that cystine formed after the oxidation
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of cysteine can be reduced back to cystine at more negative potentials [29]. The
activity of different M-TSPcs for the oxidation of cysteine and reduction of cystine
is illustrated in Figs. 23 and 24. In both cases, volcano-shaped curves are obtained.

As observed for other reactions, the nature of the metal plays an important
role in determining the catalytic activity. The kinetic parameters found [297 suggest
a mechanistic scheme similar to that proposed for the oxidation of mercaptoethanol
(see reactions (19)—(21)).

(iii) Electrochemical oxidation of glutathione

Glutathione is the most important non-protein thiol in living systems. This
thiol is known to function directly or indirectly in many important phenomena,
including the synthesis of proteins and ADN, transport, enzyme activity, metabolism,
and protection of cells. The multifunctional properties of glutathione are reflected
by the growing interest in this molecule on the part of investigators of such diverse
subjects as enzyme mechanisms, biosynthesis of macromolecules, intermediary metab-
olism, drug metabolism, radiation, cancer research, oxygen toxicity, transport phen-
omena, endocrinology, environmental toxins and aging [2507]. The electrochemistry
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Fig. 23. Electrocatalytic activity of several M(II)-TSPcs for the electro-oxidation of cysteine (R—SH) as a
function of the number of d electrons in the metal. (Taken from ref. 29 by permission of Pergamon Press.)
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of glutathione (G-SH) is known from polarographic studies [251-254]. It undergoes
a one-electron oxidation process to give the oxidized version G—8S—G. On mercury,
however, its behaviour is complicated by the formation of mercurous compounds
and more than one oxidation wave has been observed [251-253]. Evidence for the
catalytic activity of vitamin B,, (which is a macrocyclic cobalt complex) for the
oxidation of thiols has been known for some time [255]. It has been shown recently
[30] that carbon paste electrodes with added Co-Pc can serve as sensors in the
amperometric detection of sulphidryl-containing aminoacids. Glutathione is also
known to inhibit the O, reduction reaction [256] on Fe-Pc—graphite electrodes. It
was suggested that the inhibiting effect is due to the adsorption of glutathione on
the active sites (Fe centres) on Fe-Pc. The electrochemical activity of Co-Pc, Co-
TSPc and vitamin B, ,, adsorbed on graphite have been investigated [257] and their
catalytic activity varies as Vit B,, > Co-Pc > Co-TSPc¢, which correlates with the
trend in redox potential for the Co(II)/Co(I) couple. All three cobalt macrocyclic
catalysts show a similar behaviour with identical kinetic parameters for the oxidation
of glutathione, i.e. an order of one in G-SH, —1 in protons for pH values lower than
9, and Tafel slopes of 2RT/F. All give smaller Tafel slopes (RT/F) in alkali. The
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results obtained with the three cobalt macrocyclic catalysts are consistent with the
following mechanism:

G-SH+OH =G-S™ +H,0 (22)
G—S -»G-S:+e” (23)
G-S: +G-S- > G-S5—G (24)

with reaction (23) being the rate-determining step. This agrees with a Tafel slope of
2RT/F, an order of 1 for G-SH and of —1 in protons. The mechanism depicted by
eqns. (18)—(20) is essentially similar to that observed for the electro-oxidation of other
thiols such as 2-mercaptoethanol and cysteine and illustrated by eqns. (22)—(24)
above. The pH at which the order in protons changes from 1 to a lower value is
8.3-9.0. The pK for reaction (22) must be in that pH range. The Tafel slope of RT/
F obtained for alkaline pH values is observed at potentials close to the Co(IT)/Co(I)
reversible transition. The reaction is probably controlled by the surface coverage by
Co(I). The following mechanism is consistent with an RT/F slope:

