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OZET

Metallerin ftalosiyanin (MPc) kompleksleri; katalizorler, yar1 iletkenler, molekiiler
elektronik, gaz sensorleri, dogrusal olmayan optikler, fotovoltaik hiicreler,
elektrokromizm, gilines hiicreleri, yakit hiicreleri ve dogrudan metanol yakit hiicreleri
gibi alanlarda biiyiik ilgi gormektedir. Bu bilesikler, 18 n-elektronlu konjuge sistemleri
nedeniyle bilimsel, teknolojik, endiistriyel ve tibbi alanlarda yaygin olarak
kullanilmaktadir. Ayrica, zengin redoks davraniglari, kimyasal stabiliteleri, merkezi
boslukta farkli metal bulundurabilmeleri, halka yapilarimin degistirilme kolayligi ve
yiksek metanol toleranslar1 nedeniyle oksijen redoks prosesleri i¢in elektrokatalizor
olarak arasgtirmacilarin  dikkatini ¢ekmistir. Bir ¢ok enerji doniisiim sisteminde
elektrokatalitik malzeme olarak kullanilmakta olan ve zengin redoks ozellikleri
sergileyen MPc kompleksleri yiiksek gii¢ yogunluguna sahip, uygun maliyetli ve

glivenilir enerji doniisiim sistemlerinin gelistirilmesi i¢in ¢ok onemlidir.

Bu c¢alismada, yakit ve metal-hava pilleri icin etkinligi yiiksek oksijen
elektrokatalizorleri gelistirmek amaciyla, yeni mononiikleer ve diniikleer metal
ftalosiyanin bilesiklerinin elektrokimyasal redoks ozellikleri, iki farkli ¢oziicii
ortaminda elektroanalitik yontemler ile ayrintili olarak arastirilmistir. S6z konusu
bilesikler genel olarak ligand ve metal temelli redoks prosesleri gdsterirken, top tipi
diniikleer bilesiklerin, iki MPc¢ birimi arasindaki molekiil i¢i etkilesimler nedeniyle
cesitli  karigtk degerlikli  yiikseltgenme ve indirgenme tiirleri olusturduklari

gbzlemlenmistir.

Gozlenen indirgenme ve yiikseltgenme reaksiyonlarmin ligand veya metal merkezli
oldugunu belirlemek amaciyla es-zamanli  spektroelektrokimyasal — analizler
gergeklestirilmistir. Daha sonra, bu bilesiklerin oksijen indirgenme ve oksijen
yiikseltgenme reaksiyonlarindaki elektrokatalitik performanslari, yakit pili ve c¢inko-
hava pili uygulamalarina yonelik olarak asidik ve bazik ortamda genel voltametri
(dogrusal taramali ve doniisiimlii voltametri) ve hidrodinamik voltametri (donen halka

ve donen halka-disk elektrot voltametrisi) teknikleri ile incelenmistir.

Oksijen elektrokatalizorii olarak yiiksek aktivite gosteren bilesiklerin ¢inko-hava pili
performans testleri galvanodinamik ve galvanostatik tekniklerle gerceklestirilmistir. S6z
konusu Olclimler, redoks aktif metal igeren top tipi metal ftalosiyaninlerin, yakit ve

¢inko-hava pil uygulamalarinda katot katalizorii olarak platine alternatif olabileceklerini

\



gostermistir. Yizylize iKi redoks-aktif metal merkeziigeren yapisi1 nedeniyle, top tipi
diniikleer Fe kompleksinin oksijen indirgeme reaksiyonu i¢in oldukga yiiksek katalitik

aktivite sergiledigi anlagilmistir.

Vi



SUMMARY

ELECTROCATALYTIC PROPERTIES AND ZN-AIR BATTERY APPLICATION OF
MONONUCLEAR AND DINUCLEAR PHTHALOCYANINE COMPLEXES INVOLVING
TERTIARY BUTYL AND OXO BRIDGING GROUPS

The metal phthalocyanine (MPc) complexes have attracted great interest in fields such
as catalysts, semiconductors, molecular electronics, gas sensors, nonlinear optics,
photovoltaic cells, electrochromism, solar cells, fuel cells, and direct methanol fuel
cells. These compounds are widely used in scientific, technological, industrial, and
medical fields due to their 18 m-electron conjugated systems. Additionally, their rich
redox behaviour, chemical stability, ability to accommodate different metals in the
central cavity, ease of ring modification, and high methanol tolerance have drawn
researchers' attention as electro catalysts for oxygen redox processes. MPc complexes,
which exhibit rich redox properties and are used as electro catalytic materials in many
energy conversion systems, are crucial for developing high-power-density, cost-

effective, and reliable energy conversion systems.

In this study, the electrochemical redox properties of novel mononuclear and dinuclear
metal phthalocyanine compounds were investigated in detail using electroanalytical
methods in two different solvent media to develop highly efficient oxygen electro
catalysts for fuel cells and metal-air batteries. While these compounds generally
exhibited ligand- and metal-based redox processes, it was observed that the ball-type
dinuclear compounds formed various mixed-valence oxidation and reduction species

due to intramolecular interactions between the two MPc units.

In situ spectroelectrochemical analyses were conducted to determine whether the
observed reduction and oxidation reactions were ligand- or metal-centered.
Subsequently, the electro catalytic performance of these compounds in oxygen
reduction and oxygen evolution reactions was examined in acidic and basic media using
general voltammetry (linear sweep and cyclic voltammetry) and hydrodynamic
voltammetry (rotating ring and rotating ring-disk electrode voltammetry) techniques for
fuel cell and zinc-air battery applications.

Zinc-air battery performance tests of the compounds exhibiting high activity as oxygen
electro catalysts were conducted using galvanodynamic and galvanostatic techniques.
These measurements demonstrated that redox-active metal-containing ball-type metal

phthalocyanines could serve as alternative cathode catalysts to platinum in fuel cell and
vii



zinc-air battery applications. Due to its rigid cofacial structure containing two face-to-
face redox-active metal centers, the ball-type dinuclear Fe complex exhibited
remarkably high catalytic activity for the oxygen reduction reaction.

viii



CLAIM FOR ORIGINALITY

ELECTROCATALYTIC PROPERTIES AND ZN-AIR BATTERY APPLICATION OF
MONONUCLEAR AND DINUCLEAR PHTHALOCYANINE COMPLEXES INVOLVING
TERTIARY BUTYL AND OXO BRIDGING GROUPS

In this thesis study, the mononuclear and dinuclear phthalocyanines, which have been
systematically examined, are novel compounds that have not been synthesized before as
of the date they were discussed, electrochemical measurements and evaluationscarried
out to determine their technological usage areas entered the literature for the firsttime
with this thesis study. From this perspective, the study is new and original. Moreover,
since the voltammetric, in situ spectroelectrochemical, catalytic analyses of the
compounds and application in the Zn-air battery, which are the subject of the thesis, as
well as the measurements and evaluations for their usability in technological fields such
as electrochemical energy conversion and energy storage devices, have been carried out,
it can be easily stated that the study can be an example for future research and will make

a significant contribution to the literature.

The results of this thesis study and its evaluations were presented as papers at two
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The results of this thesis were also published in 2 articles within the scope of
SCI.

Published articles are;  “Electrochemical and In-situ  exhibited
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1. INTRODUCTION

This thesis has three main sections: general theoretical information in which almost all
the properties, characteristics, usages and importance of general phthalocyanine
compounds were discussed; experimental information in which the electrochemical,
spectroelectrochemical and electro catalytic properties of the novel phthalocyanine
compounds are explained and application in Zinc air battery is the third part in which
the best experimented novel catalysts were applied in the battery. In order to determine
the technological usage areas, the compounds discussed in this thesis study examined
using electrochemical methods were two types- monomeric species with a single
phthalocyanine nucleus containing a metal atom in the center and another one was

dimeric ball type dinuclear species with two phthalocyanine nucleus.

It is considerably tough to identify the characteristics of the redox couples thoroughly
with individual voltammetric experiments. On that account, the voltammetric
investigation along with in-situ spectro-electrochemical investigation were carried out at
voltammetrically determined constant potentials. At applicable steady potentials at the
time of electrolysis of the compounds, in-situ spectro-electrochemical experiment has a
crucial significance in the understanding of redox procedures. Throughout the
experiment, all the changes occurred at spectra, pointed out that the procedures are
ligand or metal based. The redox properties of the compounds have relatively analyzed
by voltammetry and in-situ spectro-electrochemical methods in two different solvent
media of non-coordinating dichloromethane solution (DCM) along with coordinating
dimethyl sulfoxide solution (DMSO) and as the supporting electrolyte,
tetrabutylammonium perchlorate (TBAP) has used.

During these measurements, the parameters that may affect the electrochemical

behavior of the compounds were investigated. Such as;

1. The effect of both redox-active as well as redox-inactive metal centers was

examined for mononuclear and binuclear phthalocyanine compounds.

2. The effects of the two different solution system on the electrochemical

behavior of these compounds.

3. The effect of substituents.



4. The effects of electron donor/releasing species.

5. The reversibility/irreversibility of the electrochemical reactions of the
phthalocyanine compounds

6. The presence and effect of aggregated species.
7. The effect and relationship between redox behavior and molecular structure.

The linear sweep voltammetry carried out using rotating disk electrode (RDE) and
rotating ring-disk electrode (RRDE) with the bipotentiostat system. The examined
complexes have shown their usability as electro catalysts for oxygen reduction
reaction (ORR) in fuelcell applications and oxygen evolution reaction (OER). Acidic
and alkaline media were usedfor investigating ORR along with OER experiments of
these compounds. The Koutecky-Levich investigation of ORR induced by novel
phthalocyanines were calculated. Galvanodynamic with galvanostatic methods were
used to investigate the properties of Zn-air battery (ZAB) of phthalocyanine catalyst.

Charge as well as discharge study of novel phthalocyanine catalysts were investigated.
1.1. General Information About Phthalocyanines

Phthalocyanines have 18-m electron heterocyclic system and they are aromatic
macrocyclic compounds. Phthalocyanine with these 18 electrons cloud delocalized over
an alignment of alternated carbon and nitrogen atoms. They are structurally similar to
natural porphyrins such as vitamin B12, hemoglobin and chlorophyll. They are in the
class of macromolecular substances but they are not found in nature and are obtained
synthetically in the laboratory environment. They are capable of assembling almost 70
several cations (metallic and nonmetallic) in their ring cavity. As seen in Figure 1, they
have a two-dimensional geometry and are composed of four isoindole units with a
central cavity large enough to accommodate many metal ions linked by a ring of
nitrogen atoms [1]. The peripheral hydrogen atoms of the phthalocyanines are
substituted by functional groups like alkyl, amine, aryl, alkoxy, halogens, hydroxyl,
nitrosyl, thiol etc. and thus phthalocyanines have many derivatives (Figure 1).
Phthalocyanines containing a metal atom in the middle of the molecule are called MPc

while two- dimensional metal-free phthalocyanines are called dihydrogen

phthalocyanine - H,Pc orjust phthalocyanine Pc.
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Figure 1 Chemical structures of metal free and metal phthalocyanine[10]

Because of the approachability of oxidation states which is focused on the
phthalocyanine unit or on the central metal of the metal-phthalocyanine, they display an
exceptional electrochemical nature. Redox behavior can be affected by the coordination
of metal phthalocyanine which is banded one/two axial ligands. It can be also affected

by aggregation properties of phthalocyanines [5].
1.2. Physical and chemical properties of phthalocyanines

Different MPc have synthesized both by the introduction of different central ions on the

macro ring and by the substitution of different functional groups into the ring.

Pc have chemical and thermal stability. They do not undergo significant decomposition
in air up to 400-500 °C. In vacuum, most metal complexes do not decompose before
900 °C. They are resistant to strong acids and bases. Only under the influence of strong
oxidants (dichromate or serum salts) does the structure of the macro ring deteriorate by

breaking down into phthalic acid or phthalamide.

Pc can be prepared from aromatic o-dicarboxylic acids or amide, imide and nitrile
derivatives of these acids. If the carboxyl groups are not directly attached to the
unsaturated aromatic group, synthesis of Pc is not possible. In addition, another
necessary condition for the synthesis of Pc is the presence of double bonds between

carbon atoms carrying carboxyl or cyano groups.

Pc molecule has a highly tight structure and consists of four iminoisoindoline units. The
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product yield in the synthesis of H,Pc is lower than that of MPc. The reason for this is
that the metal ion that present in the structure during the production of MPc increases

the product yield with the coordination effect.

The hydrogen atoms of iminoisoindoline, which forms the center of the Pc molecule,
easily replace the metal ion, providing the formation of MPcs. The chemical properties
of Pcs largely depend on its central atom. There are generally two types of MPcs. The
first group is called "electrovalent phthalocyanines”, this group generally includes alkali
and alkaline earth metals, they are insoluble in organic solvents, they cannot sublimate
at high temperatures in vacuum, when treated with dilute inorganic acids, aqueous
alcohol, or even water, the metal ion is easily separated from the molecule and metal-
free Pcs are formed. The second group is called "covalent phthalocyanines”, the
complexes of this group are more stable than the electrovalent ones. They are partially
soluble in hot solvents such as chlornaphthalene and quinoline. Some types can
sublimate in an inert environment, in vacuum, at 400-500 °C without decomposing.
When treated with other inorganic acids other than nitric acid, there is no change in their
structure. This is because the bond between the metal and the Pc molecule is very

strong.

The stability of Pc depends on the correspondence between the diameter of the central
cavity and the diameter of the metal ion. The cavity diameter of the Pc molecule is 1.35
A. If the ionic diameter of the metal is significantly larger or smaller than the cavity
diameter of the molecule (1.35 A), the metal can be easily separated from the Pc
molecule. Solubility is important for Pcs. They are both large and planar, the molecules
cluster easily. For this reason, Pcs are poorly soluble in water or organic solvents. The
low solubility of Pc is a disadvantage. To eliminate this, Pc derivatives can be
synthesizedby adding bulky or long chain groups to the peripheral positions of the Pc
skeleton, thusincreasing solubility.

1.3. Spectrochemical properties of phthalocyanines

Pcs give characteristic absorption peaks in the visible and ultraviolet regions. In UV-Vis
measurements of Pcs in the 104-10° M concentration range in known organic solvents,
electronic absorption called Q band is observed in the range of 600-700 nm, resulting
from intense m-n* transitions. This range is also a characteristic region to distinguish

MPc from H,Pc. H,Pcs give two bands in the range of 600-700 nm [2]. In addition,
4



there may be differences in the spectrum depending on the solvent concentration and

polarity.An example of UV-visible spectrum for H,Pc is shown in Figure 2 [5].
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Figure 2 UV-visible spectrum for metal-free phthalocyanine.
Metal phthalocyanines give a single intense Q band in the same region. UV visible
spectrum for MPc is shown in Figure 3 [5]. m—>n transitions in MPc, it varies
depending on the metal ion as well as the solvent concentration and polarity [3]. In

general, a strong band at 675 nm, a shoulder at 640 nm and a weak band at 610 nm are

observed in the UV-vis spectra of MPc taken in chloroform.
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Figure 3 UV-visible spectrum for metal phthalocyanine.

These bands arise from monomeric Pc. It is seen that in polar solvents such as methanol,

the intensity of the Q band at 675 nm decreases considerably and a new band form at
5



630 nm. This is due to aggregate formation. Characteristic Soret bands (B band) are

observed around 300 nm in the UV-vis spectra of Pc.

Synthesis of Pc dissolved in suitable solvents enabled NMR measurements. The point to
be considered in the H-NMR spectra is that the NH protons in the Pc nucleus shift to a
stronger field from TMS, under the influence of the aromatic 18x-electron system in the
planar structure. In addition, there is a broadening of the peaks in the H-NMR spectrum

of Pcs depending on the solvent concentration and aggregation [4].

The large number of bands observed in the FT-IR spectra of Pcs also the size of the
macrocyclic system makes it difficult to characterize all bands. The IR spectra of metal
and metal free phthalocyanines are very similar. An important difference arises from the
-NH vibrations in the inner side of the Pc. In metal free phthalocyanines, a weak -NH

band is observed at 3280 cm™.
1.4. Aggregation behavior of phthalocyanines

Pcs can aggregate to a greater or lesser range and this aggregation of Pcs may affect the
redox potentials behavior. Various factors such as pH, ionic strength, temperature, and
the amount of electrolyte in the solution significantly affect it. Pcs with large n electron
systems, which are in the macrocycle class, tend to cluster in water or organic solvents
and form dimers or aggregated species at higher orders. This aggregation may occur as
a result of the interactions of co-planar macrocyclic rings with van der Waals forces, p-
stacking interactions and solvent effects. Aggregation phenomenon significantly affects
the spectral, photo physical, photochemical, redox processes and solubility of Pc
compounds, and therefore their use in different technological applications. For this
reason, it is very important to elucidate the effect of the aggregation behavior of Pc
compounds on their electrochemical properties and to examine the changes such as
decrease or increase in the aggregation behavior with the application of changing
electrical potential from the other window. In six-coordinated MPc species, aggregation
is generally not observed because the molecules are far apart due to the effect of axially
linked ligands [5].

1.5. Electrochemical properties of phthalocyanines

The electrochemical properties of Pcs basically arise from the interactions between the

central metal ion and the 18n-electron system and the effects of different substituents on
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these interactions. In Pc complexes with the 18z-electron system, the ring system is in
the -2 oxidation state (Pc?), while the metal ion in the center is generally +2 charged
(M?*). Thus the successive one e transfer reactions occurring in the Pc ring, Pc (-3), Pc
(-4), Pc (-5) and Pc (-6) are formed by reduction, and Pc (-1) and Pc (0) are formed by
oxidation. On the other hand, some transition metals as for example Fe(ll), Co(Il) and
Mn(Il) in the center give redox reactions, while Ni(ll), Zn(Il) and Cu(ll) do not give
redox reactions [6]. The reduction reaction of the Pc ring is generally electrochemically
reversible, while the oxidation reactions are generally electrochemically irreversible.
For Pcs that do not contain a redox active metal center, the difference between the first
reduction potential and the first oxidation potential is approximately 1.5 V. This value
arises from the energy difference between the highest energy occupied molecular orbital
(HOMO) and the lowest energy empty molecular orbital (LUMO). It is important to
determine from the electrochemical behavior of redox-active metal complexes,
especially whether the first oxidation redox couple will occur from the metal or from the
ring [7]. The solvent environment and environmental conditions in which
phthalocyanines are located change the electrochemical behavior of some species. In
particular, the electrochemical behavior of [Co(ll)Pc (-2)] and [Fe(Il)Pc (-2)] species
changes considerably when asolvent with coordinative feature is used or a solvent
without coordinative feature is used. For example, the [Co(Il)Pc (-2)] species tends to
be oxidized to the [Co(lll)Pc (- 2)] * form or the [Co(Il)Pc (-1)] * form. Donor solvents
favor the formation of [Co(lIl)Pc (-2)] * species along with the formation of six-
coordinated species. If such donor solvents are not available, oxidation of Co(lll) is
prevented and oxidation of the ring occurs first. Therefore, in voltammetric
measurements performed in DMSO/TBAP environment, the first oxidation and first
reduction events of redox active metals (suchas M= Fe, Co and Mn) are probably
metal-centered, corresponding to the pairs [M(II)Pc(-2)J/[M(II)Pc (-2)] © and
[MD)Pc(=2))/[M()Pc (—2)] ~ respectively, while the second reduction must be ring-
centered. However, spectroelectrochemical measurements are carried out in order to
clearly evaluate the redox events of such MPc complexes. Different solvent systems
should be studied in order to understand the redoxevents in more detail. As for example,
cobalt metal, which has the ability to make 6 coordination bonds, exists in the DMSO
solvent system as a balance of two species in the form of [Co(ll) Pc (-2)] + DMSO «

[DMSO-Co(ll)Pc (—2)]. When the results obtained in polar solvent systems such as
7



DMSO and DMF, which have coordinative properties, and non-polar solvent systems
such as DCM, which do not have coordinative properties, are compared, it is seen that
the metal center is more stabilized at high oxidation levels in coordinated polar solvent
systems. It is seen in the literature that as the oxidation number decreases, the ability to
coordinate decreases. In this case, axially bonded anionic species such as acetate,
chlorate, perchlorate and solvents such as polar DMSO, which have similar
coordination properties, are easily separated in the reduction process with decreasing
oxidation numbers. The existence of this situation causes different redox processes with
coordinated species to be observed in electrochemical measurements. This is generally
understood with split redox couples. For these reasons, it is more likely that the first
reduction and first oxidation events in the DMSO coordinated solvent system are
metal-based. Redox active metals with high coordination numbers, such as iron and
manganese, also exhibit similar behavior. The existence of a coordinated species and an
uncoordinated species in this equilibrium is understood by the split redox pairs
occurring at different half-peak potential values. Another important difference when
using a solvent system such as donor DMSO is that all redox processes shift in the
negative direction. This situation can be explained by theincrease in electron density on
the ring. Another tendency observed for some complexesis their aggregation character,
which is the broadening or splitting of redox waves. However, it is not possible to make
a definitive decision about the relationship of redox couples to aggregation-

disaggregation events based only on electrochemical measurements.
1.6. Application Areas of Phthalocyanines

Pc compounds, which were initially used only as dyestuffs, have found many different
applications in many fields of industry and especially in medicine in recent years. Using
their coloring properties, it is used in the coloring of aluminum, as a pigment in the
coloring of PVC, epoxy resin, plastic and fireproof plastic materials, as a fabric dye in
textiles, in the coloring of paper, soap, detergent and cement, in the production of
printing ink and in the production of indicators. Pcs are used in the oxidation of phenol
compounds in wastewater, desulfurization in oil and increasing the octane number of
gasoline. In addition, phthalocyanines have begun to be used to obtain clean energy,
such as decomposing water into O, and H, with the photocatalytic effect, reducing CO,

to methanol and some other organic compounds, and successful results have been
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achieved. Pcs have the potential to be used as an alternative to the very expensive
heterogeneous pt catalyst in fuel cell applications due to their electro catalytic effect on
the reduction of oxygen. For this reason, intensive research has been carried out on this
subject with Pcs in recent years. Applications of phthalocyanines in the field of
medicine are also important. Phthalocyanine sodium sulfonates are used to mark
cancerous cells by staining them. Additionally, copper phthalocyanine (CuPc) blue and
ascorbic acid are used together to prepare an indicator that shows the completion of
sterilization. Other uses of phthalocyanines are- photocopy machines, optical computer
read-write disks and related information storage systems, laser dyes, liquid-crystal color
display applications, photovoltaic battery elements, oxidizing saturated hydrocarbons at
low temperatures, electro catalysts, Langmuir-Blodget films [8]. Most of these uses
arerelated to both the broad and flat p-conjugation system of phthalocyanine compounds

and the type of central metal atom.

1.7. Electro catalytic performances of phthalocyanines in electrochemical oxygen
reduction

O, is a diatomic molecule composed of two oxygen atoms, each with the electronic

configuration 1s?> 2s® 2p*. Figure 4 shows the molecular orbital diagram of the O,

molecule in its ground state [7].

Figure 4 Molecular orbital diagram of the O molecule in the ground state.

In the ground state, O has 2 unpaired electrons in rg antibonding orbital and 6 electrons
in 3og and 1mu orbitals. When the oxygen molecule gains 2 electrons and then after

reduction, these electrons enter 1mg antibonding orbital. When more than two electrons



are gained, bond breaking occurs. In terms of thermodynamics, the 4-electron reduction
of oxygen is an exothermic event and the standard reduction potential is +0.40 V
compared to the normal hydrogen electrode. However, oxygen's tendency to gain 1
electron is quite low, so the first electron transfer step occurs slowly and this step

constitutes the rate-determining step.

The electrochemical reduction of oxygen provides a model for the cathodic reaction in
PEM fuel cells, called proton exchange membrane or polymer electrolyte membrane
fuel cells. For this reason, it is researched with great interest in the literature [9]. One of
the most important problems experienced in fuel cells is the lack of a highly efficient
and cheap electro catalyst that can be used instead of platinum in oxygen reduction.
Therefore, intensive research is being carried out to develop an alternative catalyst to
platinum that can reduce oxygen at a sufficiently positive potential with low
overvoltage. Pc complexes are the subject of much research today, as they have the
potential to be used as an alternative to the very expensive heterogeneous platinum
catalyst in applications related to fuel cells, due to their electro catalytic effect on the
reduction of oxygen [10]. In oxygen reduction, initial electron transfer is the slow step.

In the presence of transition metal complexes in organic solvents, oxygen reduction due

to the formation of intermediate product M-O,” occurs by the transfer of multiple

electrons and at remarkably low negative potentials [11]. Zagal and his colleagues
examined the reduction mechanism of oxygen in aqueous media catalyzed by iron
phthalocyanine andsuggested the Fe(l11)Pc(-2)/Fe(I1)Pc (-2) redox reaction as the initial
step [1 2 ]. Tafel slopes of -40 and -120 mV observed in the low and high overvoltage
regions of the polarization curve of oxygen reduction, respectively, showed that the 2nd

and 3rd steps were slow steps that determined the rate [13].

Collman and his group investigated for the first time the electro catalytic activities in
oxygen reduction of metal porphyrin complexes in dimeric structure with two porphyrin
rings positioned face to face. It has been reported that two porphyrin rings are brought
face to face with 4-atom bridges, and dimeric cobalt porphyrins adsorbed on the
graphite electrode surface catalyze oxygen reduction through a mechanism in which 4
electrons are transferred. It has been stated that when cobalt metal is replaced with
nickel, palladium or copper, oxygen is reduced to hydrogen peroxide via a 2-electron
mechanism. A similar result was obtained when the distance between the two porphyrin
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rings was increased by changing the bridges. Considering the experimental results,
Collman and his colleagues proposed a mechanism in which cobalt metal centers are
reduced as the first step in oxygen reduction and then the per Oxo complex (PCo"!-O-
0-Co"'P) is formed [13]. Studies with Pcs show that, although there are exceptions,
oxygen reduction generally occurs as reduction to 4-electron water under the catalysis
of iron phthalocyanine and as reduction to 2-electron hydrogen peroxide under the
catalysis of cobalt phthalocyanine.

1.8. Oxygen reduction reaction (ORR) and oxygen evolution reaction (OER)

ORR is the reaction that occurs at the cathode in proton exchange membrane (PEM)
fuel cells as well as direct methanol fuel cells (DMFCs). According to the
thermodynamics and kinetics of ORR, if the electrolyte is an acidic aqueous solution
then the ORR reaction would be,

Oy + AHT + 48 S HO .ot 11
O3 2H " 4 26" S HpO, ..ottt 1.2
H202 +2H" +2e = 2H20 ........................................................................................... 1.3

According to the thermodynamics and kinetics of ORR, if the electrolyte is alkaline

aqueous solution then the ORR reaction would be,

02 + HZO + 4e-: 4OH- ................................................................................................ 14

Oy + HyO + 26" = HO ™ + OH rooeeesssssssssessssssssssisssss s 15
The 1e, 2e,, and 4e” reduction pathways have unique significance, depending on the
applications. The 4e” direct pathway is hugely preferred in fuel cell procedures. The 2e
reduction pathway is applied in industry for H,O, production. The le” reduction

pathway is of importance in the exploration of the ORR mechanism [5].

Because of the importance of biology, chemistry, and technology; Oxygen evolution
electro catalysis has gained huge attention. OER is fundamentally an electro catalytic
reaction. The transition metals are commonly unstable in acidic media, their relatively
low cost and long term corrosion resistance in alkaline solution makes them attractive,

alternative OER materials [15]

According to the thermodynamics and Kkinetics mechanism of OER in acidic
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electrolyte,

* 4 Hzo — OH* + H+ BT 1.6
OH* — O* + H+ QT 1 7
O* + HZO — OOH* + H+ T 1.8
OOH* — %k + O2 + H+ + e' ......................................................................................... 1.9

According to the thermodynamics and kinetics mechanism of OER in basicelectrolyte,

*+ OH — OH* @ e 1.10

OH* + OH‘ — O* + HZO + e- ................................................................................... 111
O* + OH- — OOH* B P T T T T TP T TP TTTTTTTTITTTTTITIES 1.12
OOH* + OH- — * + 02 + HZO @ 1.13

Here * designate the active site of the catalyst. OH*, O* and OOH* indicate adsorbed

intermediates species.
1.9. Zinc(Zn) air battery

Battery has recognized for its capacity to smoothly convert and store electrical energy.
From a fossil fuel based technology our society has been in transition to a clean energy
technology. Recently, Zn-air batteries have attracted immense interest. It is
comparatively the most sophisticated technology among all the various kinds of metal
air batteries. Therefore, for future energy uses and applications, Zn air batteries hold the
finest promise. Having high theoretical energy density of 1086 Wh kg-! which is almost
five times greater than the present Li-ion battery, Zn air batteries suggest the highest
available energy density of any primary battery technology [51]. In view of having
exclusive molecular structure along with redox properties, Pc complexes have

exhibited exceptional performance while they had applied in Zn air battery system.
1.10. Electrochemical analysis methods- Cyclic Voltammetry (CV)

Voltammetry technique is an analysis technique that examines and evaluates the

characteristics of current intensity-voltage curves, called voltammograms, obtained

under appropriate conditions from solutions of electroactive organic and inorganic
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substances that can be oxidized and/or reduced in various environments [14]. This
technique generally based on applying a voltage excitation signal whose value changes
over time between a polarizable working electrode and a reference electrode in the
electrochemical cell, and measuring the current between the working electrode and the
auxiliary electrode in three-electrode cells, and between the working electrode and the
reference electrode in two-electrode cells [15]. The change of applied potential in CV
over time is shown in Figure 5 [16].

E/V

A
Cyclic Voltammetry

T T —> time/s

0 t=1 t=2
Figure 5 Variation of applied potential with time in cyclic voltammetry.

In the CV technique; the voltage sweep applied to the working electrode in a certain
direction (positive or negative) up to a certain potential value, and the potential sweep
direction is reversed at the same sweep speed. Forward and reverse scanning speeds are
generally kept the same, but measurements can be taken at differentscanning speeds if
desired. Important parameters in CV are cathodic peak potential (Epc), anodic peak
potential (Epa), cathodic peak current (Ipc) andanodic peak current (Ipa) [17]. The

current-potential curve for cyclic voltammogram is shown in Figure 6 [17].
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Figure 6 Current-potential curve for cyclic voltammogram.

