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Abstract An electrochemical quartz crystal nanobalance has
been used to study the redox behavior of iron phthalocyanine
(FePc) microparticles attached to gold in contact with acidic
and neutral aqueous solutions at different pH values in the
absence and presence of oxygen, respectively. Five redox
transformations have been detected: one has been assigned
to the Fe*"/Fe** redox process, while four of those have been
assigned to the oxidation and reduction of the Pc ring; how-
ever, the reduction of Fe?" and the reoxidation of Fe* cannot
be entirely excluded at potentials more negative than ca.
—0.4 V vs. saturated calomel electrode (SCE). The redox
processes are accompanied with significant mass changes
which are related to the sorption and desorption of counterions
and solvent molecules. An extensive solvent swelling occurs.
The relatively slow motion of solvent molecules introduces a
substantial scan rate dependence regarding the mass change
during potential cycling. Due to the participation of H' ions,
the processes related to the oxidation and reduction of the Pc
ring show pH dependence. Simultaneous with the charge
transfer processes, solid-solid phase transitions can be as-
sumed, especially in the case of the redox transformations
occurring at most cathodic potentials. The mass change that
can be detected in the presence of oxygen indicates a bonding
of oxygen to FePc. During a cathodic voltammetric scan, the
reduction of oxygen (ORR) starts when the central iron (IIT)
ion of FePc is converted to Fe(Il) during reduction. It follows
that the electrocatalytic efficiency of FePc, which is compara-
ble with that of Pt in acid and neutral solutions, cannot be
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expected at even lower overpotentials because the redox
transformation of the central Fe ion of FePc determines the
rate of the ORR.
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Introduction

The first phthalocyanine (iron phthalocyanine) was discov-
ered by chance in 1928 during the industrial production of
phthalimide, and it was first studied by Linstead in detail.
Linstead published a series of papers devoted to the prepara-
tion and characterization of several phthalocyanines, and he
also proposed the structure of this class of compounds [1, 2].
Investigations of the electrochemical behavior of phthalocya-
nines have been in the foreground of research during the last
30 years ([3—54] and citations therein) especially as a catalyst
of the oxygen reduction reaction (ORR) since it is of utmost
importance to find a suitable and cheap catalyst which could
replace the expensive platinum [6, 11, 12, 15, 18, 33, 43, 45,
47,49, 51, 52, 54]. Awide range of other applications besides
catalysis such as in electrochromic display devices [13, 14], in
electrochemical power sources including solar cells [28, 43,
47, 49], and in sensors [21, 31, 32, 41] has also been put
forward. However, the elucidation of the electrochemical pro-
cesses occurring during the redox transformations of phthalo-
cyanines is an interesting and challenging task in itself. In the
literature, very diverse cyclic voltammograms can be found
even for the same metal phthalocyanine. The main reason is
that the voltammetric and other (e.g., spectroscopic) responses
of phthalocyanine ring (Pc) strongly depend on metal ions in
the center of the ring, the substituents on the periphery of the
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macrocyclic ring, the solvent and the electrolyte used (espe-
cially when complex forming agents are present), the presence
of oxygen, temperature, and even the morphology of the
surface layer (adsorbed or deposited by different methods).
A further difficulty of the comparison of the results is that in
the majority of the cases, substituted phthalocyanines [5, 11,
22, 38, 44, 45, 48, 50] were used to make the compound
soluble. Several processes including irreversible ones can take
place such as the formation of peroxy and oxo-bridged species
in contact with oxygen in solution or even in solid form, or
nucleation growth-like phase transition in the solid layer dur-
ing redox processes. The variety of the shape of the voltam-
mograms is due to thermodynamic reasons and also to the
kinetic effects.