Co()” =Co(ll) + ¢~ (25)
Co(Il) + G—S~ — [Co(I-G—S]~ rds. (26)
[Co()~G—S]~ - Co(l)™ + G—S- @7

where step (26) is rate-controlling. The Co(II) catalyst is rapidly regenerated on the
surface by reaction (25) from Co(I) formed in reaction (27). Evidence for the formation
of a stable adduct between vitamin B,, and G—SH for pH values lower than 4 has
been reported and is similar to that found for Fe-TSPc and hydroxylamine [31].
The trend in catalytic activity [257], cobalamine > Co-Pc > Co-TSPc, correlates well
with their redox potential for the Co(II)/Co(I) couple which shifts to more positive
values from vitamin B;, to Co-TSPc. The catalytic activity is then related to the
facility to oxidize the cobalt centre from Co(l) to Co(Il). Recent studies have shown
that Fe-TSPc also catalyzed the oxidation of glutathione [258] with similar kinetic
parameters and then similar reaction mechanisms.

(iv) Electrochemical reduction of thionyl chloride and sulphuryl chloride

The increasing importance of the Li/SOCI, battery, the highest energy density
system known to date [259], has given rise to numerous recent investigations of the
stoichiometry and mechanism of SOCI, reduction [259-268] and a number of
reaction paths have been proposed [261-268]. The most generally accepted cell
reaction involves the formation of sulphur, sulphur dioxide, and lithium chloride:

2SOCl, + 4Li — S + SO, + 4LiCl (28)
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It has been shown in recent years that the addition of metal complex catalysts
such as the phthalocyanines (M-Pcs) [46-54,269] and related macrocyclic metal
chelates [55] to the electrode enhance the rate of reduction of thionyl chloride in
Li/SOCI, cells. In spite of all the work published, there is no agreement about the
reaction paths and the nature of intermediate species. Modified mechanisms are proposed
to occur on carbon cathodes doped with transition metal complexes [47-50].
Doddapaneni [507 studied the activity of Fe-Pc, Co-Pc and metal-free Pc deposited
on a pressure-annealed pyrolytic graphite electrode and found Co-Pc to be the most
active material. In a cyclic voltammogram, the SOCI, reduction peak with Co-Pc is
shifted by 0.1 V to more positive potentials compared with that observed on the bare
graphite, a rather small, but none the less substantial, catalytic effect in improving
the battery performance. Madou et al. [51,52] conducted similar studies using a
glassy carbon electrode and saturated Fe-Pc SOCI, solutions. In a cyclic voltammo-
gram, they observed a shift in the reduction peak of thionyl chloride from +2.6 V
for glassy carbon to +2.9 V vs. Li when Fe-Pc saturates the electrolyte. The shift in
potential of 0.1 V by the presence of Co-Pc, as reported by Doddapaneni [50],
indicates a small catalytic effect of the phthalocyanine. However, the presence of the
complex prevents the passivation of the electrode by LiCl formed in reaction (28) as
the curves are reproduced after many scans [50,59]. The main reduction peak is
affected only slightly for the smaller concentrations. However, a pre-peak appears at
potentials less negative than the main peak when the concentration of Co-Pc increases
[59] and its height varies linearly with Co-Pc concentration. This suggests that, for
this particular case, the reduction of SOCI, is first order in Co-Pc. Doddapaneni
found that the chemical order in SOCI, is also one. A plausible explanation for this
behaviour is that an adduct is formed between Co-Pc and SOCI, that is reduced at
a potential less negative than the bulk reduction of SOCI,. The possible formation
of an adduct has been reported by Bernstein and Lever [60]. Remarkable changes
in the visible spectrum of M-Pc in the presence of thionyl chloride are observed
[59.60]. The homogeneous catalytic effect due to the phthalocyanine in the solution
phase, which acts like a depolarizer, is very large and this is probably combined with
a catalytic effect of Co-Pc adsorbed on graphite surface. Madou et al. [51,52] have
reported similar results with Fe-Pc but they did not study the effect of Fe-Pc
concentration. They worked with a Fe-Pc/SOCI, saturated solution and observed
the reduction peak at 2.9 V vs. Li, much less positive than the one observed by
Doddapaneni [50] and Zagal et al. [59]. A possible explanation for this discrepancy
is that Madou et al. used glassy carbon as the working electrode instead of OPG.
Co-Pc probably does not adsorb on this material as well as on OPG and the
combined catalytic effect from the possible adduct formed in the solution phase is
lost. Details of the reaction paths for SOCI, electroreduction are not known so the
catalytic effect of Co-Pc could also be attributed to an interaction of Co-Pc¢ with
some reaction intermediates or products and may not be limited to the charge
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transfer reaction, and may directly or indirectly affect other elementary processes as
well. A more detailed investigation of the interaction of metallophthalocyanines with
SOCI, has been published by Bernstein and Lever [60]. Working with Co tetraneo-
pentoxyphthalocyanine (CoTnPc), they have found this complex to react with thionyl
chloride in a Li/SOCI, cell. Under open circuit conditions, the thionyl chloride
oxidizes CoTnPc to Cl, Co(III)TnPc(—1). Under closed circuit conditions, Co(II)TnPc
can be reduced down to [Co(I)TnPc(—2)] . These species can then react according
to the scheme:

[Co(TnPc(—2)]~ + SOCI, — [Cl, Co(IIl)TnPcPc(—2)]~ + SO (29)
Co(I)TnPc(—2) + SOCI, — [Cl, Co(IINTnPcPe(—1)] + SO (30)

“SO” represents the initial reduction product of SOCI, and it most likely reacts
further. Reaction (29) is fast and reaction (30) slow. The oxidation process in eqn. (29)
involves the two-electron oxidation of [Co()TnPc(—2)]~ and not two sequential
one-electron oxidations via Co(II)TnPc(— 2) since the latter is not observed as a one-
electron oxidation intermediate. Similarly, no intermediate oxidation product is
observed when reaction (30) is followed by electron spectroscopy [60]. A two-electron
catalytic cycle is then confirmed for the thionyl chloride reduction in a Li/
SOCI,(CoTnPc,C) battery. This might provide a two-electron reduction process that
could be safer in such batteries, which are known to explode. Similar reaction schemes
could take place when Co-Pc and other M-Pcs are employed as catalysts.

(v} Other reactions involving sulphur compounds

Fe-Pc and Co-Pc have been reported [15-17] to have electrocatalytic activity
in the electro-oxidation of SO, in acid medium. However, no mechanistic studies
were provided. It is likely, however, that the activity of these metal chelates can be
attributed to interactions of the SO, molecule via the sulphur atom with the metal
centre, in an analogous fashion to other sulphur compounds discussed above. Sul-
phide ions can also be catalytically oxidized in the presence of Co-Pc and Fe-Pc
adsorbed on graphite [58] but this ion displaces the phthalocyanine molecules from
the electrode surface and the activity is lost.

In fuel cells and other energy conversion devices, sulphur compounds act
generally as poisons in both cathodic and anodic reactions. In this respect, metal
phthalocyanines are promising dopants for electrodes that are rapidly deactivated
by, for example, fuels that are contaminated with sulphur. Advantage could be taken
in the construction of an electrode from the recent advancement in the field of heat-
treated porous electrodes containing phthalocyanines and other macrocyclic com-
plexes, which are more stable over long periods of operation but which have been
designed for O, reduction [8,10,12].
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E. OTHER REACTIONS OF INTEREST
(i) Electroreduction of carbon dioxide