With the CV technique, it is understood at what potentials and in how many steps a
system is reduced or oxidized, whether it is electrochemically reversible, and whether
the reduction or oxidation products are stable [18]. In a reversible electrochemical
reaction, when an oxidation occurs during the anodic potential scan, when the scan is
reversed, the product formed during the oxidation is reduced again at the electrode, so a
peak in this direction is also observed. The same is true for a reversible reduction
reaction observed during the cathodic potential scan. In an electrochemical reaction that
is reversible and not accompanied by chemical reactions, there is a voltage difference of
59/n mV between Epa and Epc (n is the number of electrons transferred) and at the
same time Ipa and Ipc intensities are equalto each other. As the reversibility of the
electrode reaction decreases, anodic and cathodic peaks are observed at potentials
farther from each other and more broadly. In a fully irreversible electrode reaction, the
anodic and cathodic peaks are very far away from each other and none of their parts
face each other and they have completely lost their symmetry, or the back peak is not
observed and disappears completely [19]. The peak current for reversible reactions is
given by the Randles-Sevcik equation;

at 25 °C:

I=2.69x10°n%2 C D¥2 y 2 1.14

P
For irreversible reactions, the peak current is given by the following equation:
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I=2.99x10°n (an )"*C .D"*v*? 1.15

In these equations; Iy is the current density, « is the electron transfer coefficient, n is the
total number of electrons transferred, D is the diffusion coefficient, C is the
concentration of the electroactive material and v is the scanning rate, na is the number of
electrons transferred in the rate-determining step and oc is the electron transfer
coefficient [21]. The CV method has three-electrode system which includes a working
electrode, reference electrode and counter electrode. With an additional circuit, the
potential is controlled between the working electrode and the reference electrode; but
the current passing through the cell is measured between the working electrode and the

counter electrode.
Supporting Electrolyte;

The current resulting from migration is undesirable in voltammetry and makes it
difficult to explain the results obtained, so efforts are made to minimize it to a
negligible extent. For this, an excessive amount of electrolyte, called supporting
electrolyte, which does not participate in electrode reactions, is added into the
electrolysis solution. Now the electroactive material is ensured to be transported to the
electrode surface only by diffusion. The supporting electrolyte is often anion and cation
stable ionic compounds such as alkali metal salts that are difficult to oxidize or reduce.
Since all ions in the solution carry electricity, the contribution of the reduced or
oxidized ion compared to the supporting electrolyte is neglected and the migration of

the reacting ion is neglected.
Working Electrode or Indicator Electrode;

These are electrodes whose potential changes linearly during measurement. In general,
the surface areas of the working electrodes used are kept small to increase polarization.
In voltammetry, a working electrode must have high conductivity, it should not cause
any reaction (inert) within the studied potential range, the negative potential window
should be wide for scans in the cathodic direction and it should be easy to take into the

desired shape and be easy to process.

Reference Electrode;
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It is a half-cell whose electrode potential is clearly known. The potential of the
reference electrode remains fairly unchanged, serving as a comparison to other
electrodes in the cell. Since the internal resistance of this electrode is very high, no
current flows. That is, all current flows from the auxiliary (counter) electrode to the

working electrode. Alwaysact as the anode in potentiometric measurements. (Ag/AgCl

Electrode, Hg/Hg,Cl, (Calomel) Electrode, Standard (Normal) Hydrogen Electrode
(SHE=NHE)). An ideal reference electrode must have a reversible character and
comply with the Nernst equation. Its potential should be minimally affected by all
changes on the system and should not change over time. There should be no change in
its potential even though a very small amount of current passes through it, and it should
have ideal non-polarizable properties. The potential should not be affected much by

changes in the test conditions (temperature, pressure, etc.).
Auxiliary (Counter) Electrode;

The third electrode is the auxiliary (counter) electrode that allows electricity to come
from the source and be transferred through the solution to the working electrode. The
auxiliary electrode has no effect on the reaction in the working electrode, it creates a
source pool for electrons and thus allows current to flow from the battery. Generally, its
potential is not measured and it is chosen from noble metals such as Pt. It has a

considerably larger surface area compared to the working electrode.

In voltammetry, the limits of the potential range that can be applied to the electrode to
determine the electrochemical behavior of any substance depend on some variables such
as the types of working electrode, solvent and electrolyte used. The electrolyte used in
an electrochemical cell can be a very simple aqueous solvent, a solution of salt
mixtures, a solid or even a gas. In general, an electrolyte contains several different
components, and each of these components affects the measurement made in the cell.
However, what is important is the presence of the solvent. The most important feature
sought in solvents is that they have a high dielectric constant. The most used solvents
and dielectric constants are; water, 80; DMSO is 46.7 and ACN is 37.5. If solvents with
lower polarity are used in voltammetric studies, supporting electrolyte is added to the
medium to ensure sufficient conductivity. Various salts, acids and bases can be used as
supporting electrolytes in aqueous media.

In addition, under normal conditions, the concentration of dissolved oxygen molecules
16



in a solution in equilibrium with air is 2x10™* M. Oxygen at this concentration is highly
electroactive and gives a distinct peak. In order to remove oxygen from the
environment, an inert gas, usually nitrogen or argon, must be passed through the cell for

a long time.

The electrochemical cells used for general voltammetric measurements are made to
work with 5-50 mL of solution. Electrodes are attached to the cap made of Teflon. N2
gas is passed through the solution with the help of a thin pipe. The cell is made of glass

that does not adsorb on the surface.
1.11. Differential Pulse Voltammetry (DPV)

Pulse voltammetry is used to increase the sensitivity of voltammetric measurements. It
enables detection even at concentrations below 10 M by greatly changing the ratio of
faradic and non-faradic currents. Different pulse techniques are generally based on
gradual changes in current or potential. A gradual potential change is applied to the
working electrode sequentially over a certain period of time. When the potential is
instantaneously increased by a certain step, the faradic current decreases slowly, while
the non-faradic working electrode charging current suddenly decreases exponentially.
Thus, the faradic current recorded during the pulse will be significantly separated from
the non-faradic current. The most important difference between different pulse

techniques is the different stimulation signals applied and current recording methods.

DPV is a very useful pulse technique used in the determination of small amounts of
organic or inorganic species. In this technique, a constant value potential pulse is added
to the linear potential increase and applied to the working electrode for a certain period
of time, as seen in Figure 7 [21]. The currentpassing through the working electrode is
recorded before and after the pulse, the first current is subtracted from the second and
its graph is plotted against the applied potential. The peak current of the peaks in a DPV
voltammogram are proportional to theconcentration of the substance being analyzed.
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Figure 7 (A) variation of the applied potential in DPV; (B) Typical voltammogram
response obtained in DPV.

Square wave voltammetry (SWV);

SWV is a large amplitude differential measurement technique. It is a waveform formed
by combining the steps into a symmetrical square wave. For each square wave
conversion, the current is measured twice, at the end of the forward pulse and at the end
of the reverse pulse [25-27]. The voltammogram results in very precise sensitivity and
effective separation. The detection limit is approximately 108 M. The speed of the
technique allows it to increase the number of samples analyzed, which is desired in

many clinical applications.
1.12. Spectroelectrochemistry

In spectroelectrochemical techniques, spectroscopic measurements are performed under
electrochemical control, and both techniques collect their data complementary to each
other. This technique is based on measurement of absorbance, transmittance or
reflectance. A mechanism used in spectroelectrochemical analysis is shown in Figure
8 [22]. In this technique, a thin layer quartz cell with a triple electrode system placed
insideis used as an electrochemical cell. The working electrode and the solution must be

permeable to allow light transmission [24-28].
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Figure 8 Spectroelectrochemical analysis experimental setup.
1.13. Rotating disk Electrode (RDE)Voltammetry

RDE is a hydrodynamic working electrode used in a three- electrode system. This
electrode is rotated in the electrolyte solution during electrochemical measurements,
thus ensuring the flow of the electroactive species in the solution to the electrode
surface. RDE is used to elucidate reaction mechanisms related to redox chemistry. The
electrode is placed in an inert polymer or resin that is non-conductive and is connected
to an electric motor that performs the rotation. The disk is generally made of a noble
metal or glassy carbon material, like other electrode materials. By rotating the
electrode, the flow of the electroactive species to the electrode surface is ensured, and
the flow rate is controlled by the rotation speed of the electrode. In the RDE technique,
various events such as multi-electron transfer, slow electron transfer Kkinetics,
adsorption/desorption steps and electrochemical reaction mechanisms can be examined
by applying linear scanning voltammetry and other techniques at various electrode

rotation speeds [29].

RDE current density for the redox reaction of an oxidant species (O) is expressed as
Equation 1.16; where, n is the number of electrons transferred in the redox reaction, co
(mol/cm?®) is the concentration of the electroactive species, m is the order of the reaction

relative to the O species, and J, is the limit current density.
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The equivalent obtained by arranging this equation is,

AR TN AL RN 1.17

where Jk is the kinetically controlled current density and is expressed by the following

equation:

Jk =N FCok® exp [-ong F (E-E%)/RT] coovoiieie s 1.18

In the above equation; k°(cm/s) is the heterogeneous standard rate constant, F is the
Faraday constant, a is the electron transfer coefficient, n, is the number of electrons
transferred in the rate-determining step, and E and E° are the electrode potential and

standard redox potential, respectively. Limit current density J, expressed as,

JL =0.201 n F D?3y 16 QY2 ¢,

In this equation; v (cm?/s) is the kinematic viscosity of the solution, Q is the rotation

speed of the electrode and D is the diffusion coefficient of the electroactive species.

Equation 1.16 becomes simpler for a first-order reaction and is expressed as the
Koutecky-Levich equation as follows:

A I A I N PSSR RURURRRR 1.20
The Koutecky-Levich equation is a useful equation that is frequently used to determine
first JL and then the number of electrons transferred. If a first-order reaction is corrected

for diffusion effects, the following equation is obtained for Jk:

JK = (J JL) /(JL-J) ...................................................................................................... 1.21
In this case, there is a relationship between the E potential applied to the rotating disk

electrode and the kinetic current density, determined by the Tafel equation given below:

E =Eeq - (23 RT/0NF) 100 JK cocviviiiieicicicecc e, 1.22
With the help of this equation, the Tafel slope and hence the kinetic parameter an can be
determined by taking advantage of the change of kinetic current density with the applied
electrode potential.

RRDE is an electrode used in hydrodynamic voltammetryand consists of two working

electrodes. All the features described above for RDE also apply to the disk electrode of
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RRDE. In the RRDE voltammetry method, the products or intermediate products
formed as a result of the reduction or oxidation of the electroactive species that reach
the electrode surface during the rotation process reach the ring electrode and are
reduced or oxidized depending on the potential applied there. Therefore, this technique
provides significant advantages in elucidating electrochemical reaction mechanisms.
This technique can be applied in various ways. Generally, when linear scanning
voltammetry is applied on the disc electrode, the potential of the ring electrode is kept
constant at a value at which the resulting intermediate or product canbe reduced or
oxidized [31,32]. A polarization curve recorded for ORR with the RRDE voltammetry

technique is shown as an example in Figure 9.
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Figure 9 A polarization curve with the RRDE voltammetry technique (E/V vs. SCE).

RRDE voltammetry is a very useful method in determining the basic properties of
electro catalysts used in fuel cells. For example, during ORR, which is
electrochemically catalyzed at the cathode of PEMFC, hydrogen peroxide may be
formed as an undesirable intermediate or by-product and damages the internal
components of PEMFC. For this reason, it is desired that ORR electro catalysts produce
as little hydrogen peroxide as possible. The tendency of an electrochemical ORR
catalyst to form hydrogen peroxide can be determined by the RRDE voltammetry
method. For this purpose, the glassy carbon disc is coated with an electro catalyst in the
form of a thin layer and polarized to realize ORR. Since the intermediate product

formed by rotating the electrode reaches the platinum ring electrode, the potential of
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this electrode is kept constant at a value that can detect the hydrogen peroxide that may
be formed. With suchan application, the percentage of hydrogen peroxide formed can
be determined, as well as the total number of electrons transferred in ORR and the
mechanism of ORR can be elucidated. All the electrons transferred at a certain potential
and the percentage of hydrogen peroxide formed are calculated by the following
equations [33-35]:

NE= A/ 15+ (RIN)T cooreeeeeeeeeeeeeseeeeeeeeseseseeeeessessseeseeesessseseeeesessseeeeesses s eessesenes 1.23

HaO5% = 100(4 — N/20crreeeeeveeeroeeseeseeessessessseeseessessseessesssessseesseessesssesseessesssesseessesees 1.24
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2. MATERIAL AND METHOD

In this thesis, mononuclear and ball type dinuclear Pc compounds were examined. In the
first stage, electrochemical and spectroelectrochemical properties of all compounds in
solutions were investigated. In the second stage, the electro catalytic activities of
phthalocyanine compounds in ORR and OER were investigated in order to determine
their usability as electro catalysts in fuel cell applications. In the last stage, the best Pc
catalysts were applied in Zn air battery and compared with Pt catalyst.

2.1. Chemicals and reagents

The molecular structure of phthalocyanine compounds, which are the used of this thesis
study, is given in Figure 10. Two separate groups of phthalocyanine compounds were

used which synthesized by different researchers.

(@ Mononuclear 2,4-di-tert-butyl-6-(3,4-dicyanophenoxy) phenolate substituted
cobalt, iron, manganese, nickel and zinc [CoPc (1a), Fe(OAc)Pc (1b),
Mn(OAc)Pc (1c), NiPc (1d) and ZnPc(1e)] phthalocyanine compounds (Figure
10 (A)). Synthesis and electrochemical characterization of these complexes have been
published in the literature.

(b) 4,4'-(3,5-di-tert-butyl-1,2-phenylene)  bis(oxy) substituted Co,Pc, (2a),
Fe,(OAC),Pc, (2b), Mny(OAc),Pc, (2c), NiyPc, (2d), Zn,Pc, (2e) ball-type
phthalocyanine compounds (Figure 10 (B)), synthesis and electrochemical

characterization of these compounds have been published in the literature.
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Figure 10 Molecular structures of phthalocyanine compounds that are the used of this
thesis study.

Electrochemically pure tetrabutylammonium perchlorate (TBAP) (Fluka brand) was
used as the carrier electrolyte, high purity DMSO and DCM (Merck brand) were used as
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the solvent. In electro catalytic studies, 5% Nafion (Nf) solution, active carbon VC,
Graphene (G), graphene oxide (GO), fullerene (FI), timcal (Tm) and commercial Pt
catalyst mixed with activated carbon were used.

Chromic acid and ultra-distilled water (at 18.2 mega ohm-cm resistance) were used to
clean all glassware used in the study. For preparing electrolyte solution in electro-
catalytic studies, ultra-distilled water and high purity Merck brand H2SO4 (> %98.0)
were used. High purity Merck brand methanol was used in methanol tolerance
measurements. Additionally, hydrogen peroxide (high purity Merck) was added to the
electrolyte medium in some measurements. For the formation of catalysts, commercial
40% Pt/C from Sigma- Aldrich, %10 Nafion-PFTE solution from Aldrich, KOH pellets
from Merck, tetrahydrofuran from Sigma-Aldrich, zinc acetate from Sigma-Aldrich,
carbon gas diffusion layer from GDL, MTI Corp., polypropylene membrane from MTI

Corp. and zinc plate from Alfa-Easar were used.
2.2. Electrodes and materials

Experiments were carried out in three-electrode electrochemical and
spectroelectrochemical cells. Platinum disk electrode, glassy carbon electrode (GCE),
RDE, RRDE and platinum cage electrode were used as working electrodes in the
analyses. A spiral platinum wire was used as the auxiliary electrode and a SCE was
usedas the reference electrode. In catalytic measurements, RDE and RRDE were used
modified with phthalocyanine complexes and support materials (Nf and VC, F, G, GO,
Tm). N, gas atmosphere was provided for voltammetric measurements that required
anaerobic conditions and for aerobic conditions, the environment was saturated with O,

gas.
2.3. Devices

Electrochemical, spectroelectrochemical and electro catalytic measurements were
carried out with Gamry Reference 600 potentiostat/galvanostat double potentiostat and
Ocean Optics HR2000+ model UV-Vis spectrophotometer devices in the M.U.
Department of Chemistry, Faculty of Arts and Sciences. Bandelin Brand ultrasonic bath
was used for homogenization during the preparation of the catalysts. During the
application of dynamic RDE and RRDE voltammetry techniques, Pine brand MSRCE

model electrodes and a micropipette were used to modify the electrodes.
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2.4. Method

During the determination of the redox properties of the phthalocyanine complexes,
voltammograms were recorded using CV, DPV and SWV techniques in suitable organic
solvent environment, and these voltammograms were analyzed to determine the peak
potentials (Ep), half-peak potentials (E1/2), electrochemical data such as peak potential

separations (AEp), peak currents (Ipc and Ipa) and peak current ratio (Ipa/lpc).

Simultaneous spectroelectrochemistry technique was used to determine whether the
reduction and oxidation reactions took place on the phthalocyanine ring or in the metal
center. With this technique, spectral changes during the formation of reduction and
oxidation and UV-Vis spectra of these compounds were recorded.

In the final stage of the study, RDE voltammetry and RRDE voltammetry techniques
were used. The ORR was examined in the glassy carbon electrode system modified and
unmodified with the examined complexes, using a rotating ring (Pt)-disk (C) double
working electrode with the bipotentiostat system, and in this way, the electro catalytic

activities of the complexes in ORR were investigated.
2.5. Electrochemical measurements

For CV, DPV and SWV measurements of all Pc (1a-1e and 2a-2e) complexes (Figure
10);Pt disk electrode was used. These voltammetric measurements were performed in a
high purity DMSO and/or DCM solvent system containing TBAP carrier electrolyte at
0.1 Mconcentration. SCE is used as reference electrode and the analyst is separated
from the solution by a double-layer bridge. The analyst concentration prepared to
examine its properties is 5x10* M. In addition, high purity nitrogen gas was passed
through the solution for 20 minutes in order to expel oxygen, and a nitrogen atmosphere

was provided by keeping the inert gas over the solution during the measurement.
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2.6. Simultaneous spectroelectrochemical measurements

In-situ spectroelectrochemical was conducted by a computer which was connected from
the outside with an “Ocean Optics HR2000 UV-Vis spectrophotometer” arranged with
the galvanostat/potentiostat with three electrode arrangement at 25°C. A transparent Pt

gauze was acted as the working electrode.

The optical changes that the products of electrochemically produced redox processes
show in the visible region of the UV-Vis spectrum cause color changes. For this
purpose, colorimetric analysis was performed with simultaneous electro colorimetric

measurements and this colorfulness was shown on a two-dimensional plane.
2.7. Electro catalytic measurements

A triple electrode system was used in electro catalytic measurements. In electro
catalytic measurements, the solution was mixed with the help of a stirrer during
electrolysis. To prepare catalysts from phthalocyanine complexes, whose electro
catalytic activity in oxygen reduction will be determined, 5% Nf solution and VC, FlI, G,
GO, Tm were used as support material and ethyl alcohol was used as solvent.
Appropriate mixtures of the phthalocyanine complexes were prepared, and after the
resulting catalyst mixture was homogenized in an ultrasonic bath for 30 minutes, an
appropriate amount (106 pg/cm™ phthalocyanine compound) was placed on the RDE

and RRDE electrodes with the help of a micro pipette.

After preparing suitable modified electrodes to examine the electro catalytic activities of
phthalocyanine compounds, CV, RDE voltammetry and RRDE voltammetry techniques
were used with the triple electrode system. In these measurements, 0.5 M aqueous
sulfuric acid was utilized as the electrolyte. These same measurements were performed
with commercially prepared carbon-supported platinum catalysts and the results were
compared. To determine the methanol tolerances of the prepared catalysts or modified
electrodes, electro catalytic RDE and RRDE measurements were repeated in

sulfuricacid aqueous solution containing 1.0 M methanol.

In RRDE measurements, an electrode consisting of a glassy carbon disc electrode with a
diameter of 5.61 mm with a Pt ring electrode with an efficiency of 38% was used as the
working electrode. The measurements were carried out at a temperature of 25 °C and in

a 0.5 M sulfuric acid aqueous solution saturated with oxygen gas, with a modified GCE
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(5 mm diameter) at a rotation speed of 2500 rpm. During these measurements, the
carbon disc electrode was polarized with a potential scanning rate of 0.005 Vs, while
the potential of the platinum ring electrode was kept constant at 0.95 V against SCE.
Using the measured current densities of the disk and ring electrodes, all the electrons
transmitted including the percentage of H,O, or H,O formed were calculated. For R
techniques, 0.1 M KOH solution was used. For certain time period (half an hour), the
catalyst active material (40% wt.), VC (50% wt.) and Nafion/PTFE solution (10% wt.)
were sonicated for homogenization and formed as an ink in tetrahydrofuran (THF). An
appropriate amount of catalyst (106 pug/cm?) was placed on freshly polished glassy
carbon electrode (GCE) with the help of a micro pipette.

In the initial stage of these measurements, the same experiments were carried out with
the catalyst mixture containing only support material and commercially purchased
catalysts containing carbon-supported platinum. In the light of the results, the most
optimum electro catalytic results were obtained for the catalyst mixtures prepared with

the above-described ratios.
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3. FINDINGS AND DISCUSSION

3.1. Studies with Mono (1a-1e) substituted complexes

Electrochemical, simultaneous spectroelectrochemical and electro catalytic ORR
performances of mononuclear peripherally tetra substituted metallophthalocyanines
(1a—1e) derivatives bearing 4-dicyanophenoxy) phenolate groups on the peripheral
positions; were determined by using techniques CV, SWV, CA and simultaneous UV-
Vis spectroelectrochemical in suitable solvent environments, where spectral changes are
observed. Using these techniques, the electron transfers and electro catalytic oxygen
reduction behaviors of Pc complexes have been elucidated in detail [6]. Generally, using
only voltammetry technique is insufficient to determine redox events. Therefore,
simultaneous spectroelectrochemical, simultaneous electro colorimetric, hydrodynamic
RDE and bipotentiostatic RRDE measurements of phthalocyanine complexes provide
additional support for the determination of redox events and play an important role in
understanding their electrochemical and electro catalytic properties.

3.2. Investigation of electrochemical and spectroelectrochemical behaviors of
Mono (la-1e) substituted complexes in solution environment

In order to determine the electrochemical behavior of mono substituted cobalt, iron,
manganese, nickel and zinc [CoPc (1a), Fe(OAc)Pc (1b), Mn(OAc)Pc (1c), NiPc (1d)
and ZnPc(1e)] phthalocyanine compounds (Figure 10 (A)) compounds, CV and SWV
methods were used using a platinum working electrode in solution environments
containing DMSO/TBAP and DCM/TBAP.

With these techniques, voltammetric data such as peak potentials (Ep), half-peak
potentials (E1), ratio of anodic and cathodic peak currents (lpa/lpc) and the difference
between the first oxidation and first reduction half-peak potentials (AE1/2) were obtained

and voltammograms of the complexes were recorded.

The results of the electrochemical characterization of these compounds are given in
Table 1 and Table 2, and it has been observed that they generally form reversible
one-electron metal and/or Pc ligand-induced redox peaks. When the similarities in the
general redox behavior of metal phthalocyanines are examined; It is understood that and
that CoPc (1a), Fe(OAc)Pc (1b) and Mn(OAc)Pc (1c) compounds show similar redox

properties among themselves. These results show that NiPc (1d) and ZnPc (1e)

29



compounds; they act as redox inactive metal centers, with all events showing three or
four reductions and one or two oxidation pairs centered on the Pc core [36-40]. By
adding di-tert-butyl groups to the substituents, the solubility of metal phthalocyanines
in DMSO has increased, thus redox responses of (la-le) pcs are recorded in
DMSO/TBAP electrolyte. These 1la-1e pcs have more electron releasing nature because
these Pcs possess the shorter classical bridge. This first reduction event occurring in the
Pc core corresponds to the LUMO (lowest energy orbital) and is shown as  M(Il)Pc (-2)
+ e [M(I)Pc (-3)]". Likewise, the first oxidation event that occurs in the Pc core is
shown as M(I)Pc (-2) «[M(I)Pc (- 1)] * + e and corresponds to HOMO (highest
energy orbital). In general, as the polarization strength of the metal center increases, the
reduction of the compound becomes easier and its oxidation becomes more difficult
[36]. These redox inactive compounds; The electrochemical characteristic measured in
DMSO, was overly close tothe DCM/TBAP system (Table 1 and 2). Generally, the fact
that the absorbance value of the Q band of Pc compounds decreases without any shift
and is accompanied by the formation of a new band in the 500-600 nm range is an
indication that redox events occur in the Pc ring. These characteristic spectrum changes
help elucidate the voltammetrically determined ligand-centered redox processes of these
compounds. Phthalocyanine complexes undergo sequential one-electron reduction and
oxidation events. Elucidating these metal-centered or ligand-centered events is only
possible by using simultaneous spectroelectrochemical measurements together with
voltammetric measurements. It was also concluded that it is not possible to fully
evaluate the natureof redox processes only by voltammetric measurements. Thus, the
electrolysis of the complexes (1a-1e) was carried out at appropriate constant potentials,
and the effect of solvents on redox behavior was tried to be understood by recording
simultaneous (in- situ) spectroelectrochemical measurements. The voltammetric
behavior of these redox- inactive complexes [NiPc (1d), ZnPc (1e)] were quite different
from the redox-active (Fe, Co and Mn) complexes. For this reason, electrochemical
measurements of redox-active complexes were first carried out in the non-polar
DCM/TBAP system and polar DMSO system, and then simultaneous (in-situ)
spectroelectrochemical measurements wererecorded to understand the effect of solvents

on their spectral behavior.
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Table 1 Data on the electrochemical characterization of 1a-1e compounds in
DMSO/TBAP solution medium.

Complex Redox Process Label °2E12(V)  PAE, Cap/lpec (V) 9AE1, (V)
[Fe(IV)(OAC)Pc(-2)]*/[Fe(IV)(OAC)Pc(-1)]** €02  0.85 - -
Fe(111)(OAC)Pc(-2)/[Fe(IV)(OAC)Pc(-2)]F Ol  0.26 65 0.90

Fe(OAc)Pc  Fe(ll)(OAC)Pc(-2)/[Fe(I1)(OAC)Pe(-2)] RL  -0.49 70 0.88 0.75
[Fe(11)(OAC)Pc(-2)]/[Fe(I)(OAC)Pc(-2)1> R2  -1.11 75 0.92
[Fe(1)(OAC)Pc(-2)]%/[Fe(1)(OAC)Pc(-3)]* R3  -1.20 70 0.85
Nitrile Reduction *R4  -1.42 75 0.88
Co(I)Pc(-2) */[Co(I1)Pc(-1)]?* €02  0.98 - -
Co(11)Pc(-2)/[Co(111)Pc(-2)]* Ol 046 75 0.80

CoPc Co(11)Pc(-2)/[Co(1)Pc(-2)] Rl  -0.40 70 0.85 0.86
[Co(1)Pc(-2)]/[Co(1)Pc(-3)]> R2  -0.82 80 0.80
Nitrile Reduction R3 -1.39 65 0.95
Mn(1V)(OAC)Pc(-2)" /[Mn(IV)(OAC)Pc(-1)]* 02  1.08 - -
Mn(II1)(OAC)Pc(-2)/[Mn(IV)(OAC)Pc(-2)]F O1  0.44 90 0.80
Mn(111)(OAC)Pc(-2)/[Mn(11)(OAC)Pc(-2)] Rl  -0.16 65 0.88 0.60

Mn(OACPC inan©AgPe2) M) (OAPe(2) > "2 77 60 0.90
[Mn(1)(OAC)Pc(-2)]7/[Mn(1)(OAC)Pc(-3)]> R3  -1.42 80 0.85
Nitrile Reduction R4 -1.61 65 0.95
Ni(ID)Pc(-2)/[Ni(I)Pc(-1)]* ‘01 092 - L L67
Ni(I1)Pc(-2)/[Ni(1)Pc(-3)] R1  -0.75 85 0.80

NiPc [Ni(1)Pc(-3)] /INi(I1)Pc(-4)]> Rz -1l 65 0.95
Nitrile Reduction R3 -1.63 70 0.88

Zn(11)Pc(-2)/[Zn(11)Pc(-1)]* ‘01 0.81 - - L6
Zn(1Pc(-2)/[Zn(11)Pc(-3)] R1  -0.81 60 0.98

ZnPc [Zn(||)PC(-3)]‘/[ZI’I(||)PC(-4)]2— R2 -1.20 90 0.80

Nitrile Reduction R3 -1.65 65 0.95

a By = (Epat Epc)/2 2t 0.100 V s,

b: AEp = Epa- Epc at 100 mV s,

¢ Ipaflpc for reduction processes at 0.100 V st scan rate.

d: AE1s, = Eapp(first oxidation) - Ei (first reduction). It represents the HOMO-LUMO gap for Zn and Ni,

but the charge transfers transitions for Fe, Mn and Co involving redox-active metal centers.
¢ These redox couples could be detected only by square wave voltammetry. AEp value could not bedetermined due
to ill-defined and/or irreversible nature of the redox process.
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Table 2 Data on the electrochemical characterization of mononuclear tetra substituted
la-1e compounds in DCM/TBAP solution medium.

Complex Redox process Label 2E 12 (V) AE, ®lgal lpc (V) 4AE1 (V)
Fe(111)(OAC)Pc(-2)/[Fe(I11)(OAC)Pc(-2). o1 089 85 0.80
Fe(I11)(OAC)Pc(-1)]* 0.58

Fe(OAc)Pc Fe(lI1)(OAc)Pc(-2)/[Fe(111)(OAC)Pc(-2). R1 -0.22 75 0.85
Fe(1)(OAc)Pc(-2)]

Fe(I11)(OAC)Pc(-2).Fe(I1)(OAC)Pc(-2)] / R2 0.64 65 0.98
[Fe(IN(OAC)Pc(-2)]* '
Fe(11)(OAC)Pc(-2)]22/[Fe(11)(OAC)Pc(-3). R3 112 65 0.95
Fe(I1)(OAC)Pc(-2)]* '
[Co(I)Pc(-1)]*/ [Co(111)Pc(-1)]2* 02 1.07 80 0.80

CoPc Co(I)Pc(-2)/[Co(I1)Pc(-1)]* 01'(01") 0.60(0.92) i - 0.83
Co(I1)Pc(-2)/[Co(1)Pc(-2)] R1 -0.23 60 0.98
[Co(1)Pc(-2)] / [Co(l)Pc(-3)]* R2 -1.08 65 0.95
Nitrile Reduction R3 -1.44 75 0.85
Mn(111)(OAC)Pc(-2)/[ Mn(l11)(OAC)Pc(-1)]F  ©O1 1.12 - - 121

Mn(OAc)Pc  Mn(111)(OAC)Pc(-2)/ [Mn(I1)(OAC)Pc(-2)] R1 -0.09 65 0.90
[Mn(I)(OAC)Pe(-2)]/IMn()(QAc)Pe(-2))>  R2 098 & %
Mn(1)(OAC)Pc(-2)]2/[Mn(1)(OAC)Pc(-3)]* ‘R3 -1.12 - -
Ni(11)Pc(-2)/[Ni(11)Pc(-1)]* 01 0.95 65 0.95 179

NiPc Ni(I1)Pc(-2)/[Ni(11)Pc(-3)] R1 -0.77 60 0.98
[Ni(11)Pc(-3)]/[Ni(11)Pc(-4)]> R2 -1.18 60 0.98
Zn(INPc(-2)/[Zn(1N)Pc(-1)]* 0o1'(01") 0.54(0.77) 65(70) 0.95(0.88) 1.44

ZnPe Zn(I)Pc(-2)/[Zn(11)Pc(-3)] R1 -0.86 85 0.80
[Zn(1)Pc(-3)]/[Zn(11)Pc(-4)]> R2 -1.13 85 0.80

% Ein = (Bpat Epc)/2 2t 0.100 V 571,

®: AE, = Epa- Epe at 100 mV s

¢: Ipa/Ipe for reduction processes at 0.100 V s™! scan rate.

d: AE12= Eip(first oxidation) - Ey» (first reduction). It represents the HOMO-LUMO gap for Zn and Ni, but the charge transfer
transitions for Fe, Mn and Co involving redox-active metal centers.

¢: These redox couples could be detected only by square wave voltammetry. AEp value could not be determined due to ill-
defined and/or irreversible nature of the redox process.
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Figure 11 (A) CV and (B) SWV voltammograms of CoPc (1a) complex (5.0x10* M)
DCM/TBAP solution medium.