According to theoretical considerations, if the metal d
orbitals are positioned between HOMO and LUMO gap of
the phthalocyanine (Pc®") ligand, e.g., it is the case for Co and
Fe, the redox transformation of the central metal ion can be
observed especially if suitable coordinating species are pres-
ent in the solution. For other metal phthalocyanines such as
Cu, Ni, Zn, Pt, and Pd, the metal ions do not participate in the
redox processes, and only the Pc ring will be oxidized or
reduced [15, 16, 31, 32]. A wide arsenal of
nonelectrochemical methods has been used to characterize
the different phthalocyanines; however, the electrochemical
quartz crystal nanobalance (EQCN) has not been exploited;
yet, only limited studies have been carried out on platinum
phthalocyanine [29], palladium phthalocyanine [36, 53], and
«-FePc [52]. Because the results of EQCN experiments can
provide different, valuable information of the electrochemical
transformations of solid particles immobilized on metal sur-
faces [55—-62], in the present study, we focus our attention on
the EQCN study of iron phthalocyanine (FePc) microparticles
attached to gold and investigated under different conditions.

Experimental

FePc (Alfa Aesar 96 %) was used without further purification.
Analytical grade chemicals such as H,SO,4 (Merck), HCI
(Sigma-Aldrich), Na,SO4 (Merck), and FeSO4:-7H,0
(Merck) were used as received. Doubly distilled water was
used (Millipore water). All solutions, except the oxygen re-
duction studies, were purged with oxygen-free argon (purity
5.0, Linde Gas Hungary Co. Cltd.), and an inert gas blanket
was maintained throughout the experiments. A sodium chlo-
ride saturated calomel electrode (SCE) was used as the refer-
ence electrode which was carefully separated from the main
compartment by using a double frit. A gold wire served as the
counter electrode. The cycling of the potential as a pretreat-
ment of the electrode was carried out before each experiment
in the supporting electrolyte, until a voltammogram charac-
teristic to the clean gold electrode was obtained. Fe-
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phthalocyanine microparticles were immobilized on the gold
surface from a sonicated Fe-phthalocyanine-isopropanol sol
via dropping an adequate amount of the suspension and dry-
ing it. The sonification was made by a Realsonic 57, Korea.
(Mechanical abrasion method was also used to deposit FePc
layer on EQCN electrode. Albeit similar voltammetric and
EQCN responses were obtained also for these layers, it was
more difficult to control the amount attached to the electrode
surface; therefore, these results are not reported herein.)

Five megahertz AT-cut crystals of 1 inch diameter coated
with gold or platinum (Stanford Research Systems, SRS,
USA) were used in the EQCN measurements. The electro-
chemically and the piezoelectrically active areas were equal to
1.37 and 0.4 cm?, respectively.

The Sauerbrey equation [56] was used to relate the surface
mass change (Am) to the frequency shift (Af):

Af =-C¢Am/A (1)

The integral sensitivity of the crystals (Cy) was found to be
56.6x10°Hz g ' cm?, i.e., 1 Hz corresponds to 17.7 ng cm 2.
The integral sensitivity was calculated by using the frequency
change and the charge measured during silver deposition/
dissolution as well as for the electroreduction of gold oxide
in order to determine the real surface area of the electrode. The
apparent molar mass of the deposited or the exchanged species
(M) was calculated from the slope of the Af'vs. O curve using
the following formula:

M = (nFA/Cy )dAf/dQ (2)

where 7 is the number of electrons involved in the electro-
chemical reaction, F is the Faraday constant, Afis the fre-
quency change, Q is the charge consumed, and 4 is the
electrode surface area. Although the requirements (uniform
and homogeneous surface layer) for the application of
Sauerbrey equation are not perfectly met, on the basis of
measured frequency values, a rough estimation can be done.
The relative values of Af obtained for the incorporation of
different ions and solvent molecules, however, should be
approximately correct. The crystals were mounted in the
holder made from Kynar and connected to a SRS QCM 200
unit. Either an Elektroflex 453 potentiostat or a Biologic VSP
potentiostat and a Universal Frequency Counter PM6685
(Fluke) connected to an IBM personal computer were used
for the control of the measurements and for the acquisition of
the data.