The electrocatalytic activity for CO, reduction of Co-Pc and Ni-Pc has been
investigated [35,270] using these phthalocyanines adsorbed on amalgamated plati-
num electrodes, and they show a single reduction step preceded by the formation of
a CO, complex. The activity was found to decrease after very negative potentials
were achieved, Kapusta and Hackerman [38] conducted similar experiments but
using a carbon electrode. In acid solutions (pH = 3.7), they found that, with both
Co-Pc and Ni-Pc, carbon dioxide is reduced to formic acid. The overpotential for
CO, reduction on Co-Pc is approximately 300 mV lower than the best metal catalysts
known to date, at currents up to 10 mA cm™2. At pH > 5, formate ions are formed.
Methanol is also produced at lower pH values. The loss of activity at very negative
potentials has been attributed to an irreversible reduction of the phthalocyanine
[37]. The mechanism of carbon dioxide reduction on cobalt phthalocyanine is
thought to involve cobalt hydride intermediates [35-37] but more evidence about
the existence of such species has been provided by Christensen et al. [37] using
SNIFTIRS techniques as changes in the spectrum are observed in the presence of
CO,. From their studies [37], they have concluded that the process occurs via two
reduction steps, the first involving the macrocyclic ring in the phthalocyanine giving
[Co(I)Pc(—3)] . A second reduction gives [H-Co(I)Pc(—3)]~ which, in the presence
of CO, reacts to give an insertion product [36,271-273]. Long-term studies have
demonstrated that the insertion product reacts via dehydration [273]. Christensen
et al. [37] have suggested that the electrochemical behaviour of Co-Pc for carbon
dioxide reduction is critically dependent upon the solvent in the solution from which
it was deposited on the electrode. It is rather surprising that reduction of the Pc ring
takes place before reduction of the Co(Il) centres since this contradicts what has
been found by many other authors [153-161,163,179-181,230).

Interesting results have been obtained using metallophthalocyanines dispersed
in porous carbon-based gas-diffusion electrodes [274-279]. Furuya and Matsui [279]
studies CO, electroreduction on these electrodes using phthalocyanines of several
metals, namely Mn, Co, Ni, Fe, Pd, Sn, Pb, In, Zn, Al, Cu, Ga, Ti, V, Mg, Pt and
H. As expected, they found that activity strongly depended on the nature of the
metal. For transition metals of Group VII, the main product of the reaction is carbon
monoxide. With Sn, Pb and In phthalocyanines, mainly formic acid is formed. Cu,
Ga and Ti phthalocyanines promote the formation of methane. The reason for some
Mn-Pc to give CO or CH, while others yield HCOOH has been interpreted in terms
of the electron configuration in the metal [280]. The reduction of CO, to give CO
is attributed to the strongly electron-donating HOMO of M-Pc¢™ arising from the
electron-accepting LUMO of neutral M-Pc, which spreads over the nitrogen atoms
surrounding the metal centre. The final production of CO occurs when the created
CO is promptly desorbed from the metal atom M having a bare d shell with the
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doubly occupied 2a,, (dz*) orbital. If, on the other hand, the CO molecule is bound
to the metallic atom by a ¢ bonding, the reduction may proceed so methane is
formed. For metals having outermost s or p electrons, the electron occupation of the
spread LUMO by ionization does not occur and such a strong reduction as to
produce CO may not be possible. The electron transfer from M-Pc to CO, will then
result in the production of CO; followed by HCOOH formation instead of CO. The
anion CO; bends with a OCO angle of 134°. C— then probably forms a ¢ bond
with dz? or pz of M, making the so-called carbon dioxide complex, until further
reduction to HCOOH [280].

Metal phthalocyanines are promising electrocatalysts for the electroreduction
of CO, in aqueous solutions, but further work is needed towards the understanding
of the mechanism of reaction and deactivation of the catalysts in order to increase
its long-term stability.

(ii) Reduction of the nitrate ion

Chambers and co-workers [45] have reported that Fe-Pc incorporated on iron
electrodes promotes the reduction of nitrate ions in alkaline media to give nitrogen
gas and ammonia amongst the main products. The activity of the Fe/Fe-Pc is similar
to that of non-coated electrodes but weight losses due to corrosion are greatly
diminished. These studies were of an exploratory character and no details of the
mechanisms were provided.