Figure 11 represents CVs along with SWVs of CoPc (1a) in DCM/TBAP solution
medium. The compound CoPc (1a) goes through three one electron reductions (R1 at -
0.23V, R2 at - 1.08V and R3 at - 1.44V versus SCE) and also two one electron
oxidation procedures. Despite that, the first oxidation procedure splits into two waves
(O1" at 0.60V and O1"” at 0.92V versus SCE), probably due to the presence of
aggregated species. The reduction of R3 at -1.44 V derives from the nitrile groups at
the open ends of the complex. Moreover, the second oxidation and the first reduction
procedures of Co could be assigned to the [Co(Il)Pc (-1)] */[Co(lII)Pc (-1)]*" and
Co(Il)Pc(-2)/[Co(I)Pc (-2)] — in DCM, respectively while the rest procedures to the
Phthalocyanine ring. The Ipa/lpc proportion with the scan rate was almost unity

which suggests the perfect diffusion
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controlled electron transfer mechanism of the procedures (Table 2). AEp values ranged
60 to 80 mV pointed purely diffusion-controlled mass transfer and reversible electron
transfer nature of these redox pairs. The chemical-electrochemical reversibility of the
redox procedures was also verified, mostly, by SWV in the forward and reverse scans
(Figure 11B).

While the first reduction and oxidation events of compounds with a redox active metal
center in polar solvents such as DMF and DMSO occur in the metal center, in nonpolar
solvents such as DCM and THF, this first oxidation event occurs in the Pc ring [40, 41].
In addition, as a result of the interaction between the Co-d and Pc ligand-molecular
orbitals, the LUMO energy for this complex is highly negative compared to the NiPc
(1d) and ZnPc(1e) complexes, and the initial ring-centered reduction event occurs at a
highly negative potential. Therefore, the second and ongoing ring-based reduction
processes are generally outside the existing negative potential window and cannot be
observed as expected. [40]. The electrochemical behavior of CoPc (1a) in the polar
DMSO/TBAP solvent system, which has a coordinative property, is quite different from
the voltammetric measurements performed in the DCM/TBAP environment. However,
the half-wave potentials E;, of redox processes vary significantly depending on the
nature of the solvent. The Ey, value of -0.40 V for the first reduction pair R1 observed
in the DMSO/TBAP solvent system is quite negative compared to the E;, value of -
0.23 V found for the DCM solvent environment. While the 1st oxidation and 1st
reduction events, which exhibit reversible and diffusion-controlled redox events, are
metal-centered, the other events must be ring-centered. The spectral behaviors of Mn,
Fe and Co derivatives in solvents with low dielectric constant are also quite different.
For example, in nonpolar DCM, the first oxidation process is ligand-centered, [Co(Il)Pc
(- 2)J/[Co(I)Pc (-1)] +, while in the polar DMSO solvent environment, which has a
coordinative feature, the first oxidation processes occur metal-centered. Cobalt metal is
known to be more stable in the Co(lll) form, and is easily oxidized from the 2+
oxidation state to the 3+ form at a much lower potential value, because of the
coordination feature of the DMSO solvent [40-46].
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Figure 12 In situ UV-Vis spectral and electro colorimetric changes of CoPc (1a)
complex (5.00 x 10° M) in DCM/TBAP solution medium, recorded by
applying constant potential according to SCE.

Spectroelectrochemical studies were also applied to verify the assignments of the redox
processes of CoPc (1a). In situ UV-Vis spectral variations were observed in both non-
coordinating solvent DCM and coordinating polar solvent DMSO. Figure 12 exhibits
the spectral variations throughout the number one reduction process of CoPc (1a) at —
0.75Vversus SCE in DCM/TBAP which is related to the redox procedure marked R1 in
Figure 12 A new band at 470 nm seems at the same time the Q band at 673 nm shifts
to 710 nm. This is feature of [Co(l)Pc (—2)] — monoanionic species [33,34]. The spectral
changes have clear cut isosbestic points at 398, and 565 nm. As it shows in situ
electrocolorimetrically recorded chromaticity scheme in Figure 12D, the changes of

color from turquoise (x=0.251 and y=0.351) to light green (x = 0.331 and y = 0.359) of
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the solution. The shifting of the Q band and the formation of a new band at 470 nm
designate the formation of [Co(l)Pc (—2)] — species, at the same time this changes
confirm the CV assignment of the pair R1 to Co(I[)Pc(—2)/[Co(I)Pc (—2)] — procedure.
Figure 12B shows in situ UV Vis spectral variations recorded throughout the first
oxidation procedure. The sharp Q band at 675 along with a vibrational band at 608 nm
decrease (Figure 12B) whereas two other new peaks within the range of 400-500 nm
and 753 nm increase. These spectral variations produce a change in color from turquoise
to blue (x=0.326 and y=0.292) (Figure 12D) and form sharpl isosbestic points at 361,
581, and 702 nm. Over the first oxidation procedure in DCM/TBAP electrolyte system,
all these spectral variations suggest a ring based oxidation reaction, Co(ll)Pc (-
2)/[Co(I)Pc (-1)] +. During further oxidation at 1.25 V vs. SCE, the Q band at 652 nm
decreases while a new band at 460 nm appears. These kind of spectral changes are
unique for a metal based oxidation for CoPc (1a) complexes [35,36]. Moreover, this is
also support the CV assignment of [Co(ll)Pc (-1)] */[Co(l1I)Pc (-1)] * for O2 pair of
CoPc (1a) in Figure 12.

14
7
«
3 0 02 01 R1 R2 R3
—
7 /f_\
-14

1.0 0.5 00 -05 -1.0 -15 =20
E/V vs. SCE

Figure 13 SWV voltammograms of CoPc (1a) complex (5.0x10* M) in DMSO/TBAP
solution medium.

For investigating the solvent effect of the complexes, Voltammetric analysis of CoPc
(1a) were conducted in a coordinating polar solvent DMSO/TBAP too (Figure 13 and
Table 1). According to the number of redox signals, the voltammetric feedback of Co
in DMSO/TBAP and DCM/TBAP are quite close to each other. This one undergoes

three well resolved diffusion controlled and reversible reduction processes and two
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oxidation processes. The values for AEp are range between 65 to 80 mV which
indicates thatevery electron transfer procedures are electrochemically reversible (Table
1). Each reduction process of CoPc (1a) are surely diffusion controlled with unity of
relevant Ipa/lpc ratios. Despite that, the nature of the solvent is also one of the factors
on which the “half wave potentials” of all redox procedures are dependent. Because of
the donor character of DMSO, the “half wave potential” of number one reduction
procedure is slightly moved negatively from - 0.23 V to - 0.40 V by coordinating
DMSO solvent, even though both procedures are metal based as Co(ll) / Co(l). Hence,
the nitrile based third reduction procedure of CoPc (1a) takes place almost at the similar
potential in DMSO as well as DCM. So, only by the metal-based procedure, the shifting
effect of potential of the polar solvent DMSO is demonstrated. It is may be analyzed as
a predicted consideration since in CoPc (1a), metal center Co(ll) likely prefers six
coordination and that’show, in CoPc (1a), donor type DMSQO particles are coordinated
in the axial direction to the metal center Co. For the first oxidation procedure of the
compound, the half wave potential is moved negatively from 0.60V to 0.46V by
coordinating DMSO solvent. Hence, in such circumstances, the number one oxidation
procedure is metal based at the same time, the other procedure is ligand based. But for
nonpolar solvent as DCM, the number one oxidation procedure takes place on the
Phthalocyanine ring [30,37]. So in DMSO, the first oxidation couples as well as the
second one also might be occupying to the Co(Il)Pc (- 2) / [Co(lI)Pc (- 2)] + as well as
[Co(l)Pc (- 2)] + / [Co(l)Pc (- 1)]2+, respectively. Moreover, six co-ordinate Metal
Phthalocyanine species are kept separate by the axially bound ligands so that they
basically do not aggregate [30,37]. Consequently, for the first reduction and first
oxidation procedures, the character of the electron transfer procedures are perfectly
diffusion controlled. Furthermore, the peaks noted throughout the forward and reverse
square wave voltammetric scans suggested electrochemical reversibility of those pairs
[38]. The symmetry of all the peaks recordedthroughout the forward and reverse SWV
scans indicated the chemical along with electrochemical reversibility of these
procedures. According to the Table 1 the number two oxidation procedure Oz, was
spotted only by SWV.
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Figure 14 In situ UV-Vis spectral and electro colorimetric changes of CoPc (1a)

complex (5.00 x 10° M) in DMSO/TBAP solution medium, recorded by
applying constant potential according to SCE.

For investigating the solvent effect and making comparison of CoPc (la) in
DMSO/TBAP and DCM/TBAP solution medium, UV-vis spectral variations also
carried out in DMSO/TBAP (Figures. 14A-14D). The starting spectrum with turquoise
color in Figure 14A was a bit broad being different from that in Figure 14A which was
causedby the formation of aggregated species in DMSO/TBAP electrolyte system [40-
45]. However, throughout the number one oxidation procedure (O1), all the changes
recorded were entirely different than those in DCM indicating a ring based oxidation
reaction. Figure 14A illustrates in situ UV vis spectral variations throughout the
number one reduction of CoPc (1a) at -0.75 V versus SCE in DMSO/TBAP,
correspondingto the redox procedure labelled R1 in Table 1. The Q band at 667 nm
shifts to 710nm, while a new band at 472 nm appears. The spectral variations have
clear cutisosbestic points at 375, 556 and 696 nm. According to the chromacity
scheme in Figure 14D, a change in color from turquoise (x=0.251 and y=0.351) to light
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green (x=0.332 and y=0.357). The shifting of the Q band and the formation of a new
band at 472 nm recommend the formation of [Co(l)Pc (2)] — species which proved the
CV assignment of the couple Co(I1)Pc(-2)/[Co(I)Pc (-2)] — (R1) procedure. [40-42] The
color changes from light green to purple (x = 0.371 and y = 0.259) as given in the
chromaticity diagram in Figure 14D. Figure 14C shows spectroelectrochemical
changes for the former oxidation procedure (O1). The Q band at 666 nm increases with
redshift to 675 nm which is unique of a metal based oxidation in CoPc (1a) complexes
and thereby, supports the voltammetric assignment of Co(I1)Pc (- 2) / [Co(IlI)Pc (- 2)] *
for O1 pair of CoPc (1a) (Table 1). [35,36,43] It also provides clear isosbestic points at
296, 349, 485,610 and 662 nm. The changing color from turquoise to light blue (x =
0.326 and y = 0.312) (Figure 14D). The following second oxidation procedure was out
of the available limited positive potential range of DMSO/TBAP electrolyte, this is why

it could not be observed as expected.
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Figure 15 (A) CV and (B) SWV voltammograms of Fe(OAc)Pc (1b) complex (5.0x10™
M) in DMSO/TBAP solution medium.

Voltammetric experiment of Fe(OAc)Pc (1b) compound was also carried out in
DMSO/TBAP and DCM/TBAP solutions (Figure 15 and Table 1). Each of the

reduction and oxidation combinations, electron transfer procedures along with redox
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behaviors are in harmony with the literature [41,42]. The voltammetric feedback of (1b)

compound in DMSO is quite close to that in DCM. Although, all redox responses shift
to more negative potentials in DMSO because of its polarization effect. AE,/, value for

the Fe(OAc)Pc (1b) complexes are largely in keeping with those of the formerly
published phthalocyanine compounds [41, 42] (Table 1).
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Figure 16 (A) CV and (B) SWV voltammograms of Mn(OAc)Pc (1c) complex in
DMSO/TBAP.

Figure 16 shows the CVs and SWVs of Mn(OAc)Pc (1c) in DMSO/TBAP. The related
electrochemical data are tabulated for this solvent in Table 1. Each and every redox
procedure is reversible electrochemically in coordinating DMSO/TBAP electrolyte.
Mn(OACc)Pc (1c) provides four clear-cut diffusion controlled and reversible reduction
procedures (R1 at - 0.16V, R2 at - 0.77V, R3 at 1.43V and R4 at -1.61V versus SCE)
and two oxidation couples (O1 at 0.44 V and O2 at 1.08 V versus SCE). The former
two reduction procedures and the first oxidation procedure are possibly metal based
[Mn(I1(OAC)Pc(-2))/[Mn(ll) (OAc)Pc (-2)] ~, [Mn(ll) (OAc)Pc (-2)] —/ [
Mn(1)(OAc)Pc (-2)]* and Mn(I11)(OAc)Pc(-2)/[Mn(IV)(OAc)Pc (-2)] * processes,
respectively. On the contrary, the third reduction and the second oxidation processes are
attributed to the ligand based [Mn(I)(OAc)Pc(-2)]%/[Mn(I)(OAc)Pc (-3)]* and

Mn(IV)(OACc)Pc (-2) */[Mn(IV)(OAc)Pc (-1)]?*, processes correspondingly. AEp values
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for these processes were within the range of 60—-90 mV at various scan rates from 0.050
to 0.500 Vs™!, demonstrating reversible electrochemical behavior. The couples showed
totally diffusion controlled mass transfer behavior with roughly unit values of the
Ipa/lpc ratios. This reversible behavior was also verified by the affinity in the forward
and reverse SWVs (Figure 16B). The number two oxidation procedure could be
detected only by SWV due to the appearance of the process at the end of the available
potential window (Figure 16B). Because of the polarization effect of DMSO, each
redox pairs of Mn have slightly much negative half-wave potentials in coordinating
DMSO/TBAP electrolyte than those in non-coordinating DCM/TBAP electrolyte.
Although, the R2 redox couples do not conform to typical shifting behavior.

The first oxidation process of Fe(OAc)Pc (1b) is possibly metal-based Fe(l11)(OAc)Pc(-
2)/[[Fe(IV)(OAc)Pc (-2)] © which is as same as Mn(OAc)Pc (lc),
Mn(111)(OAC)Pc(-2)/[Mn(IV)(OAc)Pc (-2)] *. In comparison with CoPc (1a) and
Fe(OAc)Pc (1b) complexes, for CV and SWV method, the shifting of redox potential
for Mn(OAc)Pc (1c) compound is minor if coordinating DMSO/TBAP electrolyte is
applied in place of non-coordinating DCM/TBAP electrolyte which would be connected
with the variation of the coordinating properties of axial sites of these compounds.
Hence, due to the arrange of axial position by the neutralizing and/or donor solvent
molecules, the potentials of MPcs are greatly affected. Metal ions in Fe(OAc)Pc (1b)
and Mn(OAc)Pc (1c) complexes containing iron and manganese metal centers, the
oxidation state of manganese center is3* in Mn(OAc)Pc (1c), whereas the metal center
is in the oxidation state of 2+ in CoPc (1a). Because of the essentiality of neutralization
of the oxidation state three (3+), one axial sites of Mn(OAc)Pc (1c) and Fe(OAc)Pc (1b)
is occupied by OAc in DMSO and DCM. Moreover, these results were supported by
observing carbonyl groups of Fe and Mn in IR spectroscopy. However, in case of
CoPc (1a), the axial sites for fifth and sixth coordination’s are engaged with the
donor solvent dimethyl sulfoxide excluding dichloromethane. When comparing the
solvent effect, it was observed that generally coordinated polar solvents such as DMSO
shifted the Q band to the low energy region due to its high refractive indexes. It was
observed from the analysis of the voltammetric and spectroelectrochemical actionof

the complexes that nickel and zinc exhibit only Pc ring based redox procedures.
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Figure 17 In situ UV-Vis spectral and electro colorimetric changes of Mn(OAc)Pc (1c)

complex (5.00 x 107 M) in DMSO/TBAP solution medium, recorded by
applying constant potential according to SCE.

Figures 17A-17D represents UV Vis spectral variations also collaboratively recorded
chromaticity scheme of compound 1c in DMSO/TBAP. Throughout the number one
reduction of Mn(OAc)Pc (1c) at - 0.50V versus SCE, the Q band shifted at 726 nm to
686nm plus formed new bands at 569 nm and 621 nm which is also known as the
charge transfer region. These changes approve the output of [Mn(Il)(OAc)Pc (-2)]
species fromMn(l11)(OAc)Pc (-2) species. These spectral variations are associated by
the formation of three new bands at 621, 686, and 569 nm [34,43]. As illustrated in
Figure 17D, the changing of color from orange (x=0.421 and y=0.391) to light green
(x=0.332 and y=0.387) and form clear isosbestic points at 371, 525, and 706 nm. In the
process of the second reduction of Mn(OAc)Pc (1c) at - 1.20V versus SCE, one new
band formed at 530 nm and another band decreased at 686 nm. Those changes
represent a metal based reduction to [Mn(I)(OAc)Pc (-2)]*from [Mn(I1)(OAc)Pc (- 2)]
species (Figure 17B). According to Figure 17D, these spectral changes produce a
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change in color from green to light pink (x=0.371 and y=0.329). Figure 17C presents
the spectral changes upon the first oxidation process at 0.60V versus SCE. Throughout
this process, the Q band shifted at 728 nm to 732 nm and a new band formed at 498 nm
which also supports the output from Mn(ll1)Pc (-2) to [Mn(IV)Pc (-2) species (Figure
17C). The changes in color from orange to light pink (x=0.396 and y=0.352) in Figure
17D. For first oxidation O1, these kind of spectral variations are characteristics for a
metal based oxidation, additionally it confirms the voltammetric assignment to
Mn (111 (OAC)Pc(-2)/[Mn(IV)(OAc)Pc (-2)] * of this process in Figure 17.

Additionally, similar systematic potential shifts were observed as a result of the
comparison of electrochemical measurements made in DCM and DMSO solvent
environments. In measurements made with the DMSO solvent system, it was observed
that the redox couples of nickel and zinc metal complexes shifted more negatively than
DCM due to their donor properties. These redox inactive compounds were also
measured in DMSO and results electrochemical characteristics, very similar to the
DCM/TBAP system.

To differentiate the common characteristics of Phthalocyanine ring based redox
procedures, the voltammetric analysis of NiPc (1d) was firstly illustrated. Voltammetric
experiments of NiPc (1d) compound were analyzed in DCM/TBAP (Figure 18). At
every single scan rate, the relevant Ipa/lpc ratios are unity which indicates that diffusion
controlled reduction pairs of NiPc (1d). It shows two clear-cut diffusion-controlled as
well as reversible reduction combinations (R1 = - 0.77V and R2 = - 1.18V versus SCE)
and one oxidation pairs (O1 at 0.95V versus SCE) at different scan rates from 0.050 to
0.500 Vs . SWVs distinctly show reversibility of the redox processes in the chemical
and electrochemical measurements (Figure 18B). For the redox pairs, AEp data at 0.100
Vs~! scan rate range normally between 60 to 65 mV which proves the electrochemical
reversibility of the electron transfer procedures (Table 2).
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Figure 18 (A) CV and (B) SWV voltammograms of NiPc (1d) complex (5.0x10*M)
in DCM/TBAP solution medium.
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Figure 19 SWV voltammograms of NiPc (1d) complex (5.0x10* M) in DMSO/TBAP
solution.

For investigating the solvent effect on the electrochemical behavior of the complex,
voltammetric analyses of NiPc (1d) compound were analyzed in DMSO/TBAP
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electrolyte system too (Table 1 and Figure 19). The electron transfers procedures along
with redox behaviors of each of the reduction and oxidation combinations are in
harmony with the literature [44-48]. The voltammetric feedback of NiPc (1d)
compound in DMSO is quite close to that in DCM. Although, all redox responses shift

to more negative potentials in DMSO as a consequence of its polarization effect. AEy;

value for the NiPc (1d) complexes are largely in consonance with the formerly

published phthalocyanine compounds [48]

By using voltammetric measurements singly, it is fairly impossible to point out the
nature of the redox couples perfectly. Meanwhile, the voltammetric analyses were
supported with in situ spectroelectrochemical analysis, performed throughout the
controlled potential electrolysis of complex at voltammetrically determined constant
potentials. The spectral changes monitored during these measurements permitted us to
make the assignment of the redox methods, that is, either these processes are metal
based or ligand based. The general trend in the spectral changes of NiPc (1d) with
redox inactive metal center species is assumed to be different from those of the MPcs
having redox active metal centers. Predictably, the spectral changes of these compounds
were different from those of the MPcs having redox active metal centers.
Predominantly, the formation of a new absorption band within the range of 550-650 nm
and lowering in the main Q band absorption without a shift and simultaneously
throughout the redox procedures of these complexes was detected. These kind of
spectral transformation were particular for Phthalocyanine ring based redox procedures
and hence, offered considerable evidence for electrochemically allocated ligand based
character of the redox procedures of redox inactive compounds [49].
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Figure 20 In situ UV-Vis changes of NiPc (1d) complex (5.00 x 107 M) in
DMSO/TBAP

Figure 20A-20D illustrates UV-Vis spectral changes along with chromaticity diagram
of NiPc (1d) in DMSO/TBAP. The intensity of the band at 633 nm decreases whereas it
increases from 780 nm to 900 nm at 830 nm in the process of the first reduction reaction
at -1.05 V. Nevertheless, moving isobestic points have been identified (Figure 20A
inset). Observation of moving isobestic points in spectroelectrochemical measurements
of mononuclear metal centered phthalocyanine complexes is an indication of
aggregation. The changing of color from turquoise (x=0.251 and y=0.351) to light green
(x=0.332 and y=0.357) as has been seen in the chromacity scheme in Figure 20D. Over
the additional reduction at - 1.55V versus. SCE, the Q band at 661 nm decreased
without shift (Figure 20B) indicates the continuation of aggregation process. This
procedure is simply presented to Ni(Il)Pc (- 2)/[Ni(ll)Pc (-3)]" redox couple. As
represented by the chromaticity diagram in Figure 20D, a distinct change of color
from light green to light pink was produced by the process (x = 0.371 and y = 0.259).

Figure 20C presents in situ UV Vis spectral changes at the time of the first oxidation
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procedure. The slow decrease in intensity ofthe band at 652 nm was also observed
which is as well as followed by the lessen in the B band. Despite that, after the
oxidation procedure, spectroelectrochemical measurements would not productive in the
allocation of these compounds due to the decomposition of the monocationic [Ni(Il)Pc
(-1)] * species, besides their unstable situation over the circumstances of constant
potential application, in contrast to potential sweep at constant potentials more positive
than 1.05 V vs. SCE. A sharp changing color from original turquoise to light bluish pink
(x=0.326 and y=0.312) resulted in this decomposition process (Figure 20D) [26]
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Figure 21 (A) CV and (B) SWV voltammograms of ZnPc (1e) complex (5.0x10-4 M)
in DMSO/TBAP solution medium. (C) In situ UV-Vis spectral and electro
colorimetric changes of ZnPc (1e) complex (5.00 x 10-5 M) in DMSO/TBAP
solution medium, recorded by applying constant potential according to SCE.

For NiPc (1d) and ZnPc (1e) the first reduction occurs at a less negative potential value
of the redox couple, while the earliest oxidation occurs at a lower positive potential
value (Table 1). The main reason for this voltammetric difference is that complexes
with electroactive metals such as CoPc (1a), Fe(OAc)Pc (1b) and Mn(OAc)Pc (1c)
have d orbital levels at the energy levels between the lowest energy empty molecular
orbital (LUMO) and the highest energy filled molecular orbital (HOMO). Thus,
complexes with such metal centers both easily accept and give electrons [39].

According to the data listed in Table 1 and 2, voltammetric responses of the redox
inactive complexes NiPc (1d) and ZnPc(1e) in DMSO/TBAP electrolyte were quite
equal to those in DCM/TBAP electrolyte. Based on Table 1 and 2, the redox processes
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of ZnPc (1e) has occurred at slightly negative potentials than this of NiPc (1d). Because
of the dissimilarities in the polarizing effects of metal centers, the variation between the
half wave potentials of NiPc (1d) and ZnPc (1e) were observed. Varying from 1.40 to
1.72 V, AEy;; data are basically consistent with the data reported in literature for NiPc
(1d) and ZnPc (1e). The MPc species which have redox inactive metal center, number
one reduction of the Phthalocyanine ligand, metal(Il)Phthalocyanine (-2) + electron™ =
[metal(I1)Phthalocyanine (-3)] -, associated with the place of the “Lowest Unoccupied
Molecular Orbital” (LUMO), at the same time number one oxidation of the ligand
metal(I1)Phthalocyanine (-2) =[metal(ll)Phthalocyanine (-1)] + electron™ is involved
with the place of the “Highest Occupied Molecular Orbital” (HOMO) [28,29]. So that,
AEy; values of these compounds reflect their HOMO-LUMO gaps. In addition, these
compounds display two / three reduction pairs along with one or two oxidation pairs
which suggest each and every redox procedure are Pc ring based of these complexes
[30-32]. AE, values ranged from 60 to 90 mV, indicates that every electron transfer
procedures are electrochemically reversible. The peak currents progress lineally with
the square root of scan rates varying from 0.025 to 0.250 Vs~ for these compounds has

recommended absolutely diffusion controlled character of the procedures.
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Figure 22 (A) CV and (B) SWV voltammograms of ZnPc (1e) complex (5.0x10-4 M)
in DCM/TBAP solution medium. (C) In situ UV-Vis spectral and electro
colorimetric changes of ZnPc (1e) complex (5.00 x 10-5 M) in DCM/TBAP
solution medium, recorded by applying constant potential according to SCE.

Redox behaviors of NiPc (1d) and ZnPc (1e) were distinctly different in contrast with
CoPc (1a), Fe(OAc)Pc (1b) and Mn(OAc)Pc (1c), because the previous group having
redox inactive metal centers which exhibited only Phthalocyanine ring based one
electron redox procedures, when the rest with redox active metal centers group showed
both Phthalocyanine ring and metal based one electron redox procedures. Besides, if we
compare the redox potentials in DMSO and DCM, we can notice that because of the
electron donorproperty of DMSO, the peaks in the redox active metal centers group are
found at much negative potentials in terms of those in the redox inactive metal centers
group [51,52]. Therefore, for electing their area of application in electrochemical
technologies, recognition of the character of all redox procedures is highly essential.
From that perspective, electrochemical actions of CoPc (la), Fe(OAc)Pc (1b) and
Mn(OAc)Pc (1c) complexes were performed in solution and the analysis results are
listed in Table 1 and 2. The first oxidation and the first reduction processes of CoPc
(1a), Fe(OAc)Pc (1b) and Mn(OAc)Pc (1c) were observed to occur at significantly less
positive and less negative potentials, respectively, as compared to those of NiPc (1d)
and ZnPc (le) (Table 1).The main reason of this dissimilarity in the voltammetric
performance of the former group is MPcs such as CoPc (1a), Mn(OAc)Pc (1c) and
Fe(OAc)Pc (1b) which have a metal center having energy levels laying between the

LUMO and HOMO of the Phthalocyanine ligand, mostly show both metal based and
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ring based redox procedures. In case of polar solvents as for example DMSO and DMF,
for a MPc together with a redox active metal center, the number one oxidation and
reduction procedures are presumed to take place on the metal center, yet, the number
one oxidation procedure takes place on the Phthalocyanine ring in nonpolar solvents as
for example THF and DCM [55-58].

The redox behavior of these redox-active complexes [CoPc (1a), Fe(OAc)Pc (1b) and
Mn(OAc)Pc (1c)) is quite different from the redox-inactive complexes [NiPc (1d), ZnPc
(1e)]. CoPc (1a), Fe(OAc)Pc (1b) and Mn(OAc)Pc (1c) complexes show both ligand
and metal-centered electron transfer processes due to the electro-active metal
centers they have. Therefore, in order to decide on the use of such complexes in the
field of electrochemical technologies, it is important to define their characteristic redox
properties in detail. For CoPc (1a), Fe(OAc)Pc (1b) and Mn(OAc)Pc (1c) complexes,
the first reduction of the redox couple happens at lower negative potential value,
while the 1st oxidation occurs atlower positive potential value (Table 1 and 2). The
main reason for this voltammetric difference is that complexes with electroactive
metals such as CoPc (1a), Fe(OAc)Pc (1b) and Mn(OAc)Pc (1c) have d orbital levels at
the energy levels between the lowest energy empty molecular orbital (LUMO) and the
highest energy filled molecular orbital (HOMO). Thus, complexes with such metal
centers both easily accept and give electrons.

When the effect of the solvent systems used for CoPc (1a) and Mn(OAc)Pc (1c)
compounds on the electrochemical behavior was compared, when DMSO was used as
the solvent system for Mn(OAc)Pc (1c), the shift in the half-wave potentials (E;.)
obtained by CV was less. The redox potentials of MPcs are significantly affected by the
occupation of the axial position by donor solvent molecules with coordination
properties. While the oxidation state of the manganese center is 3+ valence, the cobalt
metal center is 2+ valence. As a result of the decreasing oxidation number, the
coordination number of its compounds also decreases [52]. Therefore, the OAc ion
binds from the axial position of the Mn and Fe compounds, and for CoPc (1a)
compound with coordination numbers 6 and 5, the donor DMSO solvent binds from the
axial position. Simultaneous spectral measurements provide a clearer understanding of

this situation.
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3.3. Investigation of the electro catalytic performances for Oxygen reduction
reaction (ORR) of Mono Substituted (1a-1e) complexes in acidic medium

In addition to the above-mentioned electrochemical and simultaneous UV-Vis
spectroelectrochemical measurements, RDE and RRDE voltammetry with a double
potentiostat system was also used. The catalytic experiments of the examined
compounds in the ORR were examined by LSV. Catalytic measurements were carried

out in acidic environment for PEMFC applications.

Electro catalytic activities of the CoPc (1a), Fe(OAc)Pc (1b) and Mn(OAc)Pc (1c) NiPc
(1d), ZnPc (1e) complexestowards ORR were tested by the RDE technique at 2500
rotations per minute (rpm). The RDE polarization curves of VC/Nf/Pc, FI/Nf/Pc,
GO/Nf/Pc, G/INf/Pc and Tm/Nf/Pc modified glassy carbon working electrodes were
recorded in 0.5 M H,SO4 aqueous electrolyte solution with oxygen purging for 30 min.
The potential scanning range was from 0.70 to -0.50 V vs. SCE with a scan rate of
0.005 Vs The onset potential (Eo,) where the current begins to increase, and the
limiting diffusion current density (JL) can be taken as the measures of catalytic activity.
The potential at which the current density reaches 0.100 mA cm™2 was taken as Eo.
Table 3 sums up the electro catalytic behavior of Pc-based catalysts.
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Table 3 Electro catalytic activities of 1a-1e complexes for ORR according to the
parameters of onset potential (Eo), diffusion current density (J.) and half-wave
potential (E12) (according to SCE).