Simultaneous with the frequency, the motional series resis-
tance (loss), which changes with the change of viscosity/
elasticity of the material (film or liquid) in contact with the
crystal surface, was also monitored. Because it remained
constant, the behavior of the surface layer consisting of mi-
croparticles remained elastic during the electrochemical trans-
formations, i.e., no viscoelastic effect appeared. The deposited
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layers were also investigated by focused ion beam scanning
electron microscope (FIB-SEM) type FEI Quanta 3D, the
Netherlands.

Results and discussion

The distribution of Fe-phthalocyanine microparticles
on the gold surface

Figure 1 shows that Fe-phthalocyanine microparticles, depos-
ited from a sonicated Fe-phthalocyanine-isopropanol sol, cov-
er the surface of the gold. The diameter of the individual
particles is between 20 and 80 nm, and their length is between
100 and 250 nm. After cyclic voltammetric experiments, more
agglomerates can be seen (Fig. 1b).

Solvent sorption

The sorption of water in the layer either in bounded form or as
a consequence of physical swelling by electrolyte solution is
indicated by the higher decrease of the frequency in compar-
ison with the frequency decrease after immersion of uncoated
QCN gold electrodes in the same solution. For a gold elec-
trode, 900—-1,000 Hz decrease was measured, which is the
expected value due to the solution effect which is proportional
to the viscosity and the density of the contacting media. For
Au|FePc electrodes—depending on the layer thickness—from
—1,500 to —2,100 Hz was measured. It is in accordance with
the results of the X-ray (EXAFS and XANES) experiments
which have been explained by the formation of an octahedral
(H,0),Fe* Pc® asa consequence of the interactions between
FePc and water molecules in acidic solutions [52].

WD HV curr | det| mag B |
9.7 mm |20.00 kV| 120 pA |ETD | 100 000 x

500 nm
ELTE TTK

Au|FePc electrodes in deaerated acidic solutions
The properties of the Fe’* /Fe’" redox waves

Our first intention was to test the redox response of the
central ion. Figure 2 shows cyclic voltammograms and the
simultaneously obtained EQCN curves for FePc micropar-
ticles deposited on gold in contact with deaerated sulfate
containing pH 2 solution in the potential region of —0.1
and 0.6 V. The anodic peak at 0.31 V and the cathodic
peak at 0.278 V (waves III, and III,) belong to the Fe*'/
Fe*" redox transformations. In the whole potential region
investigated, i.e., between —0.5 and 1.3 V, five main redox
processes were observed; therefore, the peaks were num-
bered from I to V, where I is the peak detected at most
positive potentials.

The position of these peaks somewhat depends on the scan
direction as seen in Fig. 3. It can be related to the kinetics of
the formation of different species and also to an ohmic drop
effect, since the conductivity of the layer substantially de-
pends on its oxidation state (Nemes et al., 2014, unpublished
results).

Second waves—whose peak potentials also depend on
the scan direction—are well seen when the positive po-
tential limit was extended until 0.8 V. Besides the anodic
wave, a cathodic wave also appears in this potential region
whose intensity depends on the delay time at 0.8 V. The
further oxidation (wave II,) starting at ca. 0.5 V in the pH
range from O to 2 can be related to the oxidation of the
dimeric species [7, 42, 52] forming during the oxidation.

For a simple Fe*"/Fe*" redox transformation, no pH de-
pendence is expected. Comparing the curves in Figs. 2 and 3,
a shift of ca. 20 mV/pH is obtained for the peak potentials
when the cycle was started from —0.1 V.
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Fig. 1 SEM pictures of the EQCN gold electrode covered with Fe-phthalocyanine microparticles: a freshly prepared layer, b after cyclic voltammetric

investigations
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Fig. 2 Cyclic voltammetric and the simultaneously obtained EQCN
frequency responses for an Au|FePc electrode in contact with
0.5 mol dm > deaerated pH 2 (H,SO./Na,SO,) buffer. Positive potential
limit is 0.6 V. Scan rate=20 mV s~

The pH dependence, however, can be proven when study-
ing a wider pH range while keeping the potential interval—at
least approximately—in the same potential range on the rela-
tive hydrogen electrode scale. It is of importance because
further reduction or oxidation processes of the Pc ring influ-
ence the voltammetric responses (see below).