(iii) Reduction of NO

Axial coordination of NO on phthalocyanines of Mn, Fe, Co, Ni, Cu and Zn
has been found by means of XPS and a gravimetric method [281]. No axial coordina-
tion was detected with Ni-Pc and Cu-Pc. Coordination of NO to Fe-Pc, Co-Pc and
Mn-Pc is accompanied by chemical shifts of electron binding energies of the central
metal atoms, indicating appreciable electron transfer between the central metal and
NO. The electrochemistry of metal macrocycles—NO adducts has been studied in
organic solvents [282]. Ogura and Yamasaki [283] have studied the electrocatalytic
activity of Co-Pc films deposited by evaporation on glassy carbon and they succeeded
in electroreducing NO to NH; at —0.6 V vs. SCE. More recently, Fierro and co-
workers [44] have reported catalytic activity of Co-TSPc for NO reduction in acid
(pH = 3). They found that some cooperative effects between the carbon substrate and
the Co-TSPc play some role in the catalytic process but no details of a possible
mechanism were provided.

{iv) Oxygen evolution

Oxygen evolution is a reaction of great technological importance as it is
involved in the process of water electrolysis. Hydrogen, also produced by water
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electrolysis, can be produced as a form of transforming electrical energy in excess
into chemical energy. Water electrolysis is mainly achieved by the utilization of a
catalyst to decrease the voltages employed. Molybdenum and iron naphthalocyanines
{MNPcs) have recently been found to catalyze the O, evolution reaction [33] with
MoNPc being more active than FeNPc. On the basis of XPS studies [284], the main
difference between MoNPc and FeNPc is that with Mo, O, d species are formed
whereas with Fe the covalent oxygen form is observed. The radicals can act as
bridges between the free oxygen molecules and the OH ™ ions. One can then assume
that the electronic transfer reactions take place amongst the valency oscillations
Mo(IV)-Mo(V]), the metal-oxygen and OH-oxygen ligands. They can give rise to
OH or O, radical formation, which are precursors in the oxygen evolution reaction
[33]. The activities of Mo naphthalocyanines were found to be higher than those
reported for other catalysts in the literature and the electrodes were stable for over
a week [33]. This makes this material promising in the development of catalysts for
oxygen evolution.

(v) Electrochemical reactivity of phthalocyanines in lithium cells

Phthalocyanines are also promising as electrode materials not only as catalysts
but as reactive species due to their lamellar structure in the solid state [85], similar
to that of graphite. Metal-free phthalocyanine molecules are stacked parallel to each
other along the b crystal axis in a base-centred monoclinic molecular crystal. This
structure allows phthalocyanine to react reversibly with ions. Combined with a
lithium anode in an electrochemical cell, low-molecular unsubstituted phthalocya-
nines have a discharge capacity of 17 electrons per molecule as reported by Yamaki
and Yamaji [86] and even an exchange of 26 equivalent electrons has been reported
[87].

Yamaki and co-workers [285] have reported that metallophthalocyanines cata-
lyze the decomposition of propylene carbonate (PC) in a lithium/MPc cell. This
occurs via the formation of a product MPcLi from MPc and Li which then reacts
chemically with PC to produce propylene according to the reaction scheme:

MPcLi, + 2Li* + 2e~ - MPcLi, , , 31)
MPcLi, , , + C;HgCO, — MPcLi, + CyHg + 2Li* + CO2~ (32)