E HOV EiyplV

Complex (vs. SCE) J./ mA cm? (vs. SCE)
Fe(OAC)PC/VCINT 0.39 3.75 (0.76) 0.06 (-0.25)
CoPC/VC/NF 0.40 1.34 (0.58) 0.23 (-0.06)
Mn(OAc)Pc/Vc/Nf 0.08 2.22 -0.11
NiPc/Vc/Nf 0.01 2.44 -0.20
ZnPc/Vc/Nf 0.03 151 -0.14
Fe(OAC)PC/FINT 0.46 1.85 (3.19) 0.30 (:0.02)
CoPc/FI/NF 0.38 3.85 (0.71) 0.05 (-0.29)
Mn(OAC)PC/FINS 0.30 1.94 0.10
NiPc/FI/Nf 0.29 1.65 0.11
ZnPc/FI/Nf 0.20 0.42 0.12
Fe(OAC)PC/GOINT 0.45 3.66 (0,57) 0.05 (:0.27)
CoPc/GOINF 0.49 0.60 (1.44) 0.37 (-0.02)
Mn(OACc)Pc/GO/Nf 0.26 2.75 0.02
NiPc/GO/Nf 0.12 2.24 -0.06
ZnPc/GO/Nf 0.25 1.62 -0.07
Fe(OAC)PC/GINT 0.44 3.7 2001
CoPc/G/Nf 0.58 1.00 -0.02
Mn(OAC)Pc/G/Nf 0.35 0.90 -0.06
BO-NiPc/G/Nf -0.05 0.95 -0.20
BO-ZnPc/G/Nf -0.13 0.75 -0.29
Fe(OAC)PCITMINF 0.28 2.90 (0.74) -0.05 (-0.30)
CoPc/Tm/NE 0.33 0.54 (1.04) 0.19 (-0.14)
Mn(OAc)Pc/Tm/Nf 0.41 0.98 -0.11
NiPc/Tm/Nf 0.07 0.78 -0.17
ZnPc/Tm/Nf -0.16 0.27 -0.18

3 The potential at which the current density reaches to 0.100 mA cm2 was taken as the onset
potential, Eo.

These compounds are widely used as oxygen reduction reaction catalysts in fuel cells
[70-75]. Fe/FI/Nf, Fe/VC/Nf, Fe/GO/Nf, Fe/G/Nf and Fe/Tm/Nf with their redox active
metal center, show better catalytic efficiency according to both their starting potential
and limit current densities (Table 3). In particular, the measured parameters for the
FePc/FI/Nf-based catalyst indicate a remarkable catalytic activity for any mononuclear
MPc complex. Considering the high 5.04 mA cm limit diffusion current density of the
Fe/FI/Nf-based catalyst and its catalytic activity starting at positive potential (Eo value
0.46 V), it shows high ORR performance. Therefore, it appears to provide a mechanism
for the reduction of ORR, which is desired for fuel cell applications, by a 4-electron

mechanism, with H>O as the prime product. On the other hand, the relatively lower
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catalytic activities of NiPc (1d) and ZnPc (1e) compounds can be interpreted as the fact

that their redox inactive metal centers do not undergo reduction and oxidation.

Because of the huge mesoporous distribution, excellent electrical characteristics and
economic price, carbon blacks have widely utilized in the region of electrochemistry.
Carbon blacks are commonly acquired by thermal decomposition of hydrocarbons
originate from petroleum sources. As catalyst supports in electrochemical | experiments,
various carbon blacks, for example Fl, acetylene black, Ketjen Black, Black Pearl or
VC, GO, G and Tm have utilized extensively. On account of having sufficient surface
area (> 250 m? g1) as well as great electricconductivity (> 2.77 Scm™), Fl has drawn
attention out of all the carbon blacks. Generally, the applications of carbon pertain to
interfacial interactions, wherein various reactants and ions come into contact with the
carbon surface. Consequently, significant attention has been dedicated to investigating
how the surface chemical characteristics of carbon and carbon blacks, influence the
electrochemical action of energy conversion and storage appliances. As molecular
allotropes of carbon, fullerenes demonstrate a multitude of fascinating phenomena that
arise from their m-electron properties, which can be conveniently modified through
chemical processes. The significant curvature of the conjugated m-electron systems
present in these hollow spheres has enabled a diverse range of chemical interactions,
leading to the synthesis of numerous derivatives. This characteristic renders the Fl
family a highly versatile foundational element in materials that hold considerable

significance in the fields of physics, chemistry, and biology.

The family of fullerenes embodies a unique molecular configuration of carbon,
attracting considerable attention for its outstanding chemical and physical attributes.
The molecule Buckminsterfullerene (C60), known for its remarkable stability, was first
identified in 1985. C60 is the prototypical representative of the FI family and may
be classified as the third allotrope of carbon, succeeding graphite and diamond. Each Fl
is characterized by an even number of carbon atoms that are distributed over the surface
of a sealed, hollow cage. Each atom forms trigonal connections with three neighboring
atoms, with three out of the four valence electrons participating in sp2c-bonding. The
residual electrons are distributed across n-molecular orbitals that encompass both the
external and internal surfaces of the molecule. The resulting - electron density cloud is

comparable to that which envelops graphite sheets. The o framework outlines a
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polyhedral network featuring 12 pentagons and m hexagons, where m can take any
value including zero, except for one, in line with Euler’s law. Furthermore, the
development and characteristics of various curved carbon structures that exist as
structural intermediates between the expansive flat graphitic sheets and the diminutive

hollow fullerenes, including nanotubes and Bucky onions, have garnered significant

attention.
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Figure 23 RDE curve for Fe(OAc)Pc (1b)/FI/Nf modified electrodes in 0.5 M H2SO4
solution.

The presence of a clearly defined limiting current plateau, as demonstrated in Figure
23, is commonly observed. This is due to the homogeneous arrangement of electro
catalytic sites on the electrode's surface. Conversely, when the active sites are not
uniformly distributed on ink-type electrodes that possess a thin porous coating, the

polarization curves can appear inclined or bell-shaped.

LSVsin 0.5 M H,SO, aqueous solution saturated with oxygen gas at a rotation speed of
2500 rpm using the rotating disk voltammetry technique, are shown in Figure 23.
When the ORR performances of glassy carbon electrodes modified only with Nf or
FI/Nf (Figure 23) are compared with the measurements made for (1a-1le) complexes,
they show that Pc modified catalysts give better ORR performance according to both
the starting potentials and limit current densities parameters. This is probably due to the
fact that the MPcs in the catalyst mixture are uniformly distributedin the Fl. The Figure
also clearly shows that the catalyst layer structure has a remarkable effect on catalytic
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performance.
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Figure 24 RDE polarization curves recorded with MPc/FI/Nf (M= Fe, Co, Mn, Ni and
Zn) modified glassy carbon electrodes in 0.5 M H2SO4 solution saturated
with O for electro catalytic ORR (Rotation speed: 2500 rpm).

The catalytic performances of Fe(OAc)Pc (1b), CoPc (1a) and Mn(OAc)Pc (1c) on
GO/Nf/Pc, G/Nf/Pc and Tm/Nf/Pc modified rotating (2500 rpm) glassy carbon
electrodes towards ORR are much better as compared to those of mononuclear NiPc
(1d) and ZnPc(1e). The limit current densities for Fe(OAc)Pc (1b), CoPc (1a) and
Mn(OAc)Pc (1c) are considerably high. On the contrary, NiPc (1d) and ZnPc (1e) have
a very low limit current density. In addition, E, values for Fe(OAc)Pc (1b), CoPc (1a)
and Mn(OAc)Pc (1c) are more positive than those of NiPc (1d) and ZnPc (1e.
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Figure 25 RDE curves for MPc/VVC/NT modified electrodes in 0.5 M H2SO4 solution

In Figure 25, it is clearly seen that catalytic performances of Fe(OAc)Pc (1b),
Mn(OACc)Pc (1c) and CoPc (1a) on VC/N{f/Pc modified rotating (2500 rpm) glassy
carbon electrodes towards ORR are much better as compared to those of
mononuclear NiPc (1d) and ZnPc (1e). The limit current densities for Fe(OAc)Pc
(1b), CoPc (1a) and Mn(OAc)Pc (1c) are considerably high. On the contrary, NiPc
(1d) and ZnPc (1e) have a very low limit current density. In addition, E, values for
Fe(OAc)Pc (1b), CoPc (1a) and Mn(OAc)Pc (1c) are more positive than those of
NiPc (1d) and ZnPc (1e).
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Figure 26 RDE polarization curves recorded with MPc/GO/Nf, MPc/G/Nf and
MPc/Tm/Nf modified glassy carbon electrodes in 0.5 M H2SO4 solution
saturated with O for electro catalytic ORR (Rotation speed: 2500 rpm).

The electro catalytic reduction of oxygen on metallophthalocyanines occurs via a redox-

catalysis mechanism, wherein the ability to bind oxygen and the redox potential of the
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central metal ions are of paramount importance. During the adsorption of the oxygen
molecule, the metal ion at the center of the phthalocyanine ring undergoes oxidation,
thereby facilitating the reduction of oxygen. Conversely, the metal centers in NiPc (1d)
and ZnPc (1e) are characterized as redox-inactive, indicating that they do not undergo
oxidation or reduction during electro catalytic measurements, as evidenced by their
established electrochemical behavior. Consequently, the superior catalytic performance
of Fe(OAc)Pc (1b) and CoPc (1a), in comparison to other complexes, can be ascribed to
the presence of a redox-active metal center and its unique ability to coordinate with the

dioxygen molecule.
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Figure 27 Cyclic voltammograms of the Pt/\VC/Nf and Fe(OAc)Pc/FI/Nf complex
adsorbed on glassy carbon electrodes in 0.5 M H2SOa, purged with N2 or
saturated with O

The pertinent cyclic voltammograms for the Fe(OAc)Pc/FI/Nf based catalysts are
illustrated in Figure 27. Additionally, the onset potentials identified during the RDE
tests are indicated on the voltammograms with arrows, facilitating the correlation
between catalytic activity and redox potentials, as the ORR initiates at these onset

potentials.

In line with expectations, the mononuclear complex Fe(OACc)Pc/FI/Nf reveals a
conventional redox couple, identified as a Fe''"/Fe'V redox process. Fe(OAc)Pc/FI/Nf
catalyst containing mononuclear phthalocyanine complex in saturated N, medium
showed first Fe""'/Fe'V transition in the oxidation direction and then Pc®/Pc” transition as
second oxidation. Fe(OAc)Pc/FI/Nf catalyst showed first Pc/Pc? reduction and then
Fe'V/Fe"" reduction in cathodic scanning. The half-peak potential of Fe''/Fe'V and
Fe'V/Fe'' redox processes was determined as E1,=0.08 V. In addition, the half-peak

potential of Pc?/Pc” and Pc/Pc? redox pairs were obtained with E12=0.42 V. In the 0.5
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M H,SO, solution saturated with O,, firstly Fe''/Fe'V transition and secondly Pc?/Pc
transition were observed in the direction of oxidation similar to N, environment. While
the half-peak potential of Fe''/Fe'V and Fe'V/Fe'" redox couples is E12=0.12 V in the
solution medium saturated with O, the half-peak potential of PcZ/Pc” and Pc/Pc? redox

couples is E12=0.45 V.

In our study, RRDE polarization curves of VC/Nf/Pc and FI/Nf/Pc electrodes modified
with different Pc compounds were made with a modified glassy carbon disk and
platinum ring electrodes polarized at a constant potential of 0.95 V according to SCE.
Here it is modified with Fe(OAc)Pc (1b), which is thought to show the highest catalytic
activity. The RRDE measurement obtained for the modified glassy carbon disc
electrode is shown as an example (Figure 28). These polarization curves enable the
determination of the contribution of hydrogen peroxide formation during ORR and the

number of electrons transferred.
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Figure 28 RRDE polarization curves recorded with Fe(OAc)Pc/VVc/Nf modified
rotating (2500 rpm) glassy carbon disc in 0.5 M H2SO4 solution saturated
with O for electro catalytic ORR (potential scan rate: 0.005 V s1).

While ORR can be formed in a single step by 4-electron reduction to give water, it can
also be reduced in two steps, where first the hydrogen peroxide intermediate product is
formed and then water is formed by 2-electron transfer. In fuel cell applications, the
optimal approach involves the generation of water via a four-electron process.
Consequently, it is essential to ascertain the total number of electrons transferred,
denoted as n, as well as the proportion of hydrogen peroxide, should it be produced.
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The ring currents were assessed to determine the quantity of H,O, produced by each
catalyst. It was noted that the ring currents commenced at the same potentials as the
onset potentials for the ORR observed in the disk, suggesting that H,O, generation is
occurring. The bell-shaped profile of the ring current is indicative of H,O, formation on

non-noble metal catalysts and activated carbon.

The ORR in an acidic environment can occur as either a four-electron process resulting
in the formation of H>O or as a two-electron reduction leading to the production of
H20.. It is preferable for the reaction to proceed to completion, yielding H2O through a
four-electron transfer mechanism. In instances of low catalytic activity, oxygen is
reduced to H2O> through a two-electron mechanism; however, this peroxide can
subsequently undergo further reduction via an additional two-electron process to yield
H20. Consequently, it is essential to ascertain the n value, which will allow for the
assessment of hydrogen peroxide's contribution. To evaluate the role of hydrogen
peroxide formation during the ORR on each catalyst, RRDE measurements were
conducted using a glassy carbon disk electrode modified with VC/Nf/Pc and a platinum
ring electrode set at 0.95 V versus SCE. An example of the RRDE measurement
utilizing the Fe(OAc)Pc/VC/Nf modified glassy carbon disk electrode is illustrated in
Figure 29.
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Figure 29 (A) Variation of the total number of electrons transferred with the disk
potential for VC/Nf/Pc modified electrodes (B) Variation of the % H20-
formedfor VC/Nf/Pc modified electrodes with the disk potential (according
to Ering = 0.95V vs SCE)

The nt and the percentage of hydrogen peroxide produced at a given potential were

determined by the following equations:
ne =4 Ip/ [Ip + (Ir/N)] (1)

%H,0, = 100 (4 - n)/2 )

where N, Ip, and Ir are the collection efficiency, disk current and ring current,
respectively. Figure 29A and 29B show the number of electrons and %H.O> generated
at different potentials for each catalyst, respectively. The total electron count, n,
indicates that the ORR occurring on the Fe(OAc)Pc/VC/Nf based electrode generates a
greater quantity of water in comparison to hydrogen peroxide. The n; value rises with
an increase in potential, reaching 3.80 comprising 89% H>O and 11% H>Oy) at the

limiting diffusion current plateau, therebyestablishing water as the primary product.
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Figure 30 RRDE polarization curves recorded with Fe(OAc)Pc/FI/Nf modified rotating
(2500 rpm) glassy carbon disc in 0.5 M H2SOg4 solution saturated with O for
electro catalytic ORR (potential scan rate: 0.005 V s?).

In accordance with calculation, the ORR for all catalysts proceeds through a four-
electron pathway that produces only water, in addition to two separate two-electron
pathway that first generate hydrogen peroxide, which is then convert into water. In
contrast, Fe(OAc)Pc/FI demonstrates enhanced electro catalytic efficiency relative to
Fe(OAc)Pc/Vc, particularly in terms of current and potential measurements relevant to
the ORR. It is particularly evident that the ORR facilitated by the Fe(OAc)Pc/FI -based
electrode generates a substantially greater quantity of water in contrast to that of
hydrogen peroxide. Regarding Fe(OAc)Pc/Fl, an increase in voltage corresponds to a
rise in the n¢ value, reaching 3.85 (90% H.O and 10% H20>) at the limiting diffusion
current plateau, thereby indicating that water being the predominant product. Figure
31A and 31B clearly demonstrates the rise in the ring current at potentials ranging from
0.30 and —0.25 V versus SCE.
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Figure 31 (A) Variation of the total number of electrons transferred with the disk
potential for FI/Nf/Pc modified electrodes (B) Variation of the % H20-
formed for FI/Nf/Pc modified electrodes with the disk potential (according to
Ering = 0.95 V vsSCE)

Figures 31A and 31B illustrate the quantity of electrons and the percentage of H>O>
produced at various potentials for each catalyst. The total number of electrons, denoted
as n, indicates that the ORR occurring on the Fe(OAc)Pc/FI/Nf based electrode yields a
greater volume of water in comparison to hydrogen peroxide. As the potential increases,
the n: value rises, reaching 3.85 (with 93% attributed to H.O and 7% to H.O>) at the
limiting diffusion current plateau, thereby establishing water as the predominant
product.

In a direct methanol fuel cell (DMFC), the diffusion of methanol from the anode to the
cathode can negatively affect the fuel cell's performance, especially when the cathode is
composed of platinum. Nevertheless, metal N4 chelates have been identified as
selective catalysts that exhibit a notable tolerance to methanol in the context of the
ORR.
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Figure 32 RDE polarization curves recorded with Pt/\V/¢/Nf, Fe(OAc)Pc/Vc/Nf and
Fe(OAc)Pc/Pt/Vc/NT modified glassy carbon electrodes in 0.5 M H2SO4
solution saturated with O for electro catalytic ORR in the presence and
absence ofmethanol (Rotation speed: 2500 rpm).

Methanol tolerance of Fe(OAc)Pc/Vc/Nf based catalyst was also determined and
compared with that of Pt-based one. Figure 32 shows the polarization curves obtainedin
O, saturated electrolyte in the presence and absence of methanol for the P,
Fe(OAc)Pc/Vc/NT and Pt/Fe(OAc)Pc/Vc/NT based catalysts. At an electrode composed
of Fe(OAc)Pc/VVc/Nf, the polarization curve for the ORR remains unchanged despite the
inclusion of 1.0 M methanol in the electrolyte. In contrast, at a platinum-based
electrode, the introduction of 1.0 M methanol in theelectrolyte results in a shift of
the oxygen reduction potentials to more negative values. A notable methanol oxidation
current is detected across a broad spectrum of potential, resulting in the complete
inhibition of the catalytic activity of the Pt-based catalyst for the ORR within the
potential range of 0.50-0.80 V versus SCE. While the methanol tolerance exhibited by
the Fe(OAc)Pc/Vc/Nf-based catalyst surpasses that of the Pt-based catalyst, it is
regrettable that the ORR on the Fe(OAc)Pc/Vc/Nf-based catalyst still takes place at
more negative potentials in the presence of methanol when compared to the Pt-based
catalyst. Furthermore, a significant quantity of hydrogen peroxide (H20-) is generated,
even though the Fe(OAc)Pc/VVc/NT modified electrode primarily facilitates the ORR
througha four-electron mechanism in regions of high over potential. So, the methanol
tolerance of Pt/ Fe(OAc)Pc/Vc/NT -based dual catalyst during ORR was also determined
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and compared with that of Pt-based one. As shown in Figure 32, in the presence of
methanol, electro catalytic activity of the Fe(OAc)Pc/Pt/VVc/Nf -based dual catalyst is
much better than that of the Pt-based one at all potentials. The findings of our research
demonstrated that the straightforward incorporation of an appropriate Fe(OAc)Pc into
Nf and carbon-supported platinum significantly improves the methanol tolerance of
platinum for the ORR, indicating a promising and economical alternative for DMFC

applications.
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Figure 33 (A) RDE polarization curves recorded with Fe(OAc)Pc/VC/NT,
Fe(OAC)Pc/FI/NT, Fe(OAC)Pc/GO/NT, Fe(OAC)Pc/G/Nf and
Fe(OAC)Pc/Tm/Nf modified glassy carbon electrodes in 0.5 M H2SO4
solution saturated with O> for electro catalytic ORR (Rotation speed: 2500
rom). (B) RDE polarization curves recorded with Pt/Vc/Nf,
Fe(OAc)Pc/Vc/NT ve Fe(OAc)Pc/FI/NT modified glassy carbon electrodes in
0.5 M H2SO;4 solution saturated with Oz for electro catalytic ORR (Rotation
speed: 2500 rpm).

Amongst Pc compounds used in this study, Fe(OAc)Pc/FI/Nf and Fe(OAc)Pc/Vc/Nf

showed remarkable catalytic activity towards ORR in acidic medium. The distinctive

catalytic performance of Fe(OAc)Pc/FI/Nf and Fe(OACc)Pc/VC/NT are attributed to the
redox-active behavior of the metal center. It appears that, in the case of a redox-active
metal center, the interaction between the metal center and O, molecule is enhanced

Table 4 summarizes the electro catalytic performance of Fe(OAc)Pc (1b) based

catalystsfor ORR.
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Table 4 Electro catalytic activities of Fe(OAc)Pc (1b) complexes for ORR according to
the parameters of onset potential (E,), diffusion current density (J.) and half-
wave potential (E12) (according to SCE).

E’V : Eip/V
Catalysts (vs. SCE ) J. / mA cm? (vs. SCE)
Fe(OAC)PC/FI/NF 0.44 1.85 (3.19) 0.30 (-0.02)
Fe(OAC)Pc/VC/NF 0.39 3.75 (0.76) 0.06 (-0.25)
Fe(OAC)PCc/GO/NF 0.45 3.66 (0.57) 0.05 (-0.27)
Fe(OAC)PC/G/NF 0.44 3.74 -0.01
Fe(OAC)Pc/Tm/NF 0.28 2.90 (0.74) -0.05 (-0.30)

® The potential at which the current density reaches to 0.100 mA cm was taken as the onset potential .

3.4. Investigation of the electro catalytic performances for Oxygen reduction
reaction (ORR) of Mono Substituted (1a-1e) compounds in alkali medium

The electro catalytic activities of the complexes in the context of oxygen electro
catalysiswere evaluated utilizing CV, RDE, andRRDE voltammetry techniques within
an air half-cell containing a 0.1 M KOH solution. The CV and RDE measurements
were conducted with a Gamry Reference 600 potentiostat/galvanostat, while a Pine
Instrument Company AFMSRCE modulator speed rotator was utilized for the RDE
experiments. The electrolyte solution for the electro catalytic measurements was
prepared using ultra- pure water and potassium hydroxide. A GCE and a polishing kit
for this electrode were acquired from Pine Instruments for the RDE measurements.
These measurements were conducted with a glassy carbon diskof 5 mm in diameter in
an oxygen-saturated 0.1 M KOH aqueous solution under quasi- stationary conditions,
utilizing a sweep rate of 5 mV/s at a temperature of 25°C. The counter electrode
employed was a platinum spiral, while the reference electrode used was a SCE. High-
purity N2 and O2 were employed to deoxygenate the solution and to saturate it with
oxygen, respectively, for a minimum duration of 30 minutes before each experimental
run. In the course of the RRDE measurements, a bipotentiostat, which consists of two
Gamry Reference 600 potentiostat/galvanostats, was utilized to regulate the potentials
of both the disk and the ring. The working electrode comprised a glassy carbon disk
with a diameter of 5 mmand a platinum ring electrode with a composition of 37%
platinum. RRDE experiments were conducted at a rotation speed of 2500 rpm in an Oo-

saturated 0.1 M KOHsolution. The catalyst preparation utilized high-purity chemicals,
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including Commercial 40% Pt/C from Sigma-Aldrich, VC XC-72 from Cabot Co., Fl,
GO, G, Tm, a 10% Nafion-PFTE solution from Aldrich, KOH pellets from Merck,
tetrahydrofuran from Sigma-Aldrich, ethanol from Merck, and ultra-pure water. The
catalyst ink, comprising 40% by weight of catalyst active material, VC XC-72, Fl, GO,
G, Tm (50% by weight), along with a Nafion/PTFE solution (10% by weight), was
subjected to sonication in THF for thirty minutes to achieve homogenization. A
specified volume of this ink was then applied to a freshly polished GCE using a
micropipette, resulting in a catalyst loading of 106 pug cm™. Similarly, a mixture
containing 10% by weight of Nafion and 90% by weight of commercial Pt/C (a 40% Pt-
VC XC-72 blend) was suspended in ethanol and sonicated for thirty minutes to prepare
the platinum-based catalyst, which was subsequently coated onto the GCE following the

same procedure.
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Figure 34 Cyclic voltammograms of the Pt/\VVC complex adsorbed on glassy carbon
electrodes in 0.1 M KOH, purged with N, or saturated with O, (scan rate 5

mVs‘l)
The electro catalytic activities of the Pt/C and Fe(OAc)Pc complex for the ORR were
initially assessed using CV. The cyclic voltammograms for electrodes modified with
Pt/C and Fe(OAc)Pc (1b) (Figure 34 and 35) were obtained in 0.1 M KOH solutions
saturated with either N2 or Oz, employing a scan rate of 5 mV/s. The peak currents
associated with the ORR in the voltammograms indicate that the Fe(OAc)Pc(1b)
complex effectively interacts with molecular oxygen, attributed to the redox-active
nature of the Fe?" core. Additionally, a comparison of the voltammograms for the

Fe(OAc)Pc (1b) complex in N2- and Oz-saturated environments distinctly demonstrates
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that the oxidation of the Fe(OAc)Pc (1b) complex at approximately -0.20 V is
reversible and coincides with the signal of the O> molecule. When the Fe(ll11)/Fe(IV)
redox transition takes place at low positive potentials, the highly acidic Fe(IV) species
interact favorably with dioxygen, resulting in a relatively low over potential for the

ORR.

— O, saturated

— N, saturated
ORR
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Figure 35 Cyclic voltammograms of the Fe(OAc)Pc/FI/Nf complex adsorbed on glassy
carbon electrodes in 0.1 M KOH, purged with N or saturated with O, (scan

rate 5 mVs'l)

The electro catalytic performance of the catalyst materials for the ORR was examined
using the RDE technique, as illustrated in Figure 36. The polarization curves for the
ORR of each catalyst were obtained at a rotation speed of 2500 rpm, with a scan rate of
5 mV/s in oxygen-saturated 0.1 M KOH solutions. The Eo, defined as the point at wih
the current begins to rise, along with the J., were utilized as indicators of catalytic
activity. The potential corresponding to a current density of 0.100 mA cm? was
designated as Eo. Table 5 presents a summary of the electro catalytic performance of
MPc-based catalysts for the ORR. The findings distinctly demonstrate that the catalytic
activity of the Fe(OAc)Pc (1b), CoPc (1a), and Mn(OAc)Pc (1c) complexes
significantly surpasses that of NiPc (1d) and ZnPc (1e)
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Table 5 Electro catalytic activities of (1a-1e) complexes for ORR according to the
parameters of onset potential (Eo), diffusion current density (J.) and half-wave
potential (E12) (according to SCE).

E,V ] Eip/ V
Catalysts (for ORRIV) J. /mA cm? (vs SCE)
Fe(OAc)Pc/Vc/Nf -0.09 5.77 -0.25
CoPc/Vc/Nf -0.10 2.34 -0.24
Mn(OAc)Pc/Vc/Nf -0.10 4.82 -0.38
NiPc/Vc/Nf -0.20 2.00 -0.35
ZnPc/Vc/INF -0.22 1.35 -0.39
Fe(OAC)Pc/FI/NF -0.10 5.84 -0.23
CoPc/FI/Nf -0.13 5.38 -0.26
Mn(OAc)Pc/FI/Nf -0.12 6.63 -0.33
NiPc/FI/Nf -0.19 2.69 -0.40
Fe(OAC)Pc/GO/Nf -0.11 3.80 -0.25
CoPc/GO/Nf 0.05 2.49 -0.23
Mn(OACc)Pc/GO/Nf -0.14 3.18 -0.33
NiPc/GO/Nf -0.15 2.92 -0.33
ZnPc/GO/Nf -0.17 2.26 -0.31
Fe(OAC)Pc/G/Nf -0.13 2.31 -0.30
CoPc/G/Nf -0.08 0.70 -0.23
Mn(OAc)Pc/G/Nf -0.11 1.31 -0.37
NiPc/G/Nf -0.25 0.95 -0.35
ZnPc/G/Nf -0.16 0.74 -0.35
Fe(OAcC)Pc/Tm/Nf -0.18 5.00 -0.31
CoPc/Tm/Nf 0.02 2.61 -0.32
Mn(OAc)Pc/Tm/Nf -0.12 2.90 -0.34
NiPc/Tm/Nf -0.26 251 -0.42
ZnPc/Tm/Nf -0.21 1.74 -0.34

In order to evaluate the ORR activity, RDE tests of carbon samples in O, saturated and
0.1 M KOH electrolyte, under a rotation rate of 2500 rpm were performed at scan rate
of 5mv st
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Figure 36 RDE polarization curves recorded with Vc/Nf, FI/Nf, GO/Nf, G/Nf and
Tm/Nf modified glassy carbon electrodes in 0.1 M KOH solution saturated
with Oxfor electro catalytic ORR (Rotation speed: 2500 rpm

By comparison, the redox active and redox inactive metals had also been tested under
the same test conditions, as shown Figure 37 Obviously, the ORR activities of the
Fe(OAc)Pc/VcINT, CoPc/Vc/NT and Mn(OAc)Pc/Vc/Nf are much higher than those of
NiPc/Vc/Nf and ZnPc/Vc/NT in the whole process of cathodic oxygen reduction, the
ORR values of current densities for Fe(OAc)Pc/Vc/Nf, CoPc/Vc/Nf and
Mn(OAc)Pc/VVc/Nf at the all potentials are larger than those NiPc/\VVc/Nf and
ZnPc/VC/NF. The J. (5.77 mA cm) of the Fe(OAC)Pc/VCINT is larger than those of
CoPc/VcINT (2.34 mA cm™), NiPc/Vce/NF (2.00 mA cm) and ZnPc/Ve/Nf (1,02 mA
cm). Moreover, the Ey and Ey, of the Fe(OAc)Pc/Vc/Nf complex are -0.09 V and

0.25 V, respectively. These values of the Fe(OAc)Pc/Vc/Nf complex is nearly equal to
those of Pt/C catalyst (E; =-0.02V and E;, =-0.17 V, respectively).
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Figure 37 RDE polarization curves recorded with Fe(OAc)Pc/Vc/NT, CoPc/VC/Nf,
Mn(OAc)Pc/Vc/NT, NiPc/Vc/Nf and ZnPc/Ve/Nf modified glassy carbon
electrodes in 0.1 M KOH solution saturated with O for electro catalytic ORR

(Rotation speed: 2500 rpm).
ORR activity of these Fe(OAc)Pc/FI/Nf, CoPc/FI/Nf, Mn(OAc)Pc/FI/Nf and

NiPc/FI/Nf were evaluated in 0.1 M KOH aqueous solution. The half-wave potential
(Ey2) of Fe(OAC)Pc/FI/NT positively shifts 20 mV compared to that of NiPc/FI/Nf and
the current density of Fe(OAc)Pc/FI/Nf at 5.84 V (vs. SCE) is much higher than that of
NiPc/FI/Nf (Figure 38 and Table 5). Figure 38 shows that Fe(OAc)Pc/FI/Nf possesses
an onset potential of -0.10 V (vs. SCE), superior to that of NiPc/FI/Nf (-0.19 V vs.

SCE).
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Figure 38 RDE polarization curves recorded with Fe(OAc)Pc/FI/Nf , CoPc/FI/NT,
Mn(OAc)Pc/FI/NTf and NiPc/FI/Nf modified glassy carbon electrodes in 0.1
M KOHsolution saturated with O for electro catalytic ORR (Rotation speed:

2500 rpm).

By comparison, the redox active and redox inactive metals had also been tested under

the same test conditions, as shown Figure 39 Obviously, the ORR activities of the
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Fe(OAC)Pc/GOINT , Fe(OAC)Pc/G/Nf and Fe(OAc)Pc/Tm/Nf are much higher than
those of NiPc/GO/Nf, ZnPc/GO/Nf, NiPc/G/Nf, ZnPc/G/Nf and NiPc/Tm/Nf,
ZnPc/Tm/Nf in the whole process of cathodic oxygen reduction, the ORR values of
current densities for Fe(OAc)Pc/GO/Nf , CoPc/GO/NT and Mn(OACc)Pc/GO/Nf at the
all potentials are larger than those NiPc/GO/Nf and ZnPc/GO/Nf. The J; (3.80 mA cm’
%) of the Fe(OAC)Pc/GO/INF is larger than those of CoPc/GO/NF (2.49 mA cm?),
NiPc/GO/Nf (2.92 mA cm™) and ZnPc/GO/Nf (2.26 mA cm). Moreover, the E, and
Ei» of the Fe(OAC)Pc/GO/Nf complex are -0.11 V and -0.25 V, respectively. These
values of the Fe(OACc)Pc/GO/Nf complex are nearly equal to those of Fe(OAc)Pc/G/Nf
catalyst (Eq = -0.13V and Ey;; = -0.30 V, respectively).
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Figure 39 RDE polarization curves recorded with (a) M/GO/Nf (b) M/G/NTf (c)
M/Tm/Nf ( M= Fe(OAc), Co, Mn(OAc), Ni, Zn) modified glassy carbon
electrodes in 0.1 M KOH solution saturated with O for electro catalytic
ORR (Rotation speed: 2500 rpm).

Table 6 Electro catalytic activities of Fe(OAc)Pc (1b) complexes for ORR according to
the parameters of onset potential (Eo), diffusion current density (J.) and half-
wave potential (E12) (according to SCE).