From the EQCN results, M=46+15 g mol ' and M=
116+15 g mol ! in the first and second phases of oxida-
tion, respectively, were calculated. It can be concluded
that anions enter the layer and water sorption also occurs.
However, it should be mentioned that this molar mass
values can be calculated for the layers after several cycles.
Depending on the layer thickness, for an unused layer,
higher frequency decrease can be observed, and conse-
quently, higher M values come about since the charge
does not increase proportionally during subsequent cycles.

1/pA

Af/ Hz

01 00 01 02 03 04 05 06 07 08
E/Vvs. SCE

Fig. 3 Cyclic voltammetric and the simultaneously obtained EQCN

frequency responses for an Au|FePc electrode at different scan directions.

Positive potential limit is 0.8 V. Electrolyte is 0.5 mol dm > sulfuric acid.

Scan rate=20 mV s '
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It follows that a substantial amount of water molecules
enters the surface layer during the first cycles.

The anodic and cathodic peaks belonging to the Fe**/Fe®*
redox transformations appear at 0.41 and at 0.36 V, respec-
tively, when 5 mol dm > sulfuric acid (Hammett acidity func-
tion, H,=—2.28) was used as an electrolyte (Fig. 4), i.e., a
slight positive shift of the peak potentials can be observed. It is
also true for wave II,. However, the waves belonging to the
redox transformations of the Pc ring (wave IV) are seemingly
more sensitive to the pH change; £, (IV) appears at +0.04 'V,
while it is around —0.125 V in 0.5 M sulfuric acid. The
calculated molar mass values of the exchanged species are
less that those in more dilute sulfuric acid, indicating that a
decrease of the water activity causes a decrease of solvent
sorption.

In order to get information on the participation of the
anions, the same layer was studied in both H,SO4 and HCI
solutions (Fig. 5). The molar mass values calculated in the
case of sulfuric and hydrochloride acids, respectively, were
proportional to the molar masses of anions at waves I1I, and
11, attesting the incorporation of the charge-compensating
counterions during oxidation. However, the ratio of molar
masses decreases with decreasing scan rate, indicating that
the slower moving water molecules also enter the layer and
the water sorption is higher in the case of chloride ions than
that of sulfate ions (Fig. 5a, b).

Effect of the potential limits: the redox transformations
of the phthalocyanine ring

Further increase of the positive potential limit eventually leads
to the dissolution of the FePc layer due to the oxidation of the
Pc ring (Pc®>/Pc” couple). The results obtained for a freshly
deposited FePc layer when the positive potential limit was set
to 1.3 Vare shown in Fig. 6.
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-Ol.l l O.IO l O.Il l Of2 ' 0f3 ' 0.I4 l OTS I Of6 ' 0!7 ' 0.I8
E/Vvs. SCE
Fig. 4 Cyclic voltammetric and the simultaneously obtained EQCN
frequency responses for Au|FePc electrode in contact with 5 mol dm >
sulfuric acid. Scan rate=50 mV s '
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Fig. 5 Cyclic voltammetric and the simultaneously obtained EQCN
frequency responses for Au|FePc electrode in contact with
0.5 mol dm > sulfuric acid () and hydrochloric acid (2), respectively.
Scan rates=50 mV s ' (a) and 20 mV s ' (b)
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Until ca. 0.95V, i.e., ca. at the peak potential of the high,
irreversible oxidation wave, only mass increase can be ob-
served; however, it is followed by a substantial mass loss
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Fig. 6 Cyclic voltammetric and the simultaneously obtained EQCN
frequency responses for an Au|FePc electrode in contact with
0.5 mol dm > sulfuric acid. Positive potential limit is 1.3 V. Scan rate=
50mvs

(Fig. 6). Albeit certain mass increase occurs below ca. 0 V,
eventually, the surface layer will be dissolved. (Most likely a
substantial part of the mass increase during the reverse scan is
due to the sorption of water, while FePc particles detached
from the surface.) Therefore, we restricted our studies to the
potentials below 0.8 V.