According to this study, the amount of gas produced is strongly dependent on
the nature of the transition metal in the phthalocyanine. The trend in activity was
as follows: FePc > Co-Pc > Mn-Pc > NiPc¢ > CrFPc¢ > AgPc. H, Pc, Li, Pc, Na, Pc,
GaClPc and Cd-Pc did not show much activity. A similar trend is obtained when
activity is measured in terms of the discharge capacity of the cell [285], measured
in mA h™'. The authors have compared the activity of several MPcs vs. the first
oxidation potential in the phthalocyanine. As discussed for O, reduction, it might
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not be correct to plot the first oxidation potential of the MPc since this parameter
might reflect oxidation changes on the metal for Mn, Fe and Co and redox processes
on the ring for Cu and Ni. However, if one plots activity vs. the number of d electrons,
which reflects the decreasing energy of the HOMO in the MPc as the number of d
electrons increases, a volcano-shaped curve is obtained. Figure 25 depicts a plot
constructed from data reported by Arakawa et al. [285] and shows that activity
increases for metals with half-filled d energy levels and reaches a maximum for FePc.
The correlation in Fig. 25 illustrates once more the importance of the electronic
structure in the M-Pc in determining the electrocatalytic activity as similar relations
have been found for the other electrochemical reactions discussed here.

F. OTHER ASPECTS OF THE ELECTROCATALYTIC ACTIVITY OF METALLOPHTHALOCYANINES

Most of the work discussed so far in connection with the electrocatalytic
activity of metallophthalocyanines for O, reduction and other electrochemical reac-
tions has considered phthalocyanines deposited or adsorbed at monolayer levels on
graphite or carbon surfaces from a solution of the metal chelate. Studies using
multilayer deposits and also polymerized and/or heat-treated phthalocyanines were
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Fig. 25. Gas evolution ratio (R) plotted vs. the first oxidation potential of Mn-Pc. (Adapted from ref. 285.)
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not considered in most of the discussions since most emphasis was placed on
comparing the activity of phthalocyanines of different metals and establishing correla-
tions between the redox properties, the electronic structure, molecular orbital inter-
actions and electrocatalytic activity. However, the method of incorporation of the
phthalocyanines on the electrode surface as well as the nature of the substrate itself
can affect their effectiveness as catalysts. Various types of carbonaceous materials,
such as activated carbons, carbon blacks, natural and artificial graphites, have been
used as substrates or supports, and the surface properties of the carbon influence
dramatically the degree of dispersion of supported M-Pcs and in turn their catalytic
activity [286-291]. The surface area of supported M-Pcs is higher when the surface
heterogeneity of the carbon increases [290]. A method commonly used in the disper-
sion of metallophthalocyanines on high surface carbon involves the suspension of
the support particles in a solution containing the M-Pc. Strong Lewis bases such as
pyridine have been used because of the high solubility of the M-Pcs in such solvents,
which is in part due to the ability of the macrocycle for axially coordinating the
pyridine and forming an adduct of the form M—Pc—L, [292]. Mdssbauer spectro-
scopic studies using Fe-Pc [293] have shown that removing the liquid pyridine from
such suspensions by heating to the boiling point of the solvent leads to the formation
of FePc(Py),, possibly in the form of small crystallites dispersed in the carbon matrix
[293,294]. It is necessary to eliminate the axially bound pyridine in order to obtain
maximum activity since this molecule blocks the active site. Yeager and co-workers
[293,294] have reported that heating the carbon specimens containing the FePc(py),
crystals at temperatures of ca. 300°C results in a loss of the MES doublet correspond-
ing to the pyridine adduct and the simultaneous appearance of another doublet, with
a much smaller quadrupole splitting than that of the adduct. This is attributed by
several authors to the Fe-Pc bound to the carbon substrate through a bond which
involves the iron centre and an oxygen atom of a carbon functional group
[213,293-296]. However, Yeager and co-workers [294] have provided further MES
evidence to suggest that such heat treatment might lead to the decomposition of Fe-
Pc to yield FeOOH. This is surprising since the thermal stability of Fe-Pc, at least
in bulk form, is well documented [297]. In any case, it remains unclear how the
heat-treatment of phthalocyanines increases their electrocatalytic activity and sta-
bility. Heating up to a certain temperature produces polymerization of the M-Pcs.
These polymers are better conductors when used as thick layers and the electro-
transfer process becomes favoured [123,215,298-302] as the n system becomes more
delocalized. In fact, naphthalocyanines are better catalysts than the phthalocyanines,
probably because they have an enlarged delocalized = electron system [303]. Carbon
electrodes have also been made by chemically bonding Fe tetrachlorophthalocyanine
to a chemically modified carbon acetylene black [304]. The product was then heat
treated which caused the phthalocyanine to polymerize. The electrode obtained
exhibited greater activity and stability compared with a similar unmodified electrode
[304]. Another approach to modify the carbon has been attempted by Larsson et al.
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[305] by covalently binding imidazol to the carbon substrate and then letting Fe-
Pc coordinate to the free nitrogen of the imidazol molecule. These electrodes also
show higher activity and stability than M-Pc/C electrodes without chemical
treatment.