Catalysts (Elgo\r/ ORRIV) J_ / mA cm? (Evlé ZéC\:/E)
Fe(OAc)Pc/FI/Nf -0.10 5.84 -0.23
Fe(OAc)Pc/Vc/Nf -0.09 5.77 -0.25
Fe(OAC)Pc/GO/NT -0.11 3.80 -0.25
Fe(OACc)Pc/G/Nf -0.13 2.31 -0.30
Fe(OAc)Pc/Tm/Nf -0.18 5.00 -0.31
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To further examine the ORR electro catalytic activity of the catalysts, RDE curves of
Fe(OAc)Pc/VcINT, Fe(OAc)Pc/FI/NT, Fe(OAc)Pc/GO/Nf, Fe(OAc)Pc/G/Nf and
Fe(OAC)Pc/Tm/Nf catalysts were performed as presented in Figure 40. The onset and
half-wave potentials for Fe(OAc)Pc/FI/Nf (-0.10 V and -0.23 V) were close to that for
Fe(OAc)Pc/VcINf (-0.09 V and -0.25 V), and more positive than that for
Fe(OAC)Pc/GOINf, Fe(OAc)Pc/G/Nf and Fe(OAc)Pc/Tm/Nf indicating that
Fe(OAC)Pc/FI/NT possesses a highly efficient ORR electro catalytic activity. Fullerene
stands differing from sp?-conjugated graphene and carbon nanotubes and has great
electronic structure with smaller HOMO-LUMO gaps, the ability of modification of the
material’s surface, high conductivity and appropriate wettability. Because of the
distinctive features of Fl, that are increasingly being identified and applied by the
electro catalysis researchers. It also has the advantageous electron affinity that facilitates
the modifying the electronic structure in other substances along with the ability for on-
demand chemical alterations and the capability for intermolecular self-assembly into
micro and Nano structures. Together with all of these, the precise atomic and molecular
structures have provided Fl with unique advantages as bi-functional catalyst, which are

not available in other carbon based materials [32]
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Figure 40 RDE polarization curves recorded with Fe(OAc)Pc/VC/Nf,Fe(OAc)Pc/FI/NT,
Fe(OACc)Pc/GO/NF, Fe(OAC)Pc/G/Nf and Fe(OAc)Pc/Tm/Nf modified glassy
carbon electrodes in 0.1 M KOH solution saturated with O for electro
catalytic ORR (Rotation speed: 2500 rpm).
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Table 7 Electro catalytic activities of Pt/\VVc and Fe(OAc)Pc (1b) complexes for ORR
according to the parameters of onset potential (Eo), diffusion current density
(Ju) and half-wave potential (E12) (according to SCE).

Catalysts (Elgc\)/r ORRIV) J./mA cm? (Evlézé C\:/E)
Pt/Vc/Nf -0.02 5.94 -0.17
Fe(OAc)Pc/Vc/Nf -0.09 5.77 -0.25
Fe(OAC)Pc/FI/NF -0.10 5.84 -0.20

To further examine the ORR electro catalytic activity of the catalysts, RDE curves of
Fe(OAC)Pc/FI/Nf, Fe(OAc)Pc/VCINT and Pt/C/Nf catalysts were performed as
presented in Figure 41. The onset and half-wave potentials for Fe(OAc)Pc/FI/Nf (-
0.10 V and -0.20 V) were close to that for benchmark Pt/C (-0.02 V and -0.17 V), and
more positive than that for Fe(OAc)Pc/Vc/Nf, indicating that Fe(OAc)Pc/FI/Nf

possesses a highly efficient ORR electro catalytic activity.

Pt/Ve/NT
= Fe(OAc)Pc/FI/NF
— Fe(OAc)Pe/Ve/Nf

\

0.0 -0.2 -0.4 -0.6
E/V vs. SCE

Figure 41 RDE polarization curves recorded with Pt/\/c/Nf, Fe(OAc)Pc/VC/Nf and
Fe(OAc)Pc/FI/Nf modified glassy carbon electrodes in 0.1 M KOH solution
saturated with O for electro catalytic ORR (Rotation speed: 2500 rpm).

In conclusion, novel ORR catalyst of fuel cell cathode, the Fe(OAc)Pc/FI/Nf has
demonstrated prominent ORR activity, high durability, small electrochemical
impedance and good tolerance to fuel molecule in 0.1 M KOH. Thus, the
Fe(OAC)Pc/FI/Nf complex is a promising candidate to solve the problems of sluggish
ORR Kinetics, high cost of precious metal catalysts and low durability of traditional

catalysts for fuel cells and metal-air batteries
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Figure 42 RRDE polarization curves recorded with Fe(OAc)Pc/FI/Nf modified rotating
(2500 rpm) glassy carbon disc in 0.1 M KOH solution saturated with O for
electro catalytic ORR (potential scan rate: 0.005 V s?).

Figure 42 shows the RRDE polarizations of the Fe(OAc)Pc/FI based catalysts. The
RRDE measurements confirm the notably high catalytic efficiency of the
Fe(OAc)Pc/Fl-based catalyst. While a relatively lower ring current serves as an
important indicator for a high n¢ value, it does not serve as a definitive assurance.
According to Equation 1.25, the n; value is a parameter that relies on both the ring and
disk currents, as well as the collection efficiency. Utilizing the results from the RRDE
experiments, the total number of electrons transferred, ni, along with the percentage of
the produced species, OH™ and HO>" ions, were determined through Equations 1.25 and
1.26.

n=4 ID/ [ID + (lR/N)] 1.25
%HO, = [2 (IWN)]/ [l + (Ix/N)] 1.26

where N, Ip, and Ir are the collection efficiency, disk current and ring current,

respectively.
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Figure 43 (A) Variation of the total number of electrons transferred with the disk
potential for Fe(OAc)Pc/FI modified electrodes (B) Variation of the % H20>
formed for Fe(OAc)Pc/FI modified electrodes with the disk potential
(according to Ering = 0.5 V vs SCE)

The nt values and the rates of hydrogen peroxide, along with the resulting hydroxide
ions, are depicted in Figures 43A and 43B as a function of the applied potential. It is
observed that the n; values increase from 3.50 to 3.78 when the potential shifts from
0.00 V to -0.60 V for the catalysts based on Fe(OAc)Pc/FIl. At the same time, the ratio
of HO2" and OH" ions produced shifts from 20% to 5.0% and from 80% to 95%,
respectively. These results imply that, akin to the Fe(OAc)Pc/FI catalyzed ORR, the
reaction primarily proceeds through a single-step mechanism involving a direct four-
electron transfer, yielding only OH" ions. Additionally, a two-step mechanism
characterized by 2 + 2 electron transfers occur simultaneously, initially generating HO>"
intermediates, which are then converted to OH" ions. The degree of this process varies
across different catalytic sites, depending onthe voltage applied. On specific surfaces,
the series and the direct four-electron pathways may function simultaneously. The
decline in the proportion of HO,™ ions as over potential increases may be linked to the
enhanced catalytic reduction of HO2™ (formed during the first step of the series pathway)
to OH" ions at higher over potentials. The formation of the peroxide ion does indeed
weaken it, leading to the establishment of an O-O single bond. The bond must be
broken to facilitate further reduction to hydroxide ions. At the limiting diffusion current
plateau of -0.60 V, the n; value is determined to be 3.8, comprising 94% OH" and 6%
HOy for the Fe(OAc)Pc/FI catalyzed ORR, which predominantly produces hydroxide

ions. Additionally, the Koutecky-Levich analysis shows that the calculated number of
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electrons is 3.96 at a potential of -0.40 V. It is significant to note that the values
obtained from the Koutecky-Levich analysis are somewhat higher than those measured
using the RRDE technique. A minor variation may arise from various factors, including
the mass or thickness and the surface roughness of the electrode. Nevertheless, the
elevated nt values observed from both RDE and RRDE measurements distinctly
demonstrate that Fe(OAc)Pc/Fl effectively catalyzes the ORR by generating a
substantial quantity of OH" ions while producing a minimal amount of HO2- ions at an
exceptionally high rate. In the case of the Fe(OAc)Pc/FI catalyzed ORR, the production
percentages of OH- and HO> ions are recorded at 89% and 11%, respectively, at a
potential of 0.40 V. This indicates that the Fe(OAc)Pc/FI catalyst effectively suppresses
the generation of the HO. intermediate, leading the electro catalytic ORR to

predominantly proceed via the direct four-electron pathway.
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Figure 44 RDE voltammograms recorded with Fe(OAc)Pc/FI/Nf modified glassy

carbon electrodes in 0.1 M KOH solution for electro catalytic ORR at various
rotation speeds.

The electrons that transferred in the ORR were referred as n and it was calculated from

the Koutecky Levich (K-L) equations which is,

1/j = 1/jk + 1/jL = 1/(Bw1/2) + 1/jk 1.27
B = 0.2nFC,(D,) ¥?v /6 1.28
Here, j (mA/cm?) = Measured current density,

jK (mA/cm?) = Kinetic current density,

jL (mA/cm?) = Diffusion-controlled current density,
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v = Angular velocity of the rotating disk

and w = 2zN, N = Linear rotating speed (rpm),

n = Total number of transferred electrons in ORR,
F = Faraday constant,

C, = Bulk concentration of O,,

D, = Diffusion coefficient of O,,

v = Kinematic viscosity of the electrolyte. In this analysis, the electrode process for the
ORR is regarded as first-order concerning the reactant. This hypothesis was
corroborated by the linear trend observed between 1/J and 1/wl/2 at various
potentials. K-L plots were created using the corresponding RDE data at the potentials of
-0.35V, -0.45 V, -0.55 V, -0.65 V, -0.75 V, and -0.85 V (Figure 45). The n values for
these potentials were found to be 3.79, 3.67, and 3.96, respectively, as calculated from
the K-L slope, 1/B, of each linear graph. In a basic aqueous medium, the ORR may
occur through a direct four-electron mechanism that exclusively produces OH-, or
through two consecutive two-electron mechanisms that first generate a hydro peroxide
intermediate (HO%*) before yielding hydroxide ions. To better understand the
mechanism that leads to the formation of OH™ ions, RRDE measurements were
performed, as it is inadequate to rely solely on RDE measurements. The RRDE
voltammograms were recorded at a scan rate of 5 mVs™ and a rotation speed of 2500
rpm in a 0.1 M KOH aqueous electrolyte saturated with oxygen. Throughout the
measurements, the potential of the glassy carbon disk was varied from +0.20 V to -0.60
V, while the ring potential was held constant at +0.50 V versus the SCE.
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Figure 45 Koutecky-Levich plot of Fe(OAc)Pc/FI (1b) catalyst for the various
potentials.

In Figure 45, the closeness of the regression curves indicates that the studied potential
range has reached the limit diffusion current density. It is seen that the limit current
decreases as it approaches zero from E=-0.35 V and it is no longer possible to
accurately determine the total number of electrons transferred using Koutecky-Levich
curves. Because the limit current value is variable. As a result of this, as the value of
E=-0.35 V approaches zero, the total number of electrons transferred at the determined
potentials changes at a high rate with the potential changes. B=0.03552277 ~ 0.0355
mA calculated as cm-2 (rpm)*2. Thus, using equation 3, the total number of electrons

transferred could be calculated for each potential value.
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Table 8 Parameters obtained using the Koutecky-Levich plot of the Fe(OAc)Pc/FI/Nf
catalyst for ORR in KOH medium.

(Pé)/t\e/r;tlals Py fr}: A o (n.B)* (n.B) Ny

-0.35 0.14 6.87 741 0.13 3.79
-0.40 0.13 7.18 7.35 0.13 3.82
-0.45 0.13 7.58 7.45 0.13 3.77
-0.50 0.12 7.77 7.45 0.13 3.77
-0.55 0.12 7.80 7.41 0.13 3.80
-0.60 0.12 7.73 1.27 0.13 3.86
-0.65 0.12 7.79 7.25 0.13 3.88
-0.70 0.12 7.85 7.22 0.13 3.89
-0.75 0.12 7.69 7.08 0.14 3.97
-0.80 0.13 7.66 7.04 0.14 3.99
-0.85 0.13 7.45 6.92 0.14 4.06
-0.90 0.13 7.20 6.77 0.14 4.15

B=0.03552277 ~ 0.0355 mA cm~2 (rpm)-1/2

The mathematical expression of BL (BL=B.nt) taken as the Levich constant, expressed
as 1/BL, corresponds to the slopes of the Koutecky-Levich curves shown in Figure 46.
Taking B= 0.0355 mA as cm™ (rpm)™*2, the total number of electrons transferred was
calculated for each potential value and shown in Table 8. The dependence of the Levich
constant BL on the potential for each potential value shows that the total number of
electrons transferred and the active surface area vary with the potential (Figure 46).This
variation may be due to errors in the repeatability of the polarization curves due to the
adsorption of oxygen in different modes or possible errors in measuring the volume of
the catalyst ink or determining the electrode area. Therefore, since the ratio of ring and
disk currents does not depend on the surface area of the catalyst layer or the amountof
catalyst on the electrode, the RRDE technique was used to determine the totalnumber

of electrons transferred accurately or with little error.
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Figure 46 Total number of transferred electrons (n) calculated by the Koutecky-Levich
plot for the Fe(OAC)/FI/Nf modified electrode in 0.1 M KOH solution
saturated with O for electro catalytic ORR.

The slopes obtained from the Koutecky-Levich curves in the Koutecky-Levich graph in
Figure 45 and the total number of electrons transferred are calculated for each potential
value and are shown in Table 8 and Figure 45. In addition, when the total number of
electrons transferred during the reaction obtained by the rotating disk ring electrode
voltammogram for the Fe(OAc)Pc/FI/Nf modified electrode and the Koutecky-Levich
analysis were compared, the total number of transferred electrons calculated by both
methods was compared to each other, was found to be close (Figure 43, Table 8 and
Figure 45). Due to the fact that the total number of electrons transferred is close to
four, it was concluded that the oxygen reduction reaction in the 0.1 M KOH solution
saturated with O mostly occurs via a single-step four-electron mechanism.
Fe(OAC)Pc/FI/Nf catalyst attracts attention due to its high electro catalytic effect.

3.5. Investigation of the electro catalytic performances for Oxygen evolution
reaction (OER) of Mono Substituted (1a-1e) compounds in alkali medium

OER as a counter reaction plays a key role for the water electrolysis, organic synthesis
and metal electro winning. The OER is a complex multistep reaction, which requires a
considerably large over potential to the actual process that distinctly reduces the process
efficiency. Noble metallic oxides such as IrO,have attracted intensive attention due to
their high electro catalytic activity for OER. However, their application is limited by
low service life in aggressive aqueous solutions and high cost. An ongoing aim of
electro catalytic research is to increase the electro catalytic activity and stability while

reducing the cost.

80



= Fullerene/Nf
gl T Vulcan/Nf
Graphene Oxide/Nf
= Graphene/Nf
Timeal/Nf

J/mA em™
iy
X

0.8

0.4 .
E/V vs. SCE

Figure 47 RDE voltammograms of carbons modified electrodes in 0.1 M KOH

solution
In order to evaluate the OER activity, RDE tests of carbon samples in O, saturated

and 0.1 M KOH electrolyte, under a rotation rate of 2500 rpm were performed at scan

rateof 5 mV s,
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Table 9 Electro catalytic OER performances of catalyst materials.

E,V

Catalysts (For OERIV) J/ mA cm?
Fe(OAC)Pc/VCINF 0.26 1.33
CoPc/Vc/Nf 0.53 0.71
Mn(OAC)Pc/VC/NF 0.42 0.56
NiPc/Vc/Nf 0.54 0.55
ZnPc/Vc/INF 0.55 0.22
Fe(OAC)PC/FINF 0.25 5.84
CoPc/FI/Nf 0.27 3.19
Mn(OAC)Pc/FI/NF 0.40 3.16
ZnPc/FI/Nf 0.62 0.44

By comparison, the redox active and redox inactive metals had also been tested under
the same test conditions, as shown Figure 48. Obviously, the OER activities of the
Fe(OAc)Pc/VcINT, CoPc/Vc/NT and Mn(OAc)Pc/Vc/Nf are much higher than those of
NiPc/Vc/Nf and ZnPc/Vc/NT in the whole process of cathodic oxygen reduction, the
OER values of current densities for Fe(OAc)Pc/Vc/Nf, CoPc/Vc/Nf and
Mn(OAc)Pc/Vc/Nf at the all potentials are larger than those NiPc/\VVc/Nf and
ZnPc/VC/NF. The Ju (1.33 mA cm?) of the Fe(OAc)Pc/VC/NT is larger than those of
CoPc/VcINF (0.71 mA cm), NiPc/Vce/NF (0.55 mA cm?) and ZnPc/Ve/Nf (0.22 mA
cm2). Moreover, the E, of the Fe(OAc)Pc/Vc/Nf complex is 0.26 V.

— Fe(QAc)Pe/Ve/NI

= CoPe/Ve/NF

6 Mn({OAc)Pe/Ve/NT

= NiP¢/Ve/NT
ZnPe/Ve/NT

e ool
ok = e

0.6
E/V vs. SCE

0.8

Figure 48 RDE voltammograms recorded with MPc/Vc/Nf (M= Fe,Co,Mn,Ni andZn)
modified glassy carbon electrodes in 0.1 M KOH solution for electro
catalytic OER (Rotation speed: 2500 rpm).

OER activity of these Fe(OAcC)Pc/FI/Nf, CoPc/FI/Nf, Mn(OAc)Pc/FI/Nf and
ZnPc/FI/NT were evaluated in 0.1 M KOH aqueous solution. Eg of Fe(OAc)Pc/FI/Nf
positively shifts 40 VV compared to that of NiPc/FI/Nf and the Eo of Fe(OAc)Pc/FI/Nf
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at 0.25 V (vs. SCE) is much higher than that of ZnPc/FI/Nf (Figure 49 and Table 9).

6
— Fe(OAQPC/FINT
a4 — CoPe/FIUNF
g Mn(OAC)PeFUNT
:,: — NiPe/FING
g ZnPc/FIINT
=
i)
0 I
0.4 0.7

0.5 0.6
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Figure 49 RDE voltammograms recorded with MPcs [M=Fe , Co, Mn, Ni and Zn]
modified glassy carbon electrodes in 0.1 M KOH solution for electro
catalytic OER (Rotation speed: 2500 rpm).

Table 10 Electro catalytic OER performances of catalyst materials.

E,V J/ mA cm?
Catalysts (vs SCE) (vs SCE)
Fe(OAC)PC/FINT 0.25 5.84
Fe(OAC)PC/VC/NF 0.26 133
Fe(OAC)PC/GOINF 0.27 1.36
Fe(OAC)PC/GINF 0.39 0.80
Fe(OAC)PC/Tm/NE 0.37 0.59

To further examine the OER electro catalytic activity of the catalysts, RDE curves of
Fe(OAc)Pc/VcINT, Fe(OAc)Pc/FI/Nf, Fe(OAC)Pc/GO/NT, Fe(OAc)Pc/G/Nf and
Fe(OAC)Pc/Tm/Nf catalysts were performed as presented in Figure 50. The onset
potentials for Fe(OAc)Pc/Vc/Nf (0.26 V) was close to that for Fe(OAc)Pc/FI/Nf (0.25
V), and more positive than that for Fe(OAc)Pc/GO/Nf, Fe(OAc)Pc/G/Nf AND
Fe(OACc)Pc/Tm/NTF indicating that Fe(OAc)Pc/Vc/NT possesses a highly efficient OER

electro catalytic activity.
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Figure 50 RDE voltammograms recorded with Fe(OAc)Pc/VC/NT, Fe(OAc)Pc/FI/NT,
Fe(OAC)Pc/GO/NT, Fe(OAC)Pc/G/Nf and Fe(OAc)Pc/Tm/Nf modified glassy
carbon electrodes in 0.1 M KOH solution for electro catalytic OER (Rotation
speed: 2500 rpm).

In Figure 51, RDE' recorded in O, saturated 0.1M KOH solution for electro catalytic

OER of IrO2/Nf, Pt/Vc/Nf, Fe(OACc)Pc/FI/NT and Fe(OAc)/Vc/NT catalysts. When Ji

values of the catalysts at E=0.70 V are compared, Fe(OAc)/Vc/Nf J =1.33 mA cm™

catalyst IrO2/Nf - J1=10.35 mA cm2, Pt/Vc/Nf - J.=6.05 mA cm™. It is seen in Figure

51 that it has lower current density than J.=6.05 mA cm? and Fe(OAc)Pc/F1/Nf-

JL=5.84 mA cm catalysts. When the electro catalytic activity results obtained with the

catalysts used in the oxygen oxidation reaction, which takes place in the 0.1M KOH

solution saturated with O in an environment similar to the operating conditions of the
zinc air battery, are compared, the electro catalytic performance closeto the IrO2/Nf
catalyst, which is seen as the best catalyst in the literature, is Fe(OAc)Pc/FI. This
catalyst appears to be usable in zinc air battery systems. The current density of the

Fe(OAC)Pc/FI/Nf catalyst at E=0.70 V is close to the current density of J=5.84 mA cm

catalyst Pt/Vc/Nf J=6.05 mA cm. It is seen that the IrO2/Nf J=10.35 mA cm catalyst

IS quite good in this parameter. As expected, IrO2/Nf and Pt/\V/c/Nf catalysts give better

results in the current density parameter. Fe(OAc)Pc/FI/Nf catalyst contains a

mononuclear structure with a current density value closest to IrO2/Nf and Pt/\VVc/Nf

catalysts, which show good catalytic effect in the oxygen oxidation reaction in basic
medium, considering the current density at E=0.70 V. attention as a catalyst. However,
as E=0.70 V goes more positive, it is seen in Figure 51 that the current density of the

Fe(OAC)Pc/FI/NT catalyst is higher than thecurrent density of the Pt/\/c/Nf catalyst.

84



IrO,/Nf
121 — pyvenr
— Fe(QAc)Pe/FINNT
10 =— Fe(OAc)Pc/Ve/NT
h E 8
]
-
E6
=4
2
| T
0.3 0.4 0.6 0.7

05
E/V vs. SCE
Figure 51 RDE voltammograms in 0.1 M KOH for OER (Rotation speed: 2500 rpm).

Table 11 Electro catalytic OER performances of catalyst materials.

Catalysts E,V (vs. SCE) J/mA cm?
IrO2/Nf 0.15 10.35
Pt/Vc/Nf 0.49 6.05
Fe(OAC)Pc/VC/NF 0.26 1.33
Fe(OAC)Pc/FI/NF 0.25 5.84

As expected, the initiation potential of the IrOo/Nf catalyst E,=0.15 V is quite negative
and good compared to other catalysts. If the initiation potential of the Pt/\VVc/Nf catalyst
is Eo=0.49 V, it is more positive than the Fe(OAc)Pc/FI/Nf Eq=0.25 V and
Fe(OAC)/VcINT Eo=0.26 V catalysts and this catalyst showed a weaker catalytic effect
(Table 11). Fe(OAc)Pc/FI/Nf catalyst was seen as the closest catalyst to IrO2/Nf
catalyst in the starting potential parameter. Fe(OACc)Pc/FI/Nf catalyst draws attention
with its good electro catalytic effect among catalysts containing mononuclear structure
when both initiation potential and current density parameters are taken into account.
Thus, Fe(OACc)Pc/FI/NT catalyst can be used as an electro catalyst in Zinc Air battery
systems due to its effective and remarkable catalytic performances in oxygenoxidation

reaction in both acidic and basic environments saturated with O..
3.6. SEM and EDS spectrum of Mono Substituted Fe(OAc)Pc (1b) compound

The scanning electron microscopy (SEM) images for VC XC-72, Fe(OAc)Pc (1b), and
the composite Fe(OAc)Pc/VC/Nafion are presented in Figure 52(A-C). It is found that
the morphology of VC is spherical (Figure 52A). These results showed a homogeneous

but irregular electrodeposit material where the presence of the starting elements can be
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noticed. Figure 52A and 52B demonstrate the size of the particle of catalyst active
material (VC and Fe(OAc)Pc (1b)) are close to each other. Many Fe(OAc)Pc (1b)
particles connect with VC forming Fe(OAc)Pc/VC (Figure 52C). In the carbon based
supporting material, Fe(OAc)Pc (1b) complex spread homogeneously. Microstructure
analysis by SEM indicates that the Fe(OAc)Pc(1b) particles are irregular bulk (Figure
52C).

Figure 52 The scanning electron microscopy (SEM) images of (A) VC (B)
Fe(OAc)Pc (1b) (C) Fe(OAc)Pc/Ve

Figure 53A displays the EDS spectra of carbon, nitrogen, oxygen and iron contents of

the FePc-based catalyst. The elemental mapping of C, N, Fe and overall distribution of

the Fe(OAc)Pc /Vc are presented in Figure 53B. It is worth to mention that VVC is the

largest portion comparing all other particles found in the sample. Analysis through

EDS-mapping substantiates the consistent distribution of iron atoms in the

Fe(OAcC)Pc(1b) structure that is spread across the Vc.
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Element Weight % Atomic% NetInt. NetInt. Error

CK 75.65 8052 1828.9 0
NK 11.78 10.75 301 0.01
oK 10.27 8.21 905 0
Fek 229 0.53 257 0.02

2% N K
6% O K

B « Fek

Figure 53 (A) EDS spectrum and (B) EDS elemental mapping of C, N, O, Fe and
overall distribution on the outer surface of Fe(OAc)Pc/VC.

The morphology and size of the FI, Fe(OAc)Pc (1b) and Fe(OAc)Pc /FI/Nf were studied
by SEM analysis (Figure 54). The SEM images of FI, Fe(OAc)Pc (1b) and Fe(OAc)Pc /
FI/Nf showed spherical particles. Some agglomerates, which resulted from aggregation
of primary particles, are observable in the SEM images. This agglomeration gives an

increase in the size of particles.
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Figure 54 SEM images of (A) FI (B) Fe(OAc)Pc (1b) (C) Fe(OAc)Pc/ FI.

Figure 55 displays the EDS spectra of carbon, nitrogen, oxygen and iron contents of the
Fe(OAc)Pc (1b) -based catalyst. The elemental mapping of C, N, Fe and overall
distribution of the Fe(OAc)Pc/FI mixture are presented in Figure 55B. Analysis
through EDS-mapping substantiates the consistent distribution of iron atoms in the
Fe(OAc)Pc (1b) structure that is spread across the Fl. It is worth to mention that Fl is

the largest portion comparing all other particles found in the sample.
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Element Weight % Atomic% NetInt. NetInt. Error

CK 66.23 7213 4044 0

NK 16.22 1515 128 0.02
oK 14.76 12.07 363 0.01
FeK 278 0.65 84 0.04

7% N K
12% QO K

B 0% FeK

Figure 55 (A) EDS spectrum and (B) EDS elemental mapping of C, N, O, Fe and
overall distribution on the outer surface of Fe(OAc)Pc/FI.

3.7. Investigation of electrochemical and spectroelectrochemical behaviors of Ball
Type Dinuclear (2a—2¢) substituted complexes in solution environment

Ball-type Pcs consisting of two metal centers have captivated great attention in recent
times, as a consequence of their interesting properties such as electrochemical,
spectroscopic, electrical, electro catalytic [74], optical [75] and gas sensing properties
[76] resulting from intense interaction between two metal centers and/or the face-to-face
Pc rings [77]. These properties of ball-type Pcs can transform sharply in terms of the
central metal [78], the bridging links [79], the distance between the two Pc units [80]
and the presence or absence of axial ligands [81]. In the present work, we aimed to
extend our studies with the newly synthesized dinuclear phthalocyanine complexes
[Co2Pc: (2a), Fe2(OAC)2Pc2 (2b), Mn2(OAC)2Pc2 (2¢), NizPc2 (2d) and ZnoPc: (2e); with
novel 4,4 '- (3,5-di-tert-butyl- 1,2-phenylene) bis (oxy) moieties and make new
benefactions by determination of the effects of interaction between two metal centers
and/or the face-to-face Pc rings, the effects of the bridging links on the electrochemical
properties of these complexes. On that account, at the first stage of this work, the redox
properties of the complexes have been comparatively analyzed by the voltammetric
methods and in-situ spectroelectrochemistry in coordinating DMSO solvent media and

as the supporting electrolyte, TBAP has used.
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Table 12 Data on the electrochemical characterization of (2a-2e) compounds in

DMSO/TBAP
Complex Redox process Label *Eue bAE, Ipallpc 9AE 1 "AEs
[Co(IPc(-2).Co(I)Pe(-2)] /[Co(I)Pc(-2)]F 02 046 80 0.85 030
[Co(IPe(-2)]/[Co(ll)Pe(2).Co(ll)Pe(-2)]F  O1 016 85 080 054 :
[Co(INPe(-2)]/[Co(ll)Pe(-2).Co()Pe(-2)]  R1 038 100 0.80 027
CozPc: [Co(1)Pc(-2).Co(I)Pc(-2)] /[Co()Pc(-2)]*  R2 -0.65 90 0.82 '
[Co(1)Pc(-2)]12%/[Co(I)Pc(-3).Co(l)Pc(-2)]* R3 -1.40 65 0.94
[Co()Pe(-3).Co()Pe(-2)F*/[Co()Pe(-3)] R4 470 70 0.92 0.30
[Fe(111)(OAC)PC (-2)]/
[Fe(IV)(O Ac)Pc(-2)]222+ 901,02 0.22 0.52 -
[Fe(111)(OAC)Pc (-2)]/ :
[Fe(111(OAQPC(-2). Fe(ll) (OAPL(2)] Rl 030 80 0.80
Fe2(OAC)PC, EEgE::;%E%:%Z‘E_g)z])z'z_Fe(")(OAC)PC A1 gy -0.52 75 0.92
[Fe(11)(OAC)Pc (-2)]2
[Fe()(OAQPC(D) YR3R4 078
Fe(I)(OAc)Pc (-2)]2/ R5 143 65 0.92
[Fe(1)(OAC)Pc(-2).Fe(1)(OAC)P(-3)* :
[Mn(IV)(OAC)Pc (-2)]22'7 . v
[MNn(IV)(OAC)Pc(-1)-Mn(1V)(OAC)Pc(-2)J** :
[Mn(11T)(OACc)Pc(-2)]2/[Mn(1V)(OAc)Pc(- 901 02 0.26
IMn(1)(OAC)Pe (-2)]/ 0.41
IMn(I1(OAQPe (2). Mn(I)(OAQPe (2)]  RE -0.12 & 0.92 029
[Mn(I1)(OAC)Pc (-2). Mn(I1) (OAc)Pc (-2)]/ R? 044 '
[Mn(11)(OAc)Pc (-2)]2* '
Mn2(OAC)PCc2 [Mn(I1)(OAC)PC (-2)]2%/
IM(1)(OAQPL(2) M()(OAQP( DT RS -0.75 L0 g 20 -
[Mn(11)(OAc)Pc (-2). Mn(1)(OAc)Pc (-2)13/ '
IMn(NOAC Pe( S R4 -0.96 75 0.85
[Mn(1)(OAC)Pc (-2)]2+/
IMn(1)(OAGPC(-3). Mn(1)(OAQPC(-2)] & RS 136 65 0.92 07
[Mn(1)(OAC)Pc (-3). Mn(1)(OAC)Pc (-2)]/ '
IMN(OAGPCC LS 'R6 163 68 0.94
[Ni(INPc(-2)]/[Ni(IPc(-1)]> o1 0.90 75 080 160
[Ni(11)Pc(-2)J2/[Ni(11)Pc(-2). Ni(1l)Pe(-3)] R1 -0.70 60 0.80 0.50
NizPc2 [Ni(I)Pc(-2).Ni(I)Pc(-3)[[Ni(I)Pc(-3)]>  R2 -1.20 65 0.95 :
[Ni(11)Pc(-3)]22/[Ni(11)Pc(-4)]2* R3 137 65 0.92
[Ni(11)Pc(-4)]2*/[Ni(11)Pc(-5)]* R4 155 75 0.95
[Zn(1Pc(-1).Zn(INPe(-2)]/[Zn(IPe(-1)]2* 02 0.76 70 0.85 022
[Zn(IPc(-2)]/[Zn(IPe(-1).Zn(INPe(-2)]F  OL1 0.54 75 0.80 0.96 '
ZnoPc; [Zn(IPc(-2)]/[Zn(INPe(-2).Zn(INPe(-3)]  R1 -0.42 60 0.95 02
[Zn(1Pc(-2).Zn(INPe(-3)]/[Zn(INPe(-3)]>  R2 -0.74 65 0.92 '
[Zn(ImPc (-3)1%7 [Zn(I)Pc (-4). Zn(I)Pc (- R3 -1.41 65 0.95
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Figure 56 (A) CV and (B) SWV voltammograms of Co,Pc; (2a) complex (5.0x10-4 M)
in DMSO/TBAP solution medium.
Figure 56 shows the CVs and SWVs of CozPc, (2a) in DMSO/TBAP. The related
electrochemical data are tabulated for this solvent in Table 12. CozPc, (2a) provides
four clear-cut diffusion controlled and reversible reduction procedures (R1 at - 0.38 V,
R2 at- 0.65V, R3at 1.40 V and R4 at -1.70 V versus SCE) and two oxidation couples
(O1 at 0.16 V and O2 at 0.46 V versus SCE). Controlled potential electrolysis was
applied at relevant potentials to determine the number of electrons transferred for each
redox process. The number of electrons transferred for each redox process is
approximately equal to unity showed by the coulometric studies of voltammetric
couples. For the two cofacial Pc rings and metal centers, the reactions in the
voltammogram are step wise one electron processes, which indicates that the splitting of
the molecular orbitals takes place because of the remarkable interaction between the two
Pc rings and/or two metal centers in Co2Pc; (2a) and thus the redox processes occur at

different potentials of each Pc ring and/or metal center in this complex [12].

The metal center in a Co,Pc, (2a) is redox active because of the presence of d-orbital
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levels in the HOMO-LUMO gap [73-75]. The electrochemistry of cobalt Pcs is divided
into two categories based on its medium of solution as donor solvents and non donor
solvents. The prime variation between them is the metal or the ring is oxidized first. By
coordinating along the axis, donor solvents firmly recommend the oxidation of Co(ll) to
Co(ll) to form six coordinate species [76]. Whether this kind of donor solvents are not
present, then oxidation to Co(l1l) is reserved and ring oxidation occurs first. At the same
time; the first reduction process is metal based both in donor as well as non donor
solvents [76-78]. So The former two reduction procedures are possibly metal based
[Co(IN)Pc(-2)]/[Co(IN)Pc (-2). Co(l)Pc (-2)] and [Co(I)Pc (-2). Co(I)Pc(-2)]/[Co(l)Pc
(-2)]2* processes, respectively. Furthermore, the former two oxidation procedures are
also possibly metal based [Co(Il)Pc(-2)]2/[Co(Il)Pc (-2). Co(lIl)Pc (-2)] * and Co(ll)Pc
(- 2). Co(l1Pc (-2)] */[Co(lI)Pc (-2)]?* processes, respectively. On the contrary, the
third and fourth reduction processes are attributed to the ligand based correspond to the
splitting of the Pc (-2) / Pc (-3) redox pair [Co(1)Pc(-2)]2%/[Co(1)Pc (-3). Co(l)Pc (-2)]*
and [Co(l)Pc (-3). Co(l)Pc(-2)]*/[Co(l)Pc (-3)]2* processes correspondingly; in view of
the fact that each molecule of Co,Pc, (2a) includes two Co(ll) centers and the
voltammetric analysis was accomplish in DMSO-TBAP solution. The redox potentials
of MPcs are significantly influenced by the coordination of the axial position of donor
and/or neutralizing solvent molecules. While the manganese and iron center may have
3+ valence in the oxidation state, but the cobalt metal center has 2+ oxidation state. The
presence of cobalt metal initially as Co (Il) is due to the cobalt metal preferring six
coordination number by connecting DMSO from its axial positions in the donor polar
solvent DMSO/TBAP medium, the UV-vis spectral and IR spectroscopy have provided
support for this situation. In IR spectroscopy, due to the binding of the acetate group,
the carbonyl peak had seen in Mny(OAC)2Pc, (2c) and Fex(OAC)2Pc, (2b) complexes
which were not observed in the Co,Pc, (2a) complex. This indicates that the cobalt
metal was present in the Co (I1) valence state. AEp values for these processes were
within the range of 65-100 mV at various scan rates from 0.050 to 0.250 Vs,
demonstrating quasi reversible electrochemical behavior. The couples showed totally
diffusion controlled mass transferbehavior with roughly unit values of the Ipa/lpc ratios.
This reversible behavior wasalso verified by the affinity in the forward and reverse

SWVs [79] (Figure 56A). The difference between the half-peak potentials of
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R1 and O1 for Co,Pc, (2a) (AEy) was low (0.54) V. This kind of voltammetric

nature results from strong intermolecular interactions between the two
Pc rings and/or metal centers connected cofacially at two sides with
four arms, and consistent with the rigid structure of Co,Pc, (2a) [80] (Table 12). The
AEs data which reflect the mixed-valence splitting in V, for the redox processes of all
MPcs are presented in Table 12. These results confirm the delocalization of charge
among the cofacial MPc units as well as the formation of electrochemically stable

oxidized and reduced mixed valence species [72].

A) R1 and R2: The first and a) / B) ‘ R3 and R4: 4)
second reductions of / The third and
‘ Cozl’c2 at-1.00 V. ‘ Z fourth reductions _
b | ofCo,Pc, 2
at-1.70 V.
| 700
2 &
< 2
400 600 800 400 600 800
Wavelength /nm Wavelength /nm
8 O1 and O2: The first and second D)
‘ oxidations ()I‘C()ch2 at0.65 V. s
o nm
.fe,‘i() nm
-rs' o < (i()l) nm
<«
3 700 H;;l
480 ns
) .__“__H_,‘.~3X() nm
400 600 800 X

Wavelength /nm

Figure 57 In situ UV-Vis spectral and electro colorimetric changes of Co,Pc, (2a)
complex (5.00 x 10° M) in DMSO/TBAP solution medium, recorded by
applying constant potential according to SCE.

By using voltammetric measurements singly, it is fairly impossible to point out the
nature of the redox couples perfectly. Meanwhile, the voltammetric analyses were
supported with in situ spectroelectrochemical analysis, performed throughout the

controlled potential electrolysis of complex at voltammetrically determined constant
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potentials. The spectral changes monitored during these measurements permitted us to
make the assignment of the redox methods, that is, either these processes are metal
based or ligand based. Figures. 57A-57D represents UV-Vis spectral variations
also collaboratively recorded chromaticity scheme of compound Co2Pc: (2a) in
DMSO/TBAP. Throughout the number one reduction of Co.Pc; (2a) at -0.60V versus
SCE, the Q band at 665 nm decreased and shifted to 708 nm, formed a new band at 469
nm. Itshows a broad shoulder at around 622 nm resulting from intramolecular coupling
and interactions. These spectral variations are associated by the formation of a new band
at 469 nm [79]. These changes approve the output of [Co (Il) Pc (-2). Co (1) Pc (-2)] -
species from [Co (I1) Pc (-2)] 2 species. These spectral changes approve the arrangement
of Co(II)-Co(I) mixed valence species [72, 73]. Co(Il):Co(I) and Co(I)-Co(I) both
species display Q band along with metal to ligand charge transfer (MLCT) [74,75]. The
new band at 469 nm can be placed for MLCT from Co(l) to the Pc ring. This process
results with the formation of unstable isosbestic points as a response of splitting in the
CV voltamogram indicated the properties of ball-type phthalocyanine complexes
(Figure 57A inset). As illustrated in Figure 57D. the changing of color from turquoise
(x=0.332 and y=0.357) to light green (x=0.332 and y=0.357). In the process of the
second reduction of Co,Pc, (2a) at -1.55V versus SCE, there was an increase in the
absorption of the band at 450 nm upon further reduction in Figure 57B. At the starting
point, the Q band at 615 nm decreases with red shift and a new band at 724 nm forms
and the band at 450 nm increases (Figure 57C). These spectral variations illustrate the
formation of Co(I) -Co(I) species [76]. Unstable isobetic points continued in the second
reduction process shows the properties of ball-type phthalocyanine complexes. Previous
studies of our group support this approach [76, 79]. These variations are accompanied
by an exceptional increase in absorption between 400-500 nm. According to Figure
57D, these spectral changes produce a change in color from green to purple (x=0.351
and y=0.259). Figure 57C presents the spectral changes upon the first oxidation process
at 0.60V versus. SCE. Throughout this process, the Q band shifted at 669 nm to 679
nm and form clear isosbestic points at 354, 454, 667 and 812 nm which also
support the output from [Co (I1) Pc (-2)]2 to [Co(ll)Pc (-2). Co (Il1) Pc (-2)] + species
(Figure 57C). The changes in color from light blue to light purple (x=0.326 and
y=0.312) in Figure 57D. For first oxidation O1, these kind of spectral variations are

characteristics for a metal based oxidation, additionally it confirms the voltammetric
9



assignment to [Co (I1) Pc (-2)] 2 / [Co(I)Pc (-2). Co (I1I) Pc (-2)] + of this process in
Figure 57. Spectral changes of oxidation process in the phthalocyanine ring could not
be recorded due to the narrow anodic working window of the DMSO / TBAP system.
Electrochemical and spectroelectrochemical studies have shown that the first two
reductions and first two oxidation reactions of dinuclear cobalt phthalocyanine
complexes in the coordinating donor polar solvent such as DMSO, are probably metal
derived (Table 12).
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Figure 58 SWV voltammograms of Fe;(OAC)2Pc; (2b) complex (5.0x10-4 M) in
DMSO/TBAP solution medium.

Fe2(OAC)2Pc;, (2b) complex provides five diffusion controlled and reversible reduction
procedures (R1 at - 0.30 V, R2 at - 0.52 V, R3 and R4 at -0.78 V and R5 at -1.43 V
versus SCE) and two oxidation couples (O1 and O2 at 0.22 V versus SCE) (Table 12
and Figure 58). The CPC measurements indicated that the number of electrons
transferred was unity for the first (R1), second (R2) and fifth (R5) reduction couples.
The incident of one-electron redox processes of R1, R2, and R5 couples implies that
there is distinct interaction between the two FePc units in Fey(OAc)2Pc, (2b). Most
likely, because of their very negative peak potentials near the solvent-limited potential
region, it was not workable to find out truly the number of electrons engaged in two
oxidation couples (O1 and O2) and two reduction couples (R3 and R4). Although,
the area or chargeunder the relevant peaks assumes that each of these redox processes
involves thetransfer of two electrons. The interaction between the two Pc rings and/or

two metal centers in a dimer possibly generates the splitting of molecular orbitals
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consequently significant changes in redox potentials [77-79]. The Ipa/lpc proportion
with the scan rate was almost unity which suggests the perfectly diffusion controlled
electron transfer mechanism of the procedures (Table 12). AEp values ranged 65 to 85
mV pointed purely diffusion controlled mass transfer and reversible electron transfer
nature of these redox pairs.
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Figure 59 (A) CV and (B) SWV voltammograms of Mny(OAc)2Pc; (2¢) complex
(5.0x10™* M) in DMSO/TBAP solution medium.

Figure 59 shows the CVs of Mny(OAc).Pc, (2¢) in DMSO/TBAP. The related
electrochemical data are tabulated for this solvent in Table 12. Mny(OAc)2Pc2 (2¢)
provides six clear-cut diffusion controlled and reversible reduction procedures (R1 at -
0.15V, R2 at - 0.44V, R3 at -0.75 V, R4 at -0.96 V, R5 at -1.36 V and R6 at -1.63 V
versus SCE) and three oxidation couples (O1 and O2 at 0.26 V versus SCE). The
former four reduction procedures are possibly metal based [Mn(llI)(OAc)Pc (-
2)I/[IMn(IN)(OAc)Pc  (-2).  Mn(I)(OAc)Pc  (-2)], [Mn(lIT)(OAC)Pc  (-2).
Mn(I1)(OAC)Pc(-2)]/[Mn(11)(OAC)Pc(-2)]12%,  [Mn(I1)(OAC)Pc(-2)]2*

/IMn(I1)(OAC)Pc (-2). Mn(l) (OAC)Pc (-2)]* and [Mn(11)(OAc)Pc (-2). Mn(1)(OACc)Pc(-
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2)]2'/[Mn(|)(OAc)Pc (-2)]2* processes, Eespectively. And for oxidation process, former
two oxidation procedures are possibly metal based [Mn(lI)(OAc)Pc(-
2)12/[Mn(IV)(OACc)Pc (-2)]2** process. On the contrary, the fifth and sixth reduction and
the third oxidation processes are attributed to the ligand based [Mn(l)(OAc)Pc(-2)]2*
/IMn(1)(OAC)Pc(-3).Mn(1)(OAC)Pc(-2)]°, [Mn(1)(OAC)Pc(-3).Mn(1)(OAC)Pc(-2)]>
/[Mn(1)(OAC)Pc(-3)1% and [Mn(IV)(OACc)Pc(-2)] Z[IMn(IV)(OAC)Pc(-
1).Mn(IV)(OACc)Pc(-2)]*" processes correspondingly. AEp values for R1, R3, R4, R5
and R6 processes were within the range of 65-80 mV at various scan rates from 0.050
to 0.500 Vs—1, demonstrating reversible electrochemical behavior and the couples
showed totally diffusion controlled mass transfer behavior with roughly unit values of
the Ipa/lpc ratios. This reversible behavior was also verified by the affinity in the
forward and reverse SWVs (Figure 59B). The last reduction procedures (R6) could be
detected only by SWV due to the appearance of the process at the end of the available
potential window (Figure 59B). The difference between the half-peak potentials (AE;/,)
of R1 and O1 for Mny(OAC)2Pc; (2c) was low (0.41). AE,, value for the Mny(OAC)2Pc;
(2c) complex is mostly in agreement with those of the previously reported Pc

complexes [80, 81].

The voltammetric behavior of Ni>Pc, (2d) was considerably different from that of
Mn2(OAC)2Pc, (2¢) and Ni2Pc2 (2d) provides four diffusion controlled and reversible
reduction procedures (R1 at - 0.70 V, R2 at - 1.20 V, R3 at -1.37 V and R4 at -1.53 V
versus SCE) and one oxidation procedure (Ol at 0.90 V versus SCE). The CPC
measurements indicated that the number of electrons transferred was unity for the first
(R1) and second (R2) reduction couples, and two for the third (R3), fourth reduction
couples (R4) and first oxidation (O1) processes. The Ipa/lpc proportion with the scan
rate was almost unity which suggests the perfectly diffusion controlled electron transfer
mechanism of the procedures (Table 12). AEp values ranged 65 to 85 mV pointed
purely diffusion controlled mass transfer and reversible electron transfer nature of these
redox pairs. The potential separations between R2, R3 and R3, R4 of Ni,Pc, (2d) are
0.17 and 0.28V respectively (Table 12). These data are slightly lower than those of
Zn,Pc; (2e) which recommended that mixed valence reduced species of Ni,Pc, (2d) are

not as stable as Zn,Pc, (2e). The variation between stability of the mixed valence
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reduced species of Zn,Pc, (2e) and Ni,Pc, (2d) probably belonged to the difference in
intramolecular distance between the two MPc units in these complexes. It apparently
suggested that the binding of two Pc rings at two sides in the ball type dinuclear
complexes Zn,Pc, (2e) and Ni,Pc, (2d) cause intramolecular interactions between their
two MPc units [19].
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Figure 60 (A) CV and (B) SWV voltammograms of Zn,Pc; (2e) complex (5.0x10* M)
in DMSO/TBAP solution medium.

To differentiate the common characteristics of Phthalocyanine ring based redox
procedures, the voltammetric analysis of Zn;Pc> (2e) was firstly illustrated.
Voltammetric measurements of Zn,Pc> (2e) compound were performed in
DMSO/TBAP (Figure 60). At every single scan rate, the relevant Ipa/lpc ratios are
unity which indicates that diffusion controlled reduction pairs of ZnzPc; (2e). It shows
three clear-cut diffusion- controlled as well as reversible reduction pairs (R1 at - 0.42V,
R2 at — 0.74V and R3 at -1.41V versus SCE) and two oxidation pairs (O1 at 0.54V and
02 at 0.76V versus SCE) at different scan rates from 0.050 to 0.250 Vs—1. SWVs
distinctly show reversibility of the redox processes in the chemical and electrochemical
measurements (Figure 60B). For the redox pairs, AEp data at 0.100 Vs™! scan rate range
normally between 60 to 75 mV which proves the electrochemical reversibility of the

electron transfer procedures (Table 12). All redox processes of ZnzPc; (2e) are Pc ring-
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based since Zn(ll) is redox inactive in MPcs [32]. The CPC studies indicated that each
broadly separated redox process requires the transfer of one electron which recommends
that the reduction or oxidation of each Zinc Phthalocyanine unit in Zn2Pc, (2e) take
places at a different potential, by cause of the interaction between the two cofacial Zinc
Phthalocyanine units and consequently the splitting of the molecular orbitals (Table
12). From the earlier studies, it is understandable that the Zn(ll) metal center is not
redox active in metallo Phthalocyanines, so that all redox processes of Zn,Pc; (2€) are
ligand-based [33, 34]. It is stated that the transfer of one electron instead of two
electrons at each step takes place atdifferent potentials as a result of the interaction
between the two ZnPc units and thus theseparation of the molecular orbitals, for each
ZnyPc, (2e) complex. All reduction and oxidation pairs, electron transfer procedures
along with redox behaviors are in harmony with the literature. So that, E;, values of
these compounds reflect their HOMO- LUMO gaps. Ey, value for the Zn,Pc, (2e)
complexes (0.96 V) are mostly in agreement with those of the previously reported Pc

complexes (Table 12).

A) |R1 and R2: The first and second reduction: B) [R3: The third reduction
of Zn,Pc, at-1.00 V. ‘ a) Vs of Zn,Pc, at-1.65 V.
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Figure 61 In situ UV-Vis spectral and electro colorimetric changes of ZnyPc; (2¢)
complex (5.00 x 10° M) in DMSO/TBAP solution medium.
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The general trend in the spectral changes of ZnyPc, (2e) with redox inactive metal
center species is assumed to be different from those of the MPcs having redox active
metal centers. Predictably, the spectral changes of these compounds were different from
those of the MPcs having redox active metal centers. The formation of a new band
around 880 nm during the first reduction process, R1, (-0.60 V) increase in the
absorption between 500-600 nm during the first reduction process, R1, and the decrease
in the split Q band with the red shift of the one at 687 nm to 705 nm during the second
reduction process, R2, (Figure 61A, 61B), these spectral changes along with the
increase in the absorption between 500-600 nm, are unique for ring reduction. The
changing of color from light green (x=0.271 and y=0.391) to light pinkish orange
(x=0.373 and y=0.337) as has been seen in the chromacity scheme in Figure 61D. This
process can be easily presented to [Zn(I1)Pc (-2)]2 /[Zn(I1)Pc (-2). Zn(lI)Pc (-3)]". The
shifts noticed here should be due to the changes in the intramolecular interactions
between the two Pc rings in ball type dinuclear structure, upon reduction.
Predominantly, the formation of a new absorption band within the range of 550-650 nm
and lowering in the main Q band absorption without a shift and simultaneously
throughout the redox procedures of these complexes was detected [32- 36]. These kind
of spectral transformation were particular for Phthalocyanine ring based redox
procedures and hence, offered considerable evidence for electrochemically allocated
ligand based character of the redox procedures of redox inactive compounds [33-36].

As Nevertheless, moving isobestic points have been identified (Figure 61B inset). This

process can be easily presented to [Zn(I1)Pc (-2). Zn(I1)Pc (- 3)]" /Zn(1l)Pc (-3)]22'
redox couple. In Figure 61D, the changing of color from light pinkish orange (x=0.373
and y=0.337) to pink (x = 0.391 and y = 0.250) as has been seen in the chromacity
scheme. Figure 61C presents in-situ UV-Vis spectral changes at the time of the first
oxidation procedure. The slow decrease in intensity of the band at615 nm and 705 were
also observed which is as well as followed by the lessen in the B band. A sharp
changing color from original light green to turquoise (x = 0.326 and y = 0.342) resulted
for this decomposition process (Figure 61D).

The redox potentials of MPc's are significantly affected by the axial position occupied
by the coordination property of donor and / or neutralizing solvent molecules. While the

oxidation state of the manganese and iron center can be 3+, the cobalt metal center has
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2+ oxidation steps. Cobalt metal is initially found as Co (1) is due to the fact that the
cobalt metal chooses six as the coordination number by binding DMSO from its axial
positions in the donor polar solvent DMSO / TBAP environment, the measurements
made in simultaneous Spectral and IR spectroscopy provide a clear understanding of
thissituation. In the IR Spectroscopy, the carbonyl peak observed in the Mn,(OAc)2Pc,

(2c) and Fe,(OAC)2Pc, (2b) complexes were not observed in the Co,Pc, (2a) complex

due to the binding of the acetate group. This shows that cobalt metal is in the Co (ll)
valence step since itdoes not bind acetate anion in the center of the complex before
redox processes.

3.8. Investigation of the electro catalytic performances for Oxygen reduction

reaction (ORR) of Ball Type Dinuclear Substituted (2a-2e) complexes in
acidic medium

Electro catalytic activities of the Fe,(OAc),Pc, (2a), Co,Pc, (2b), Mn,(OAc),Pc, (2¢),
Ni,Pc, (2d) and Zn,Pc, (2e) complexes towards ORR were tested by the RDE
technique at 2500 rotations per minute (rpm). The RDE polarization curves of
VC/Nf/Pc, FI/Nf/Pc, GO/Nf/Pc, G/Nf/Pc and Tm/Nf/Pc modified glassy carbon
working electrodes were analyzed in 0.5 M H2SO4 aqueous electrolyte solution with
oxygen purging for 30 min. The potential scanning range was from 0.70 to -0.50 V
vs. SCE with a scan rate of 0.005Vs™. The onset potential (Eo) where the current
begins to increase, and the limiting diffusion current density (J.) can be taken as the
measures of catalytic activity. The potential at which the current density reaches
0.100 mA cm? was taken as Eo,. Table 13 summarizes the electro catalytic

performance of Pc-based catalysts for ORR.
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Table 13 Electro catalytic activities of 2a-2e complexes for ORR according to the
parameters of onset potential (Eo), diffusion current density (J.) and half-

wave potential (E12) (according to SCE).

EoV 2 Ey !V
Catalysts (vs SCE) J./mAcm (vs SCE)
Fe,(OAC),Pc,/VCINF 0.52 2.78 (1.29) 0.34 (0.01)
Co,Pc,/Vc/Nf 0.51 1.45 (2.12) 0.32 (0.01)
Ni,Pc,/Vc/Nf 0.09 0.66 (2.12) -0.01 (-0.16)
Zn,Pc,/\VcINF 0.02 1.95 -0.22
Fe,(OAC),Pc,/FI/NF 0.54 3.05 (1.19) 0.36 (0.01)
Co,Pc,/FI/NF 0.52 2.48 (1.84) 0.29 (0.03)
Mn,(OAC),Pc,/FI/NF 0.27 1.58 (2.64) 0.16 (0.03)
Ni,Pc,/FI/Nf 0.29 3.15 0.01
Zn,Pc,/FI/Nf 0.18 2.06 -0.03
Fe,(OAC),Pc,/GO/Nf 0.48 2.26 (0.19) 0.31 (-0.08)
Co,Pc,/GO/NF 0.41 4.02 -0.01
Mn,(OACc),Pc,/GO/Nf 0.30 3.31 -0.02
Ni,Pc,/GO/Nf 0.18 3.95 -0.12
Zn,Pc,/GO/NF 0.24 3.14 -0.12
Fe,(OAC),Pc,/G/Nf 0.46 0.98 (4.18) 0.18 (-0.24)
Co,Pc,/G/NF 0.68 0.44 (3.37) 0.56 (-0.07)
Mn,(OAC),Pc,/GINF 0.59 0.38 (2.79) 0.50 (-0.15)
Ni,Pc,/G/Nf 0.66 0.32 (1.66) 0.60 (-0.17)
Zn,Pc,/G/NFf 0.63 0.29 (0.47) 0.58 (-0.26)
Fe,(OAc),Pc,/Tm/Nf 0.37 4.95 -0.05
Co,Pc,/Tm/NFf 0.43 0.72 (1.87) 0.25 (-0.12)
Mn,(OAC),Pc,/Tm/Nf 0.10 1.75 -0.03
Ni,Pc,/Tm/Nf 0.22 2.28 -0.26
Zn,Pc,/Tm/Nf 0.10 1.72 -0.29

a The potential at which the current density reaches to 0.100 mA cm-2 was taken as the onset potential, Eo.

Figure 62 illustrates a distinct limiting current plateau, which is typically well-

defined. This phenomenon is linked to the uniform distribution of electro catalytic

sites across the electrode surface. In contrast, when the active sites are unevenly

distributed on ink-type electrodes featuring a thin porous coating, the resulting

polarization curves tend to exhibit inclined or bell-shaped characteristics.
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Figure 62 RDE polarization curves recorded with Fe2(OAc)2Pc./FI/NT,
Fe2(OAC)2Pco/NT, FI/Nf, Nf modified glassy carbon electrodes in 0.5 M
H>SO4 solutionsaturated with O for electro catalytic ORR (Rotation speed:
2500 rpm).
In Figure 63, it is clearly seen that catalytic performances of Fe2(OAc)2Pc; (2b) and
CozPc2 (2a) on VC/Nf/Pc modified rotating (2500 rpm) glassy carbon electrodes
towardsORR are much better as compared to those Mn2(OAc)2Pc: (2c), Ni2Pc (2d)
and ZnzPc2 (2e). The limit current densities for Fe2(OAc)2Pc2 (2b) and CozPc: (2a)
and Mn2(OAc)2Pc; (2¢) are considerably high. On the contrary, Ni2Pc, (2d) and
ZnyPcy (2e) have a very low limit current density. In addition, E, values for
Fe2(OAC)2Pc2 (2b) and CozPc2 (2a) and Mn2(OAC)2Pc2 (2¢) are more positive than

those of Ni2Pc. (2d) and ZnzPc: (2e).
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Figure 63 RDE polarization curves recorded with M,Pc,/VC/Nf Nf (M= Fe, Co, Mn,
Ni and Zn) modified glassy carbon electrodes in 0.5 M H2SQO4 solution
saturated with O for electro catalytic ORR (Rotation speed: 2500 rpm).

The catalytic performances of Fex(OAc).Pc (2b) and Co2Pc2 (2a) and
Mn2(OAC)2Pc2 (2¢) on FI/Nf/Pcmodified rotating (2500 rpm) glassy carbon electrodes
towards ORR are much betteras compared to those of Ni2Pc2 and Zn2Pc, (Figure
64). The limit current densities for Fex(OAc).Pc. (2b) and Co2Pc. (2a) and
Mn2(OAC)2Pc2 (2¢) are considerably high. On the contrary, Ni2Pc. (2d) and ZnzPc>
(2e) have a very low limit current density. In addition, Eo, values for Fe2(OAc)2Pc:
(2b) and CozPc. (2a) and Mn2(OAc)2Pc2 (2c)  are more positive than those of
NizPc2 (2d) and Zn2Pc: (2e).
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Figure 64 RDE polarization curves recorded with M,Pc,/FI/Nf Nf (M= Fe, Co, Mn,
Ni and Zn) modified glassy carbon electrodes in 0.5 M H2SQO4 solution
saturated with O for electro catalytic ORR (Rotation speed: 2500 rpm).
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The catalytic performances of Fex(OAc)2Pc2 (2b) and CozPc. (2a) and
Mn2(OAC)2Pc2 (2¢) on GO/Nf/Pc, G/Nf/Pc, Tm/Nf/Pc modified rotating (2500 rpm)
glassy carbon electrodes towards ORR are much better as compared to those of
Niz2Pc2 (2d) and ZnzPc (2e). The limit current densities for Fe2(OAc)2Pc, (2b) and
CozPc; (2a) and Mn2(OAcC)2Pc: (2c) are considerably high. On the contrary, Ni2Pc:
(2d) and Zn2Pc: (2e) have a very low limit current density. In addition, E, values for
Fe2(OAC)2Pc2 (2b) and CozPc2 (2a) and Mn2(OAC)2Pc2 (2¢) are more positive than
those of NizPcz (2d) and ZnzPc; (2e). (Figure 65).
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Figure 65 RDE polarization curves recorded with M2Pc2/GO/Nf, M2Pc,/G/Nf and
MaPco/Tm/Nf, (M= Fe, Co, Mn, Ni and Zn) modified glassy carbon
electrodes in 0.5 M H2SO4 solution saturated with O for electro catalytic
ORR (Rotation speed: 2500 rpm).

It has been proposed by certain scholars that the electro catalytic reduction of oxygen on
metallophthalocyanines is facilitated through a redox-catalysis process. In this context,
the binding affinity of oxygen and the redox potential of the central metal ions are of
paramount importance. The central metal ion within the phthalocyanine ring undergoes
oxidation by the adsorbed oxygen molecule, resulting in its subsequent reduction. In
contrast, the metal centers found in Ni2Pc2 (2d) and Zn2Pc. (2e) are characterized by
their redoxinactivity, remaining unaffected by oxidation or reduction during the electro
catalytic measurement conditions, as indicated by their recognized electrochemical
behavior. Consequently, the enhanced catalytic activity of Fez(OAc).Pc2 (2b) and
Co2Pc2 (2a), relative to other complexes, can be linked to the existence of a redox-active
metal center, which is capable of binding dioxygen molecules due to its distinctive

coordinating properties.

The relevant cyclic voltammograms for Pt/VVc, Fex(OAc)2Pc2/Ve/Nf  and
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Fe2(OAC)2Pc2/FI/NT based catalysts are presented in Figure 66. The onset potentials
determined during RDE tests on the voltammograms are indicated as arrows to
easily establish the relationship between catalytic activity and redoxpotentials, since

ORR begins at the onset potentials.
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Figure 66 Cyclic voltammograms of the (A) Fe2(OAc)2Pc./VC/NT (B)
Fez2(OAC)2Pco/FI/NT complex adsorbed on glassy carbon electrodes in 0.5 M
H2SOa, purged with N2 or saturated with O>

As expected, mononuclear complex Fex(OAc).Pc2/FI/Nf displays an ordinary redox
couple which is assigned to a Fe"/Fe'V redox process. Fe2(OAc)2Pco/FI/NF catalyst
containing mononuclear phthalocyanine complex in saturated N> medium showed first
Fe'/Fe!V transition in the oxidation direction and then Pc?/Pc transition as second
oxidation. Fez(OAC)2Pco/FI/NF catalyst showed first Pc/Pc? reduction and then
Fe'V/Fe'" reduction in cathodic scanning. The half-peak potential of Fe'/Fe!V and
Fe'V/Fe" redox processes was determined as EY?=0.08 V. In addition, the half-peak
potential of Pc?/Pc” and Pc/Pc? redox pairs were obtained with E¥?=0.42 V. In the 0.5
M H2S0O4 solution saturated with Oy, firstly Fe"/Fe'V transition and secondly Pc?/Pc
transition were observed in the direction of oxidation similar to N2 environment. While
the half-peak potential of Fe''/Fe'V and Fe'V/Fe"' redox couples is E¥?=0.12 V in the
solution medium saturated with Oy, the half-peak potential of Pc>/Pc” and Pc/Pc? redox
couples is EY?=0.45 V.