The new field of conductive polymers [306] offers a great variety of possibilities
for making novel electrodes with specific catalytic properties [307]. Fe-TSPc has
been incorporated into a polypyrrole matrix, exhibiting catalytic activity for O,
reduction in acid [213]. Similar results have been found using Fe-Pc [308]. Co-TSPc
also shows catalytic activity for O, reduction in both acid and alkaline media when
incorporated into polypyrrole [309]. Co-TSPc has also been incorporated into
polyaniline films [310]. According to these authors, better results are achieved if the
conductive polymer is electrogenerated in a solution containing the phthalocyanine.
Other authors have attempted to incorporate the phthalocyanines onto the conduc-
tive polymer by vacuum deposition [311] but the same authors point out that the
electrodes obtained are not stable. Hirabaru et al. [312] have covalently bound Co
tetracarboxyphthalocyanine to poly(2-vinylpyridine CO-styrene) and used it in a
reversible cell as catalyst for the reduction of oxygen during the discharge process.
During the charging process, dioxygen produced by H, O electrolysis is stored in the
polymer matrix containing the phthalocyanine, and then electrochemically reduced
during discharge.

Recently [313], anodic electrodeposition of a polymer and phthalocyanines on
an indium tin oxide (ITO) transparent electrode has been investigated for the fabrica-
tion of a thin microcolour fibre applied to full colour liquid crystal displays. These
processes are gaining worldwide acceptance for automotive coatings, appliances and
in the development of flat colour TV screens [314].

G. CONCLUSIONS

From the work reviewed, metallophthalocyanines and their derivatives appear
as promising electrocatalysts for a great variety of electrochemical reactions. The
factors that control the activity of these chelates are not fully understood but
parameters such as redox potentials of the metal and electronic structure appear to
be crucial. They indirectly determine the ability of the central metal to interact with
an extraplanar ligand that is, in this case, the reacting molecule. In more complex
systems where the phthalocyanines have been heat treated and/or polymerized, it
becomes difficult to determine those parameters even though such systems are more
interesting from the technological point of view, since those electrodes containing
phthalocyanines are not only more active but also more stable over long periods of
time.

From the basic point of view, phthalocyanines provide very interesting models
for studying the phenomenon of electrocatalysis since the chemistry and electrochem-
istry of the electrodes containing these molecules can be understood in terms of the
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physicochemical properties of the phthalocyanines, whose reactivity and structure
can be understood separately. The active sites on a relatively inert electrode surface
can be attributed almost entirely to the metallophthalocyanine, which makes studies
on the reaction mechanisms more reliable. In many cases, the electrodes modified
with phthalocyanines are very specific for a given reaction and the presence of
impurities does not cause interference. This is not always true for metal electrodes.

The technological applications of these materials are vast and are well beyond
the scope of this article but include, to mention just a few: electrocatalytic materials
for energy conversion devices such as O, fuel cells, lithium batteries, organic conduc-
tive polymer batteries, electrochemical sensors, electrochromic devices, photogaivanic
cells and organic electrosynthesis. Phthalocyanine-like molecules such as porphyrins,
and other macrocyclic metal complexes show similar properties and many papers
have been published in this field. They were not discussed in this paper and the
interested reader is referred to some reviews that have appeared in the literature
[7-10]. .
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