It is necessary to determine the n; value, and also the contribution of hydrogen peroxide.
To determine the influence of hydrogen peroxide production during the ORR on each
catalyst, RRDE measurements were executed using a glassy carbon disk electrode
modified with VC/Nf/Pc and a platinum ring electrode maintained at 0.95 V versus the
(SCE). An example of the RRDE measurement with the Fez(OAc)2Pc2/VC/Nf modified
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glassy carbon disk electrode is depicted in Figure 67.
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Figure 67 RRDE polarization curves recorded with Fe,(OAc),Pc,/VVC/Nf modified
rotating (2500 rpm) glassy carbon disc in 0.5 M H2SO4 solution saturated
with O for electro catalytic ORR (potential scan rate: 0.005 V s1).

Measurements of the ring currents were conducted to evaluate the volume of hydrogen
peroxide generated by each catalyst. It was found that the initiation of the ring currents
coincided with the onset potentials for the ORR in the disk, which implies that hydrogen
peroxide production is indeed taking place. The characteristic bell-shaped curve of the
ring current is associated with hydrogen peroxidegenerated on non-noble metal catalysts

and activated carbon.
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Figure 68 (A) Variation of the total number of electrons transferred with the disk
potential for Fex(OAc)2Pco/VC/NT modified electrodes (B) Variation of
the % H,0O> formed for Fez(OAC).Pc2/VC/NT modified electrode with the
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disk potential (according to Ering = 0.95 V vs SCE)

The n¢ and the percentage of hydrogen peroxide produced at a given potential were

determined by the following equations:
ne =4 Ip/ [Ip + (Ir/N)] 1.29

%H,0, = 100 (4 - n)/2 1.30

where N, Ip, and Ir are the collection efficiency, disk current and ring current,
respectively. Figure 68A and 68B show the number of electrons and %H.O> generated
at different potentials for each catalyst, respectively. The number of total electrons, nt,
suggesting that ORR on the Fe2(OAc)2Pco/VC/NF based electrode produces higher
amounts of water compared to hydrogen peroxide. The nt value increases with
increasing potential and becomes 3.87 (89% H.O and 11% H20.) at the limiting

diffusion current plateau, leading to the production of water as the main product.

—Fe,(OAc),Pc /FUNT

‘[4OOHA (Disk)

I/pA

:|:5 pA (Ring)

0.4 0.2 0.0 -0.2
E/V vs. SCE

Figure 69 RRDE polarization curves recorded with Fe,(OAc),Pc,/FI/Nf modified
rotating (2500 rpm) glassy carbon disc in 0.5 M H2SO4 solution saturated
with O for electro catalytic ORR (potential scan rate: 0.005 V s1).

Figure 70A and 70B show the number of electrons and %H>O, generated at different

potentials for each catalyst, respectively. The number of total electrons, nt, suggesting

that ORR on the Fex(OAc)2Pco/FI/Nf based electrode produces higher amounts of
water compared to hydrogen peroxide. The nt value increases with increasing potential
and becomes 3.96 (96% H.O and 4% H20) at the limiting diffusion current plateau,
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leading to the production of water as the main product.
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Figure 70 (A) Variation of the total number of electrons transferred with the disk
potential for Fe2(OAc).Pco/FI/Nf modified electrodes (B) Variation of the %
H>0, formed for Fe2(OAc)2Pco/FI/Nf modified electrodes with the disk
potential (accordingto Ering = 0.95V vs SCE)

In the operation of a DMFC, the transfer of methanol from the anode to the cathode can
compromise the overall performance of the fuel cell, particularly when platinum is
present at the cathode. On the other hand, metal N4 chelates are recognized for their

selectivity as catalysts and their ability to withstand the presence of methanol during the

ORR.
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Figure 71 RDE polarization curves recorded with Pt/\Vc/Nf, Fe2(OAc)2Pc2/Ve/Nf and
Fe2(OAC)2Pco/Pt/Ve/NT modified glassy carbon electrodes in 0.5 M
H>SO4 solution saturated with O for electro catalytic ORR in the presence
and absence of methanol (Rotation speed: 2500 rpm).

Methanol tolerance of Fex(OAc).Pc2/VC/NT based catalyst was also determined and
compared with that of Pt-based one. Figure 71 shows the polarization curves obtainedin
O, saturated electrolyte in the presence and absence of methanol for the Pt-,
Fe2(OAC)2Pc2/VEINT and  Pt/Fez(OAC)2Pc2/VE/NT  -based catalysts. Indeed, at a
Fe2(OAC)2Pc2/VE/NT -based electrode, the polarization curve of ORR is not affected by
the presence of 1.0 M methanol in the electrolyte. On the contrary of
Fe2(OAC)2Pco/VE/NT, at a platinum-based electrode, the presence of 1.0 M methanol in
the electrolyte leads to a shift in the oxygen reduction potentials towards negative
values. Significant methanol oxidation current is observed over a wide range of
potential, and thus, the catalytic activity of Pt-based catalyst for ORR is completely
blockaded by methanol over the potential range of 0.50-0.80 V vs. SCE. Although the
methanol tolerance of the Fe2(OAc)2Pc2/Vc/NF -based catalyst is much better than that
of the Pt-based one, unfortunately, ORR on the Fe2(OAc)2Pc2/Vc/Nf -based catalyst still
occurs at more negative potentials in the presence of methanol, as compared to Pt-based
one. In addition, considerable amount of H>O, is produced although the
Fe2(OAC)2Pco/Ve/Nf modified electrode catalysts ORR mainly through the four-
electron mechanism in high over potentials region. So, the methanol tolerance of Pt/
Fe2(OAC).Pco/VeINT -based dual catalyst during ORR was also determined and

compared with that of Pt-based one. As shown in Figure 71, in the presence of
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methanol, electro catalytic activity of the Pt/Fe2(OAc)2Pco/Vc/NT -based dual catalyst is
much better than that of the Pt-based one at all potentials. The results of our study
indicated that the addition of a suitable Fe2(OAc)2Pc. (2b) in a simple manner to Nf and
carbon supported platinum results in remarkable enhancement in the methanol tolerance
of platinum for ORR, suggesting a good and cost-effective alternative for DMFC

applications.

Table 14 Electro catalytic activities of Fex(OAc),Pc; (2b) complexes for ORR
accordingto the parameters of onset potential (Eo), diffusion current density
(Ju) and half-wave potential (E 12) (according to SCE).

E, V Ewa IV
Catalysts J./ mA cm?2

(SCE) (SCE)
Fe,(OAC),PC,/FI/NF 0.54 3.05 (1.19) 0.36 (0.01)
Fe,(OAC),Pc,/VCINF 0.52 2.78 (1.29) 0.34 (0.01)
Fe,(OAC),Pc,/GO/NF 0.48 2.26 (0.19) 0.31 (-0.08)
Fe,(OAC),PC,/G/INF 0.46 0.98 (4.18) 0.18 (-0.24)
Fe,(OAC),Pc,/Tm/NF 0.37 4.95 -0.05

a The potential at which the current density reaches to 0.100 mA cm-2 was taken as the onset potential, Eo.

Amongst Pc compounds used in this study, Fex(OAc):Pco/FI/Nf and
Fe2(OAC)2Pco/VE/NF showed remarkable catalytic activity towards ORR in acidic
medium. The distinctive catalytic performance of Fe2(OAc)Pco/FI/Nf and
Fe2(OAC) Pco/VVe/NT are attributed to the redox-active behavior of the metal center. It
appears that, in the case of a redox-active metal center, the interaction between the
metal center and O> molecule is enhanced. Table 14 summarizes the electro catalytic

performance of Feo(OAC)2Pc2-based catalysts for ORR.
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Figure 72 RDE polarization curves of (A) Fe2(OAc)2Pco/VVc/NF, Fe2(OAC)2Pco/FI/NT,
Fe2(OAC)2Pc2/GO/NT, Fe2(OAC)2Pc2/G/NT and Fe2(OAC)2Pc2/ Tm/NT (B)
Pt/Vc/Nf, Fea(OAC)2Pco/Ve/NT ve Fea(OAC) Pc./FI/NF modified glassy
carbon electrodes in 0.5 M H2SOj4 solution saturated with O> for electro
catalytic ORR in the presence and absence of methanol (Rotation speed:
2500 rpm).

3.9. Investigation of the electro catalytic performances for Oxygen reduction
reaction (ORR) of Ball Type Dinuclear Substituted (2a-2e) complexes in
alkali medium

The electro catalytic performances of the complexes in oxygen electro catalysis were

measured by CV, RDE and RRDE voltammetry were utilized to measure the electro

catalyticactivities of the complexes in the air half-cell in 0.1 M KOH solution.

For ORR SCV of Pt/Ve/Nf.
2y Ey=-0.02V

(RDE)

=0, saturated
=N Saturated

0.0 -0.5
E/V vs. SCE

Figure 73 Cyclic voltammograms of the Pt/VVc complex adsorbed on glassy carbon
electrodes in 0.1 M KOH, purged with N, or saturated with O, (scan rate 5

mVs?)
The initial evaluation of the electro catalytic performance of the Pt/C and Fe,(OAc),Pc;
complexes for the ORR was conducted through CV. The cyclic voltammograms for the
electrodes modified with Pt/C and Fex(OAc),Pc, (2b) (Figures 73 and 74) were

recorded in 0.1 M KOH solutions that were saturated with N2 or O, utilizing a scan rate
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of 5 mV/s. The peak currents associated with the ORR in the voltammograms indicate
that the Fe,(OAcC),Pc, (2b) complex exhibits a strong interaction with molecular
oxygen, driven by the redox-active properties of the Fe?* core. Furthermore, a detailed
comparison of the voltammograms for the Fe;(OAc),Pc, (2b) complex in both nitrogen-
and oxygen-saturated solutions reveals that the oxidation process near -0.20 V is
reversible and coincides with the O> molecule's signal. Additionally, during the low
positive potential redox transition from Fe(lll) to Fe(IV), the highly acidic Fe(IV)
species effectively interact with dioxygen, resulting in a relatively low over potential for
the ORR, RDE was utilized to measure the electro catalytic ORR activities of the
catalyst (Figure 75). The ORR polarization curves for each catalyst were obtained at a
rotation speed of 2500 rpm and a scan rate of 5 mV/s in oxygen-saturated 0.1 M KOH
solutions. The onset potential (E,), defined as the point atwhich the current begins to
rise, along with the J., were utilized as indicators of catalytic activity. The potential
corresponding to a current density of 0.100 mA cm™ was designated as Eo. Table 15
presents a summary of the electro catalytic performance of MPc-based catalysts for
ORR. The findings clearly demonstrate that the catalytic activity of the complexes
Fe2(OAC)2Pc2 (2b), CozPc2 (2a) and Mn2(OAC)2Pc. (2¢) significantly surpasses that of
Ni2Pc2 (2d) and Zn2Pc2 (2e).
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— N, saturated

— O, saturated
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Figure 74 Cyclic voltammograms of the (A) Fe2(OAc)2Pc2/Vc/NT (B)
Fe2(OAC)2Pco/FI/NT complex adsorbed on glassy carbon electrodes in 0.1 M
KOH, purged with N or saturated with Oz (scan rate 5 mVs™).
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Table 15 Electro catalytic activities of (2a-2e) complexes for ORR according to the
parameters of onset potential (Eo), diffusion current density (J.) and half-
wave potential (E 12) (according to SCE).

Catalysts EoV (vs. SCE) Ju/mAcm?  Eyp/(vs. SCE)
Fe,(OAC),Pc,/VVc/NT -0.07 7.40 -0.20
Co,Pc,/Vc/Nf -0.09 5.30 -0.23
Mn,(OAC),Pc,/Vc/NT -0.10 5.62 -0.28
Ni,Pc,/Vc/Nf -0.17 2.11 -0.29
Zn,Pc,/VcINF -0.15 3.49 -0.34
Fe,(OAC),Pc,/FI/Nf -0.02 6.74 -0.17
Co,Pc,/FI/NF -0.05 431 -0.18
Mn(OAC) Pe,/FI/NF -0.08 5.63 -0.21
Ni,Pc,/FI/Nf -0.08 4.28 -0.23
Zn,Pe IFINT -0.15 481 -0.30
Fe,(OAC),Pc,/GO/NF -0.06 3.28 -0.22
Co,Pc,/GO/INT -0.10 3.80 -0.24
Mn2(OAC).PC,/GO/NF -0.12 1.63 -0.24
Zn,Pc,/GO/Nf -0.10 273 -0.32
Fe,(OAC),Pc,/G/Nf -0.07 2.16 -0.28
Co,Pc,/G/Nf -0.16 1.13 -0.28
Mn,(OAC),Pc,/G/Nf 0.23 1.29 -0.32
Zn,Pc,/GINT -0.26 2.69 -0.43
Fe,(OAC),Pc,/ Tm/Nf 0.16 4.95 -0.28
Co,Pc,/Tm/Nf -0.06 3.57 -0.30
Mn,(OAC),PC,/ Tm/NFf 0.12 3.25 -0.35
Ni,Pc,/Tm/Nf -0.21 1.59 -0.33
Zn,Pc,/Tm/Nf -0.26 1.91 -0.39

In order to evaluate the ORR activity, RDE tests of carbon samples in O, saturated

and 0.1 M KOH electrolyte, under a rotation rate of 2500 rpm were performed at scan

rateof 5 mV st
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Figure 75 RDE voltammograms recorded with VV¢/Nf, FI/Nf, GO/Nf, G/Nf ve Tm/Nf
modified glassy carbon electrodes in 0.1 M KOH solution for electro
catalytic ORR (rotation speed 2500rpm)

By comparison, the redox active and redox inactive metals had also been tested under
the same test conditions, as shown Figure 76. Obviously, the ORR activities of the
Fe,(OAC),Pc,o/VeINT, CoyPc,/Ve/Nf and Mny(OAC),Pc,/Ve/Nf are much higher than
those of Ni,Pc,/Vc/Nf and Zn,Pc,/Vc/NT in the whole process of cathodic oxygen
reduction, the ORR values of current densities for Fe,(OAc),Pc,/Vc/NF, Co,Pc,/Ve/Nf
and Mn,(OAc),Pc,/Vc/NF at the all potentials are larger than those Ni2Pco/Vc/Nf and
ZnoPco/VE/NF. The Ju (5.77 mAcm?) of the Fe,(OAC),Pc,/Nf is larger than those of
Co,Pc,/VCINT (2.34 mA cm?), Ni,Pc,/Ve/NF (2.00 mA cm) and Zn,Pc,/Vc/NF (1,02
mA cm). Moreover, the Ey and Ey, of the Fe,(OAC),Pc,/Vc/Nf complex are -0.09 V
and -0.25 V, respectively. These values of the Fe,(OAc),Pc, /V¢/Nf complex are nearly
equal to those of Pt/C catalyst (Eo =-0.02V and E 1, =-0.17 V, respectively).

116



B4
£
- — Fe,(OAc),Pc /Ve/Nf
6] = Co,Pc,/Ve/Nf
Mn, (OAc),Pc,/Ve/NF
—Ni,Pc/Ve/Nf

8 Zn,Pc 2/ Ve/Nf

0.0 -0.2 -0.4
E/V vs. SCE

Figure 76 RDE voltammograms recorded with Fe2(OAc)2Pc. (2b), CozPc2 (2a) and
Mn2(OACc)2Pc: (2¢) Niz2Pc2 (2d) ve Zn2Pc> (2e) modified glassy carbon
electrodes in 0.1 M KOH solution for electro catalytic ORR (rotation speed

2500rpm).
ORR activity of these Fex(OAC)2Pco/FI/NF, CooPco/FI/NF, Mna(OAc)2Pco/FI/NF and
Ni2Pco/FI/NT were evaluated in 0.1 M KOH aqueous solution. The half-wave potential
(E12) of Fe2(OAC)2Pco/FI/NT positively shifts 20 mV compared to that of Ni2Pco/FI/Nf
and the current density of Fe2(OAc)2Pco/FI/Nf at 5.84 V (vs. SCE) is much higher than
that of Ni2Pco/FI/Nf (Figure 77 and Table 15). Figure 77 shows that
Fe2(OAC) Pco/FI/NT possesses an onset potential of -0.10 V (vs. SCE), superior to that
of NioPco/FI/Nf (-0.19 V vs. SCE).
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Figure 77 RDE voltammograms recorded with Fe2(OAc)2Pc. (2b), CozPc2 (2a) and
Mn2(OACc)2Pc: (2¢) Niz2Pc2 (2d) ve Zn2Pc> (2e) modified glassy carbon
electrodes in 0.1 M KOH solution for electro catalytic ORR (rotation speed
2500rpm).

By comparison, the redox active and redox inactive metals have also been tested under
the same test conditions, as shown Figure 77. Obviously, the ORR activities of the
Fe,(OAC),Pc,/GO/INT, Fey(OAC),Pc,/G/INF and Fe,(OAC),Pc,/Tm/NF are much higher
than those of Ni,Pc,/GO/Nf, Zn,Pc,/GO/Nf, Ni,Pc,/G/INf, Zn,Pc,/G/Nf and
Ni,Pc,/Tm/NT, Zn,Pc,/Tm/Nf in the whole process of cathodic oxygen reduction, the
ORR values of current densities for Fe,(OAC),Pc,/GO/Nf, Co,Pc,/GO/Nf and
Mn,(OAC),Pc,/GO/NF at the all potentials are larger than those Ni,Pc,/GO/Nf and
Zn,Pc,/GO/Nf. The J, (3.80 mA cm™) of the Fe,(OAC),Pc,/GO/NTF is larger than those
of Co,Pc,/GO/NF (2.49 mA cm?), Ni,Pc/GO/NF (2.92 mA cm.z) and Zn,Pc,/GO/NF
(2.26 mA cm-?). Moreover, the Ey and Ey;, of the Fe,(OAc),Pc,/GO/Nf complex are -
0.11 V and -0.25 V, respectively. These values of the Fe,(OAc),Pc,/GO/Nf complex are
nearly equal to those of Fe,(OAc),Pc,/G/Nf catalyst (Ey=-0.13V and E, =-0.30 V,

respectively).
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Figure 78 RDE voltammograms recorded with (A) M2Pc./GO/NT catalyst materials (B)
M2Pc2/G/Nf catalyst materials (C) M2Pco Tm/Nf (M= Fez(OAC)2Pc, (2b),
CozPc; (2a), Mn2(OAcC)2Pc2 (2¢) NizPc2 (2d) ve ZnaPc, (2e))modified glassy
carbon electrodes in 0.1 M KOH solution for electro catalyticORR
(rotation speed 2500rpm).

Table 16 Electro catalytic activities of (2a-2e) complexes for ORR according to the
parameters of onset potential (Eo), diffusion current density (J.) and half-
wave potential (E 12) (according to SCE).

Catalysts EoV (vs. SCE) J./mA cm? E12/V (vs. SCE)
Fe,(OAC),PC,/FI/NF -0.02 6.74 -0.17
Fe,(OAC),PC,/VCINF -0.07 7.40 -0.20
Fe,(OAC),Pc,/GO/N -0.06 3.28 -0.22
Fe,(OAC),Pc,/G/NF -0.07 2.16 -0.28
Fe,(OAC),Pc,/ Tm/NF -0.16 4.95 -0.28

To further examine the ORR electro catalytic activity of the catalysts, RDE curves of
Feo(OAC)2Pc2/VeINT, Fea(OAC) Pco/FIINE, Fea(OAC)2Pco/GO/INS, Feo(OAC)2Pco/G/NT
and Fe2(OAC)2Pco/Tm/Nf catalysts were performed as presented in Figure 79. The
onset and half-wave potentials for Fe2(OAc)2Pc./FI/Nf (-0.10 V and -0.23 V) were close
to that for Fe2(OAC)2Pco/Ve/NT (-0.09 V and -0.25 V), and more positive than that for
Fe2(OAC)2Pco/GO/INT, Fea(OAC)2Pco/G/NF and Feo(OAc)2Pco/Tm/Nf indicating that
Fe2(OAC) Pco/FI/NT possesses a highly efficient ORR electro catalytic activity.
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Figure 79 RDE voltammograms recorded with Fez(OAc)2Pc2/VVCINT,
Fe2(OAC)2Pco/FIINT, Fea(OAC)2Pca/ GO/NT, Fea(OAC)2Pco/G/NT and
Fe2(OAC)2Pco/Tm/NT) modified glassy carbon electrodes in 0.1 M KOH
solution for electro catalytic ORR (rotation speed 2500rpm).

To further examine the ORR electro catalytic activity of the catalysts, RDE curves of
Fe2(OAC)2Pco/FIINT, Fea(OAC)2Pco/VCINT and Pt/C/NF catalysts were performed as
presented in Figure 80. The onset and half-wave potentials for Fe2(OAc)2Pco/FI/NT (-

0.10 V and -0.23 V) were close to that for benchmark Pt/C (-0.02 V and -0.17 V), and
more positive than that for Fe,(OAc),Pc,/VC/NT, indicating that Fey(OAc),Pc,/FI/NT

possesses a highly efficient ORR electro catalytic activity.
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Figure 80 RDE voltammograms recorded with Pt/Vc/Nf, Fe2(OAc)2Pc2/VC/NT and
Fe2(OAC)2Pco/FI/NT modified glassy carbon electrodes in 0.1 M KOH

solution for electro catalyticORR (rotation speed 2500rpm).
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3.10. Investigation of the electro catalytic performances for Oxygen evolution
reaction (OER) of Ball Type Dinuclear Substituted (2a-2e) compounds in
alkali medium

In order to evaluate the OER activity, RDE tests of carbon samples in O saturated and
0.1 M KOH electrolyte, under a rotation rate of 2500 rpm were performed at scan rate
of 5mVv s,

Table 17 Electro catalytic OER performances of catalyst materials.

Catalysts Eo V (vs. SCE) J/mAcm?
Fe,(OAC),Pc,/VVc/NF 0.37 3.91
Co,Pc,/Ve/Nf 0.37 1.87
Mn,(OAC),Pc,/Vc/NF 0.34 0.82
Ni,Pc,/Vc/NF 0.53 0.40
Zn,Pc,/Vc/Nf 0.55 0.42
Fe,(OAC),Pc,/FI/NF 0.43 8.74
Co,Pc,/FI/Nf 0.27 5.28
Mn,(OAC),Pc,/FI/Nf 0.28 4.73
Ni,Pc,/FI/Nf 0.32 3.56
Zn,Pc,/FI/NF 0.48 2.87

By comparison, the redox active and redox inactive metals had also been tested under
the same test conditions, as shown Figure 81. Obviously, the OER activities of the
Fe,(OAC),Pc,/VeINT, CoyPc,/Ve/Nf and Mny(OAC),Pc,/Ve/Nf are much higher than
those of Ni,Pc,/Vc/Nf and Zn,Pc,/Vc/NT in the whole process of cathodic oxygen
oxidation, the OER values of current densities for Fe,(OAc),Pc,/Vc/NT, Co,Pc,/\Ve/NF
and Mn,(OAc),Pc,/Vc/NF at the all potentials are larger than those Ni,Pc,/V¢/Nf and
Zn,Pc,/VCINf. The Ju value (3.99 mA cm?) of the Fe,(OAC),Pc,/VCINF is larger
than those of CozPca/VC/NF (1.87 mA cm?), NiPca/Ve/Nf (0.40 mA cm?) and
Zn2Pc2/Ve/NF(0.42 mA cm?). Moreover, the Eo of the Fea(OAC)2Pca/Ve/Nf complex is
0.37 V.
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Figure 81 RDE voltammograms recorded with M2Pc2/Vc/Nf (M= Fe2(OAc)2Pc: (2b),
Co2Pc2 (2a) Mn2(OAC)2Pc2 (2¢), Ni2Pc2 (2d) ve ZnzPc (2e)modified glassy
carbon electrodes in 0.1 M KOH solution for electro catalytic OER (Rotation
speed: 2500 rpm).

OER activity of these Fez(OAC)2Pco/FI/NT, Co2Pco/FI/Nf, Mna(OAC)2Pco/FI/NT and

ZnyPco/FI/NT were evaluated in 0.1 M KOH aqueous solution. (Figure 82 and Table

17). The OER activities of the Fex(OAc)Pco/FI/NF, Co2Pco/FI/Nf  and

Mn2(OACc)2Pc./FI/Nf are much higher than those of NizxPca/ FI /Nf and ZnoPca/ FI /Nf

in the whole process of cathodic oxygen oxidation, the OER values of current densities

for Fez(OAC)2Pco/FI/NT, CozPco/ FI /Nf and Mn2(OAC)2Pco/FI /NF at the all potentials
are larger than those NioPco/FI/Nf and Zn,Pc,/FI/Nf. The J. value (8.74 mA cm) of the

Fe2(OAC)2Pco/FI/NT is larger than those of CozPc2/FI/NT (5.28 mA cm2), NizPco/ FI/NF

(356 mA cm? and Zn,Pc,/FI/Nf (2.87 mA cm?). Moreover, the E, of the

Fe,(OAC),Pc,/ FI INf complex is 0.43 V.
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Figure 82 RDE voltammograms recorded with M2Pc2/Vc/NF (M= Fe2(OAc)2Pc2 (2b),
Co2Pc2 (2a), Mn2(OAC)2Pc2 (2¢) Ni2Pc2 (2d) ve ZnaPc2 (2€)) modified glassy
carbon electrodes in 0.1 M KOH solution for electro catalytic OER (Rotation
speed: 2500 rpm).

Table 18 Electro catalytic OER performances of catalyst materials.

Catalysts E;)SYS CE) J/ mA cm?
Fe,(OAc),Pc,/FI/Nf 0.43 8.74
Fe,(OAC),Pc,/VCINF 0.37 3.91
Fe,(OAc),Pc,/GO/Nf 0.55 3.56
Fe,(OAC),Pc,/G/Nf 0.53 2.15
Fe,(OAC),Pc,/Tm/Nf 0.52 0.71

To further examine the OER electro catalytic activity of the catalysts, RDE curves of
Feo(OAC)2Pco/Ve/NT, Fea(OAC) Pco/FI/NE, Feo(OAC)2Pco/GOINS, Feo(OAC)2Pco/G/NT
and Fe2(OAC)2Pco/Tm/NT catalysts were performed as presented in Figure 83. The
onset potentials for Fex(OAc)2Pco/FI/NFf  (0.43V) was close to that for
Fe2(OAC)2Pc2/Ve/NT (0.37 V), and more positive than that for Feo(OAc)2Pc2/GO/NT,
Fe2(OAC)2Pco/G/NT  and  Fea(OAC)2Pco/Tm/NF indicating that Fea(OAc)2Pco/FI/NT
possesses a highly efficient OER electro catalytic activity.
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Figure 83 RDE voltammograms recorded with Fez(OAc)2Pc2/VC/NT,
Fe2(OAC)2PCo/FIINT, Fe2(OAC)2Pc/ GO/NT, Fea(OAC) Pc./G/NF and
Fe2(OAC)2Pco/Tm/NF modified glassy carbon electrodes in 0.1 M KOH
solution for electro catalytic OER (Rotation speed: 2500 rpm).

In Figure 84, RDE recorded in O2 saturated 0.1M KOH solution for electro catalytic
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OEROof IrO2/Nf, Pt/Vc/Nf, Fea(OAC)2Pco/FI/NF and Fea(OAC)2Pc2/VE/NF catalysts. The
current density J values of IrO2/Nf, Pt/VVc/Nf and Fex(OAc)2Pco/FI/NT catalysts at
E=0.70 V are higher than Fe2(OAc).Pc.o/Vc/NF catalysts. It can be seen in Figure 84.
current density of Fe,(OAc),Pc,/FI/Nf catalyst at E=0.70 V in 0.1M KOH solution
saturated with O in an environment similar to Zinc Air battery operating conditions for
OER J=8.74 mA cm belonging to Pt/Vc/Nf catalyst It is seen that it is better than
J=6.05 mA cm™. The J=10.35 mA cm value of the IrO,/Nf catalyst is quite good.
Among the catalysts containing ball type dinuclear structure, the catalyst closest to the
current density of the IrO./Nf catalyst is the Fe,(OAc),Pc,/F1/Nf catalyst. The more
negative starting potential of the Fe,(OAc),Pc,/Vc/Nf catalyst isEq=0.37 V, the Ex=0.43
V of the Fey(OAC),Pc,/FI/NT catalyst and the Eo=0.49 V of the Pt/VVc/Nf catalyst is
more negative. However, the Fe,(OAC),Pc,/Vc/Nf catalyst is more positive than the
E0=0.15 V value of the IrO2/Nf catalyst, but it is the catalyst containing the ball type
dinuclear structure with the closest value to the IrO,/Nf catalyst in this parameter
(Table 19).
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Figure 84 RDE voltammograms recorded with IrO2/Nf, Pt/\Vc/Nf, Fe2(OAc)2Pc2/VCINT
and Fe2(OAc)2Pco/FI/NT modified glassy carbon electrodes in 0.1M KOH
solution for electro catalytic OER (Rotation speed: 2500 rpm).

Table 19 Electro catalytic OER performances of catalyst materials.

Catalysts E, V (vs. SCE) J/mA cm?
IrO,/Nf 0.15 10.35
Pt/Vc/Nf 0.49 6.05
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Fe,(OAcC),Pc,/Vc/Nf 0.37 3.91
Fe,(OAC),Pc,/FI/Nf 0.43 8.74

The Fey(OAC),Pc,/FI/Nf and Fe,(OAc),Pc,/FI/NT catalysts suggest a good and

inexpensive alternative catalysts for Zinc Air battery applications.

3.11. SEM, XPS and EDS spectrum of Dinuclear Substituted Fe2(OAc)zPc:
compound

Figure 85(A-C) shows the SEM images of VC, Fey(OAc).Pc; (2b) and
Fe2(OAC)2Pco/VE/NT. Figure 85A and 85B indicate that the particle sizes of catalyst
active material VC and Fex(OAc)2Pc2 (2b) are different to each other. SEM, as well as
other complementary techniques such as EDS, provided evidence of the formation of
molecular materials in a micro-scale that can be extrapolated to typical electro synthesis
cells in order to obtain larger amounts of these materials. On the other hand, it appears
that Fe,(OAc)zPc, (2b) complex dispersed homogeneously in the carbon-based

supporting material.
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Figure 85 SEM images of (A) V¢ (B) Fe2(OAc)2Pc. (2b) (C) Fe2(OAc)2Pc./Ve

Figure 86A and 86B showed the EDS mapping images of Fez(OAc)2Pc2 (2b) with the
uniform distribution of C, N, O and Fe elements on the surface, which indicated that the
Fe2(OAC)2Pc2 (2b) particles uniformly covered the surface. Homogeneous distribution
of the catalyst active and conductive carbon materials is expected to have a positive

effect on their catalytic performance inthis study.
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Figure 86 (A) EDS spectrum and (B) EDS elemental mapping of C, N, O, Fe and
overall distribution on the outer surface of Fe,(OAc),Pc,/Vc.

The morphology and size of the catalysts were studied by SEM analysis (Figure 87).
These results showed homogeneous but irregular electrodeposit material where the
presence of the starting elements can be noticed. For instance, it appears that
Fe,(OAcC),Pc, (2b) complex dispersed homogeneously in the carbon-based supporting
material. Microstructure analysis by SEM indicates that the Fe,(OAc),Pc, (2b) particles
are regular bulk (Figure 87C). It is worth to mention that the largest amount of carbon
found in the sample came from the electrode surface, as it is almost entirely composed

of carbon atoms.
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Figure 87 SEM images of (A) Fullerene (B) Fe2(OAc)2Pc: (2b) (C) Fe2(OAc)2Pc./ FI

On the other hand, the carbon, nitrogen, oxygen and iron contents of the FeoPc,-based
catalyst are presented by the EDS spectra in Figure 88. Figure 88B displays the
elemental mapping of C, N, Fe, and overall distribution of the Fex(OAc)Pca/FI
mixture. It is worth to mention that Fl is the largest portion comparing all other particles
found in the sample. EDS-mapping analysis verifies the homogenization of the iron
atoms in the Fe2(OAC)2Pc; (2b) structure dispersed on the FI.
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Figure 88 (A) EDS spectrum and (B) EDS elemental mapping of C, N, O, Fe and
overall distribution on theouter surface of Fe,(OAc),Pc,/ Fl.

The high resolution N1s spectra was shown in Figure 89. The high resolution N1s
spectra for (A) Fe(OAc)Pc (1b), (B) Fe,(OAc),Pc,, (2b) (C) Fe(OAC)Pc/FI and (D)
Fe,(OAc),Pc,/FI catalysts showed main peaks at 398.85, 398.34, 399.02 eV and 399.18
eV respectively. As a maker for edge plane exposure, N was principally found on the
edge of the carbon layer and exposed more active sites, which was related to higher

catalytic activity of ORR.
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Figure 89 XPS detailed core-level spectra in the N1s region for (A) Fe(OAc)Pc (1b),
(B) Fe2(OAcC)2Pc2 (2b) (C) Fe(OAC)Pc/Fl and (D) Fe2(OAC)2Pc,/FI catalysts

The high resolution C1s spectra was shown in Figure 90. For catalysts (A) Fe(OAc)Pc
(1b), (B) Fex(OAc),Pc, (2b) (C) Fe(OAc)Pc/FI and (D) Fey(OAc),Pc,/FI - the high
resolution C1s spectra showed main peaks approximately at 284.8 eV for all of them
[102].
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Figure 90 XPS detailed core-level spectra in the C1s region for (A) Fe(OAc)Pc (1b) ,
(B) Fe2(OAC)2Pcz, (2b) (C) Fe(OAc)Pc/Fl and (D) Fey(OAC),Pc,/FI
catalysts

The high resolution O1s spectra were shown in Figure 91. The high resolution O1s
spectra for (A) Fe(OAc)Pc (1b), (B) Fex(OAc).Pc, (2b) (C) Fe(OAc)Pc/FI and (D)
Fe,(OAc)2Pc2/Fl catalysts showed main peaks at 532.32 eV, 532.22 eV, 532.25 eV and
531.33 eV respectively. It was noteworthy that the C, O, N, Fe elements appear in XPS
spectra at 284.81, 531.33, 399.18, 688.29 eV, indicating that Fe,(OAc)2Pc,/FI has been

tracked.
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Figure 91 XPS detailed core-level spectra in the O1s region for (A) Fe(OAc)Pc (1b)
(B) Fe2(OAC)2Pc2 (2b) (C) Fe(OAC)Pc/FI and (D) Fe2(OAC)2Pc,/FI catalysts

3.12. Zinc-air battery tests with catalysts of mono and ball-type dinuclear
substituted metal phthalocyanine compounds.

Research involving the direct testing of catalyst materials within a complete cell is
infrequent. This study evaluated the electro catalytic performance of the
Fe(OAC)Pc/FI/Nf and Fe(OAc)Pc/VVc/NT catalysts in the air cathode of a custom-built
Zn-air battery. The primary Zn-air battery's performance was assessed through
galvanodynamic tests, employing Fe(OAc)Pc/FI/Nf and Fe(OAc)Pc/Vc/NF as catalysts
on the porous air cathode under ambient atmospheric conditions. These assessments
were subsequently repeated using a commercial Pt/C catalyst for comparison. Both
batteries exhibit open circuit potentials of 1.40 V, aligning closely with the theoretical
expectation. Moreover, the voltages of these batteries are deemed acceptable until the

current density reaches 100 mA cm2 (Figure 92)
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Figure 92 Galvanodynamic charge and discharge polarization curves

For both rechargeable batteries, featuring Pt/C and Fe(OAc)Pc/FI catalysts, open circuit
potentials were nearly 1.40 V and the voltages of both batteries remained adequate until
the current density attained 100 mA/cm?. The initial decline in cell voltage at the onset
of charging and discharging process might be attributed to activation polarization. It is
noteworthy that the zinc-air battery exhibits a relatively low polarization, even at
current densities of up to 100 mA cm?, when compared to other rechargeable zinc-air
battery technologies [54]. The findings obtained from Figure 92 indicated that the
charge and discharge battery voltages of Fe(OAc)Pc/FI exhibited considerably lower
over potentials across all measured current densities especially when compared to
Fe(OAc)Pc/Vc. Fe(OAc)Pc/FI showed a considerable superiority over Fe(OAc)Pc/Vc in
terms of both charge and discharge processes particularly at higher current densities.
These findings consistent with the theory that the morphology of Fe(OAc)Pc/FI along
with its partially overlapping interactions contribute to enhance charge transport
properties, which in turn reduced the over potentials that have been observed. A
discharge voltage for Fe(OAc)Pc/FI catalyst was close to 0.7 V while the charge voltage
was around 2.7 V. The commercial viability of Fe(OAc)Pc/FI as an effective electro
catalyst was demonstrated by its comparable galvanodynamic discharge and notably
enhanced charge voltages in relation to the Pt/C catalyst, particularly at higher current
densities (Figure 92). The galvanostatic cycling performance of Fe(OAc)Pc/Vc/Nf and
Pt/C catalyzed ZABs is depicted in Figure 93. The batteries were operated at a current
density of 10 mAcm2, with each charge and discharge cycle lasting for a duration of 20
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mus During cycle period, the initial charging and discharging voltages for the Pt/C
based rechargeable zinc-air battery were recorded at 2.3 V and 1.2 V, respectively
whereas the Fe-based catalyst exhibited potentials of 2.5 V for charging and 0.9 V for
discharging. In the initial cycles, the charge-discharge performance of the Fe-catalyzed

battery closely approximates that of the widely recognized catalyst, Pt/C.
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Figure 93 Galvanostatic cycling performances (the first 10 and the last 10 cycles) of
rechargeable ZABs with Fe(OAc)Pc/Vc/Nf and Pt/C catalysts.

The specific discharge capacity of the Zn-air battery, as shown in Figure 94, is
associated with the primary catalysts Fe(OAc)Pc/Vc/Nf and Fe(OAc)Pc/FI/NT at a
specified current density. In these tests, a predetermined mass of zinc plate was
employed as the anode, and the battery was operated until the anode was fully
consumed. The theoretical specific capacity of Zn-air battery is 820 mAhg-1 [90] and
the theoretical specific energy density value is 1084 Wh kg [91,92]. The specific
capacities of the batteries were recorded as 717 mA hg' for Pt/Vc/Nf, 703 mA hg™ for
Fe(OAC)Pc/Ve/NT, 713 mA hg! for Fe(OAc)Pc/FI/Nf based catalyst when tested at a
current density of 40 mA cm™. On the other hand, the specific energy values were
obtained as 703 Wh kg for Pt/Vc/Nf is, 674.9 Wh kg for Fe(OAc)Pc/Vc/NF, 670.2
Wh kg for Fe(OAC)Pc/FI/Nf at the current density of 40 mA cm2. Specific capacity
values obtained with catalysts containing iron phthalocyanine in the literature are given
below: 791 mAhg™! for FePc/CoPc heterostructure [93], 725 mAhg™! for FePc/NC-1000
[94], 712 mAhg™! for FePc-P/MWCNTSs-A [95] 808 mAhg™! for FePc-NHCS-500 [96],
758 mAhg ™! for FePc/HCoNC [97], 651 mAhg ™' for Pt/V¢/Nf [98] and. Specific energy
density values in the literature are 995 Wh kg! for FePc-NHCS-500 [99], 831 Wh kg!
for FePc/CoPc heterostructure [100]. The Zn-Air performances obtained in this study

are consistent with the literature.
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Figure 94 The specific capacities of primary ZABs for low and high currentdensities.

Numerous studies have documented the electro catalytic performance of metal
phthalocyanine-based catalysts in relation to the ORR.However, it is noteworthy that
the majority of these investigations rely on data obtained from half-cell measurements.
Research that evaluates the catalyst materials directly within a full cell setup remains
infrequent. This study focused on assessing the electro catalytic performance of the
ORR for the Fe;(OAC),Pc,/FI/Nf and Fe(OAC),Pc,/Vc/Nf catalysts in the air cathode of
a self- assembled zinc-air battery. The performance tests for the primary zinc-air
battery,which incorporated Fex(OAC),Pc,/FI/Nf and Fe,(OAC),Pc,/\V/c/NTf as catalysts on
the porous air cathode, were performed galvanodynamically in an ambient environment.
Additionally, these tests were replicated using a commercial Pt/C catalyst for
comparative purposes. Both batteries exhibit open circuit potentials of 1.35 V, which is
in proximity to the theoretical value. Moreover, the voltages of these batteries are
deemed acceptable until the current density attains 100 mA cm. The galvanodynamic
discharge polarization curves for these batteries clearly illustrate that the performance
levels of Fe;(OAC),Pcy/\Ve/NF and Fea(OAC),Pc,/FI/NT are align closely with those of

Pt/\Vc dlower current densities, particularly under 20 mA cm™.
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Figure 95 Galvanodynamic charge and discharge polarization curves.

The primary and rechargeable ZAB performance of Fez(OAc)2Pco/Ve/Nf and
Fe2(OAC) Pco/FI/NT catalyst have been tested with galvanodynamic and galvanostatic
techniques in a homemade ZAB prototype on ambient atmosphere. Charge and
discharge profile of Pt/C catalyst was also tested for comparison. As shown in Figure
95, the open circuit potentials for both rechargeable batteries including Pt/C,
Fe2(OAC)2Pco/VE/NT and Fea(OAC) Pco/FI/NT catalysts are 1.40 V, which is indicative
of thefact that all batteries are identical without polarization. Also, the performances of
ZABs were acceptable until the current density reached 100 mAcm?2. Charge
polarization ofthe battery with Fe2(OAc)2Pc2/FI/NF catalyst is competitive with that of
the one including Pt/C as the catalyst, at all current densities. On the other hand,
Fe2(OAC) Pco/FI/Nfcatalyst has good performance at higher and lower current densities
during discharge process. The battery including Fe2(OAc)2Pco/FI/NT catalyst has
superior charging performance with relatively low polarization throughout all current

densities, with respect to Fex(OAC)2Pc2/VVC/NTF catalyst.

Figure 96 illustrates galvanostatic cycling performances of Fe,(OAc),Pc,/Vc/NT and
Pt/C catalyzed ZABs. Each battery was operated with a current density of 20 mAcm
and 20-minute duration time for each charge-discharge stage. For the first 10 cycles,
charge-discharge performance of the Fe,(OAc),Pc,/VCc/NT catalyzed battery is almost
nearof the known most popular catalyst, Pt/C. Furthermore, during ZAB applications,
Fe,(OAC),Pc,/Vc/NF catalyst exhibited good electrochemical stability with charge and

discharge voltage loss of about 0.20 V at the end of 200 cycles.
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Figure 96 Galvanostatic cycling performances (the first 10 and the last 10 cycles) of
rechargeable ZABs with A) Fe,(OAc),Pc,/VVc/NT B) Fe,(OAC),Pc,/FI/Nf and
C) CozPco/FI/NT with Pt/C catalysts.
The specific discharge capacity of the Zn-air battery, as shown in Figure 97, is
associated with the catalysts Fe;(OAC),Pc,Vc/Nf and Fea(OAc)2Pc,/FI/NT at a specified
current density. In these tests, a designated mass of zinc plate was employed as the
anode, and the battery was operated until the anode was fully consumed. The theoretical
specific capacity of Zn-air battery is 820 mAhg-1 [90] and the theoretical specific
energy density value is 1084 Wh kg [91,92]. The specific capacities of the batteries
were recorded as 717 mA hg! for Pt/Vc/Nf, 715 mA hg! for Feo(OAc)2Pc2/Ve/Nf and
716 mA hg! for Fea(OAc)2Pco/FI/NT based catalyst when tested at a current density of
40 mA c¢cm2.0n the other hand, the specific energy values were obtained as 703 Wh kg
for Pt/Vc/INf, 674.2 Wh kg' for Fex(OAc).Pc/Ve, and 708.8 Wh kg?' for
Fe2(OAC)2Pc2/Fl at the current density of 40 mA cm 2. Specific capacity values obtained
with catalysts containing iron phthalocyanine in the literature are given below: 791
mAhg~! for FePc/CoPc heterostructure [93], 725 mAhg~! for FePc/NC-1000 [94], 712
mAhg™' for FePc-P/MWCNTSs-A [95] 808 mAhg™' for FePc-NHCS-500 [96], 758
mAhg™' for FePc/HCoNC [97], 651 mAhg™' for Pt/\VVc/Nf [98] and. Specific energy
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density values in the literature are 995 Wh kg™! for FePc-NHCS-500 [99], 831 Wh kg!
for FePc/CoPc heterostructure [100]. The Zn-Air performances obtained in this study

are consistent with the literature.
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Figure 97 The specific capacities of primary ZABs for low and high current densities.

In this study, electro catalytic and ZAB performances of non-precious dinuclear
complexes have been tested and compared. Fe,(OAc),Pc,/VC/Nf and
Fe,(OAC),Pc,/FI/Nf complex supported with VC and Fl showed extraordinary
performance due to its unique molecular structure and redox properties. This
performance can be further increased by modification of the bridging units in the
structure and/or use of different carbon-based supporting materials such as GO, reduced
graphene oxide (rGO) and carbon Nano tubes (CNTs). The homogenization of the
catalyst-active and conductive carbon materials is also known to be very effective on
the performance. Thus, the modification of the main M2Pc; skeleton is expected to
enhance its dispersive properties in a certain solvent suitable for the dispersion of the
carbon material. These evaluations and the results of this study encourage us to design
new phthalocyanine-based catalysts and test their battery performances in our

continuing studies.

The findings of this study indicate that employing the dimeric ball-type configuration
significantly enhances the catalytic activity of MPc-based materials in the realm of

oxygen electro catalysis. The presence of two redox-active metal centers within the
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dimeric ball-type M2Pc> complexes facilitates a stronger interaction with dioxygen
molecules, thereby improving their efficacy in oxygen electro catalysis. Notably, when
Fe(ll) is selected as the central metal, the catalytic performance approaches that of
commercial Pt/C. Consequently, the ball-type Fey(OAc),Pc/Ve/Nf  and
Fea(OAC),Pc,/FI/Nf complexes investigated in this study demonstrate potential as

effective oxygen electro catalysts for primary zinc-air batteries.

3.13. Comparison of findings of mononuclear and dinuclear ball type
phthalocyanine complexes

The electrochemical and in situ spectroelectrochemical analysis revealed that
dinuclear ball-type complexes exhibited richer redox behavior compare to
mononuclear complexes. Dinuclear ball-type complexes displayed redox processes
with one or two electron transfers due to the two MPc units and formed mixed-
valence species. Thus, mixed-valence splitting can be observed in redox process and
the split process occurs with one electron. On the other hand, if there is no mixed-
valence species, the process happens with two electron transfers and this behavior is
observed as broad peaks in CV and SWV. Therefore, dinuclear ball-type complexes

have richer redox properties than mononuclear ones.
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Figure 98 RDE polarization curves for comparing with (A) MPc/VVc/Nf and (B)
MPc/FI/Nf modified glassy carbon electrodes in 0.5 M H»>SO4 solution
saturated with O for electro catalytic ORR (Rotation speed: 2500 rpm).

Fig. 98A and 98B presents the polarization curve that highlights the catalytic activity of
each complex with respect to the ORR in acid solution. The findings of this study

indicate that employing the ball-type configuration significantly enhances the catalytic
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activity of MPc-based materials in oxygen electro catalysis. The presence of two redox-
active metal centers in dimeric ball-type M2Pc> complexes evidently strengthens their
interaction with dioxygen molecules, thereby improving their efficacy in oxygen electro

catalysis.

The onset potential and the limiting current densities of ORR catalysts decreased in the
following order: Fe> Mn >Co > Ni > Zn for all the supporting carbon (Vc, GO, G, Tm
and FI). The anticipated redox behavior of the central metals in macrocycles was likely
to be crucial in determining the electro catalytic performance of these catalyst
composites. The redox mechanisms taking place at the metal centers facilitate the
interaction with dioxygen molecules, which in turn lead to the formation of suitable
intermediates for the electro catalytic ORR [33-39]. Therefore, the relatively high
catalytic performance exhibited by the Fe, Co and Mn complexes can be explained by

the redox-active characteristics of their respective metal centers.

The catalytic performance of the Fe(OAc)Pc/FI/Nf, Fe(OAc)Pc/VC/NT,
Fe2(OAC)2Pco/FI/NT and Fe2(OAC)2Pco/Ve/NT complexes markedly superior to that of
the other MPc complexes. The analysis of the Eo, E 112, and J. values associated with
ORR revealed that Fe(OAc)Pc/FI/Nf and Fe2(OAc)2Pc./FI/Nf showed higher catalytic
activity which owing to its advantageous combination of sufficient surface area together
with high electrical conductivity inherent to FlI [43-47]. The onset potentials of
Fe(OAC)Pc/FI/NF and Feo(OAc)2Pco/FI/NT were significantly closer to Pt/\Vc/Nf in OER
in alkaline solutions [43-47]. Thus, the excellent performance observed in both ORR
and OER suggest that the Fe(OAC)/FI/Nf and Fe2(OAc)Pco/FI/Nf catalysts have the
potential to act as an electro catalyst in alkaline conditions for metal-air batteries.
Fe2(OAC) Pco/FI/NT catalyst showed better catalytic performance than Fe(OAc)/FI/Nf
catalyst due to its superior electro catalytic activity originating from the interaction of

two MPc units with dioxygen molecule.
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Figure 99 (A) Variation of the total number of electrons transferred with the disk
potential for Fex(OAc)2Pco/FI/NT modified electrodes (B) Variation of the %
H>0, formed for Fe(OAC)2Pco/FI/NF modified electrodes with the disk
potential (accordingto Ering = 0.95 V vs SCE).

In Figure 99, the number of electrons transferred nt and the percentage of hydrogen
peroxide produced are illustrated as functions of potential. These measurements
distinctly demonstrated that the participation of two cofacial redox-active metal centers
within the M2Pc, structure significantly improved the electro catalytic performance.
This improvement was ascribed to the generation of M(111)-O-O-M(I11) species, which
occurred due to the robust interaction between the redox-active metal centers and
dioxygen. This interaction not only hindered the production of H2O but also facilitated

a direct four-electron transfer mechanism.

In accordance with nt, the ORR for all catalysts proceeds through a four-electron
pathway that produces only water, in addition to two separate two-electron pathway that
first generate hydrogen peroxide, which is then convert into water. In an acidic medium,
the ORR can proceed via a four-electron pathway, resulting in the production of water,

or through a two-electron pathway that results in the formation of hydrogen peroxide.

It is particularly evident that the ORR facilitated by the Fex(OAc)2Pc./FI/Nf based
electrode in acid generates a substantially greater quantity of water in contrast to that of
hydrogen peroxide compare to Fe(OACcC)Pc/FI/Nf catalyst. Increase in voltage
corresponds to a rise in the n¢ value for Fe2(OAC)2Pco/FI/NT (reaching 3.96 and 4%

H202) and Fe(OAc)Pc/FI/Nf (reaching 3.85 and 10% H»0,) at the limiting diffusion
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current plateau, thereby indicating that water being the predominant product.
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Figure 100 RDE polarization curves for comparing with Pt/\V¢/Nf, Pt/\Vc/Nf /MeOH,
Fe2(OAC)2Pc2/Ve/NF and Fea(OAC)2Pco/Pt/Ve/NffMeOH and
Fe(OAC)Pc/Pt/VcINf/MeOH modified glassy carbon electrodes in
0.5 M H2SOs solution saturated with O for electro catalytic ORR in the
presence and absence of methanol (Rotation speed: 2500 rpm).

The polarization curves presented in Figure 100 were obtained from an Oz-saturated
electrolyte, showcasing the effects of methanol presence and absence on the Pt- and
mono and ball type dinuclear Pcs based catalysts. The Fe(OAc)2Pc2/VC/Nf and
Fe(OAcC)Pc/Vc/NT based catalyst demonstrates a considerably superior tolerance to
methanol than Pt-based catalyst. The polarization curves of Fex(OAc).Pc2/Vc/Nf and
Fe(OAc)Pc/VcINT in acid for the ORR, were unaffected by the presence of 1.0 M
methanol in the electrolyte. Unlike them, the presence of 1.0 M methanol into the
electrolyte of a platinum-based electrode caused the oxygen reduction potential to shift
towards negative values. A notable methanol oxidation current was detected throughout
a wide potential range, thereby completely blocking the catalytic activity of Pt-based
catalysts for the ORR within the potential range of 0.65-0.80 V versus SCE. The
Fe2(OAC)2Pco/Ve/NT based catalyst demonstrates a considerably superior tolerance to
methanol than Fe(OAc)Pc/Vc/NT and Pt-based catalyst and can serve as a promising
alternative for platinum-based catalysts for the oxygen reduction reaction within direct

methanol fuel cell applications.
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Figure 101 RDE voltammograms for comparing with Pt/V¢c/Nf, Fe2(OAc)2Pco/VC/NT
and Fe2(OAC)2Pco/FI/NT, Fe(OACc)Pc/FI/NT and Fe(OAc)Pc/VC/NT modified
glassy carbon electrodes in 0.1 M KOH solution for electro catalyticORR
(rotation speed 2500rpm).

The RDE curves for the mono and ball type dinuclear Pc catalysts for ORR at 2500 rpm
in Oz-saturated 0.1 M KOH solutions with a scan rate of 5 mV s were shown in Figure
101. The role of cofacial dual central metals is crucial for the effectiveness of the M2Pc;
structure as an electro catalyst for the ORR. It can be inferred that the oxidation of both
dual and cofacial Fe(ll) centers within the M2Pc.-type dimeric structure results in the
generation of Fe(l11)-O-O-Fe(l11) per Oxo species. This formation is anticipated to
reduce the rate of hydrogen peroxide (HO2") production while simultaneously
enhancing the rate of hydroxide (OH") production due to the facilitation of the cleavage
of the O-O bond. Consequently, the Fex(OAc)Pc2 (2b) catalyst demonstrates
remarkably high catalytic activity for ORR, rivaling that of the commercial 40% Pt/C
catalyst. Additionally, it significantly lowers the activation over potential for the ORR,
primarily facilitating the reaction through a direct four-electron pathway to produce

hydroxide ions at the majority of the catalytic sites.
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Figure 102 RDE voltammograms for comparing with 1rO2/Nf, Pt/\/c/Nf,
Fe2(OAC)2Pco/VCINT, Fe2(OAC) Pc./FI/NT, Fe(OAc)Pc/VVC/NF and
Fe(OAc)Pc/FI/Nf modified glassy carbon electrodes in 0.1M KOH solution
for electro catalytic OER (Rotation speed: 2500 rpm).

In addition to the ORR activity, the analysis of OER activity cannot be overlooked for
catalysts. Figure 102 showed the OER activities for mono and ball type dinuclear Pc
catalyst. It was concluded from these measurements of this study, the dual Fe?* centers,
which exhibit high nucleophilicity and are encircled by pyrrolic nitrogen atoms within
the Fe2(OAC)2PC. structure, are likely to engage effectively with OH— ions, thereby
facilitating significant OER activity and reversibility. The Fe2(OAc)2Pc2 (2b) complex,
when supported by FIl, demonstrated exceptional performance attributed to its

distinctive molecular structure and redox characteristics.
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4. CONCLUSION

In this study, the redox behavior of peripherally 2,4-di-tert-butyl-6-(3,4-
dicyanophenoxy) phenolate substituted mononuclear metallophthalocyanines (CoPc
(1a), Fe(OAc)Pc (1b), Mn(OAc)Pc (1c), NiPc (1d) and ZnPc (1e)) and 4,4'-(3,5-di-tert-
butyl-1,2-phenylene) bis(oxy) substituted dinuclear ball-type phthalocyanine
compounds (CozPc, (2a), Fea(OAC).Pc, (2b), Mnz(OAc):Pc, (2¢), NizPc, (2d), and
ZnyPc, (2e)) has been characterized by the voltammetric techniques of CV, SWV, and
CPC. In situ spectroelectrochemical measurements were also performed for analysis of
spectral changes and thus, color transitions occurring throughout the redox processes of
MPcs. The electro catalytic performance of these compounds for ORR and OER was
tested by RDE and bipotentiostatic RRDE voltammetry measurements in both acid and
alkaline media for fuel cell and as Zn-air battery systems. Characterization of the
catalysts, consisting of MPcs, Vc and FlI was analyzed via SEM, EDS and EDS-
Mapping analysis techniques. The concluding remarks obtained from the evaluation of
all electrochemical studies are listed below:

The investigation into the electrochemical and spectroelectrochemical properties of
various mononuclear and dinuclear ball type phthalocyanine complexes (1a-le) and
(2a-2e) in DMSO/TBAP and DCM/TBAP electrolytes revealed that complexes
including cobalt, iron, manganese exhibited significant redox activity along with notable
spectral and color variations compare to nickel and zinc ones. While NiPc (1d), ZnPc
(1e), Niz2Pco (2d) and ZnPc. (2e) demonstrated phthalocyanine ring based redox
processes, CoPc (1a), Fe(OAc)Pc (1b), Mn(OAc)Pc (1c), CozPc, (2a), Mn2(OAc)Pc,
(2c) and Fe2(OAC)Pc: (2b) showed additional metal centered redox behaviors. The main
reason of this dissimilarity in the voltammetric performance of redox active metal
centered complexes since the d orbitals of them laying between the LUMO and HOMO
levels of the phthalocyanine ligand. Moreover, rare redox processes M'V/M'"' and
M"'/M" were observed for Fe(OAc)Pc (1b), Mn(OAc)Pc (1c), Mnz(OAc)Pc: (2¢) and
Fe2(OAC)Pc. (2b) complexes since their metal center were in +3 oxidation state [48,66].
Due to the arrange of axial position by the neutralizing and/or donor solvent molecules,
the potentials of MPcs are greatly affected. Oxidation state of iron and manganese metal
ions in Fe(OAc)Pc (1b), Mn(OAc)Pc (1c), Mn2(OAc)Pc. (2c) and Fex(OAc)Pc2 (2b)

complexes was 3+, whereas the cobalt metal center is in the oxidation state of 2+ in
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CoPc (1a) and CozPc; (2a). Because of the essentiality of neutralization of the oxidation
state three (3%), one axial site of iron and manganese complexes is occupied by OAc.
Moreover, these results were supported by observing carbonyl groups of Fe and Mn in

IR spectroscopy.

Dinuclear ball type complexes with strong intermolecular interaction between two MPc
units formed mixed-valence species with one electron transfers. Two MPc units in
complexes that do not form mixed-valence species showed a simultaneous two-electron
transfer redox behavior. Broader peaks in CV and SWV revealed this two-electron
behavior. Thus, dinuclear ball type complexes had richer redox properties due to mixed-

valence species than mononuclear complexes (Table 1, Table 2 and Table 12).

The electrochemical an in situ spectroelectrochemical analysis of the mononuclear and
dinuclear ball type complexes showed that Fe(OAc)Pc (1b) and Fe2(OAc)Pc: (2b)
complexes displayed better redox properties among the complexes with same molecular
structure. The enhanced redox responses of Fe(OAc)Pc (1b) and Fe2(OAc)Pc2 (2b) are
crucial for their potential technological applications, particularly in electro sensing,

electrochromic and electro catalytic technological fields.

All redox responses of mononuclear complexes shift to more negative potentials in
DMSO because of its polarization effect compare to DCM (Table 1, Table 2). Eie
value for the Fe(OAc)Pc (1b) complexes are mostly in agreement with those of the
previously reported Pc complexes [42, 43]. Because of the polarization effect of DMSO,
each redox pair of Mn(OAc)Pc (1c) have slightly much negative half-wave potentials in
coordinating DMSO/TBAP electrolyte than those in DCM/TBAP electrolyte system. In
comparison with CoPc (1a) and Fe(OAc)Pc (1b) complexes, for CV and SWV method,
the shifting of redox potential for Mn(OAc)Pc (1c) compound is minor if coordinating
DMSO/TBAP electrolyte is applied in place of non-coordinating DCM/TBAP

electrolyte.

The findings obtained from the electro catalytic measurements indicated that the
catalysts including Fe, Co and Mn metals for all the supported carbon materials, showed
higher catalytic activity than catalysts with Ni and Zn. Their better catalytic
performance can be attributed to the redox active metal-centers that additionally
interaction with O> molecules [19,50]. Furthermore, dinuclear ball type molecular

structure provided better catalytic effect compare to mono nuclear structure due to the
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interaction of two MPc units in complexes with Oz. The catalysts including iron metal-
centered complexes displayed better catalytic behavior among all. On the other hand, Fl
carbon material provided better catalytic effect than VC, G, GO, and Tm due to the
sufficient surface area and high electrical conductivity of FlI [43-47]. Thus,
Fe(OAC)Pc/FI/NT and Fex(OAC).Pco/FI/NT catalyst showed the better performances in
catalytic test and Fe2(OAc)2Pco/FI catalyst was the best [93, 99, 100].

Zn-air battery performance tests of catalysts showing better electro catalytic activity
were performed. The findings displayed that Fe(OAc)Pc/FI/Nf in catalysts including
mononuclear complexes and Fe2(OAc)2Pco/FI/NT in catalyst with dinuclear ball type
ones attracted attention with better Zn-air battery performances in terms of both charge
and discharge processes particularly at higher current densities. The theoretical specific
capacity of Zn-air battery is 820 mAhg-1 [90] and the theoretical specific energy
density value is 1084 Wh kg [91,92]. The specific capacities of the batteries were
recorded as 717 mA hg' for Pt/Vc/Nf, 703 mA hg' for Fe(OAc)Pc/Vc/Nf, 713 mA
hg' for Fe(OAc)Pc/FI/NT, 715 mA hg™! for Fe2(OAC)2PCco/Ve/Nf and 716 mA hg! for
Fe2(OAC)2PCo/FI/NT based catalyst when tested at a current density of 40 mA cm™2. On
the other hand, the specific energy values were obtained as 703 Wh kg™ for Pt/Vc/Nf is,
674.9 Wh kg for Fe(OAc)Pc/Vc/Nf, 670.2 Wh kg™ for Fe(OAC)Pc/FI/NF, 674.2 Wh
kg for Fea(OAC)2Pc2/Ve, and 708.8 Wh kg for Fez(OAC)2Pc./Fl at the current density
of 40 mA cm™2. Specific capacity values obtained with catalysts containing iron
phthalocyanine in the literature are given below: 791 mAhg™' for FePc/CoPc
heterostructure [93], 725 mAhg™' for FePc/NC-1000 [94], 712 mAhg™' for FePc-
P/MWCNTs-A [95] 808 mAhg ' for FePc-NHCS-500 [96], 758 mAhg!' for
FePc/HCoNC [97], 651 mAhg™! for Pt/Vc/Nf [98] and. Specific energy density values
in the literature are 995 Wh kg! for FePc-NHCS-500 [99], 831 Wh kg™ for FePc/CoPc
heterostructure [100]. The Zn-Air performances obtained in this study are consistent

with the literature.
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