With the extension of the negative potential limit, a new
pair of waves (waves IV, and IV,) appears at ca. =0.2 V
accompanied with mass decrease and mass increase during
the anodic and cathodic scans, respectively (Fig. 7). These
waves are related to the redox reaction of the Pc ring belong-
ing to Pc” /Pc®” couple [7, 42, 52]. In the simplest case
counterions, H" or Na' (in solutions containing Na,SO,)
enters and leaves the layer during reduction and oxidation,
respectively.

According to the EQCN frequency change, however, the
observed molar mass values, i.e., M=42+15 g mol ! in sul-
furic acid solutions or M=80+15 g mol ! in Na,SOy4, could
only be explained if water sorption is also assumed. In acid
solutions, it can be expected that reduced phthalocyanine is at
least partially protonated [53], and in this case, besides the
transport of hydrogen ions, anions also participate in the
charge-compensating process. Furthermore, the pH depen-
dence also indicates the participation of protons in the elec-
trode reaction.

At more negative potentials, other redox transformations
occur as seen in Fig. 8. This pair of waves dominates the
cyclic voltammograms, and very high mass decrease and mass
increase can be observed both in anodic and cathodic direc-
tions, respectively. This pair of waves (V, and V) belongs to
the further reduction of the Pc ring; however, the reduction of
Fe* and the reoxidation of Fe* cannot be entirely excluded
[32, 52]. The mass changes take place in two steps. At poten-
tials more negative than ca. —0.4 V, further reduction occurs,
which causes an initial mass increase after keeping the poten-
tial at —0.5 V, and then starting the cycle from this potential. In
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E/Vvs. SCE

Fig. 7 Cyclic voltammetric and the simultaneously obtained EQCN
frequency responses for an Au|FePc electrode. Cathodic potential limit
is —0.3 V. Electrolyte is 0.5 mol dm > sulfuric acid. Scan rate=10 mV s~
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Fig. 8 Cyclic voltammetric and the simultaneously obtained EQCN
frequency responses for an Au|FePc electrode. Cathodic potential limit
is —0.5 V. Electrolyte is 0.5 mol dm > sulfuric acid. Scan rate=10 mV s '

this case, the frequency increase will be drawn out during the
positive-going scan.

The frequency change is getting higher and higher as the
cycle was started at more and more negative potentials. It is
also remarkable that wave II, at ca. 0.6 V is also affected by
the starting potential, which indicates that at low potentials,
drastic changes of the structure of FePc microparticles occur,
which manifests itself also in the hysteresis of EQCN
response.

The further reduction and reoxidation at waves V. and V,
cannot be described by the a simple equation considering
further sorption of cations because this wave is also pH
dependent. In order to get information on the kinetics of the
processes, scan rate dependence has also been studied.
Figure 9 shows the effect of scan rate on the cyclic EQCN
response. According to the scan rate dependence of the peak
currents, the waves observed are surface ones. The scan rate
dependence of the EQCN frequency response reveals that the
redox transformations are accompanied with slow sorption-
desorption processes. It is usually explained by the motion of
the neutral solvent molecules, while the potential-driven mi-
gration of ions is fast. It should be mentioned that the uptake
of a large amount of solvent can cause a substantial change of
the structure of the microparticles. Phase transitions are also
accompanied with extensive swelling-deswelling of the sur-
face layer, while the stress arising in the surface layer can
affect the EQCN response substantially [58-62]. The latter
effect certainly prevents the derivation of reliable values for
the mass change. These effects which cause the large hyster-
esis are even more obvious when a larger potential window is
used.

Au|FePc electrodes in deaerated Na,SO,4 solutions

In Fig. 10, cyclic voltammetric and the simultaneously obtain-
ed EQCN frequency responses for an Au|FePc electrode in
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contact with 0.5 mol dm > Na,SO, are presented. It is evident
that pH dependence of waves 111, and III, that belong to the
Fe®"/Fe*" redox transformations is negligible since the peak
potentials are practically the same that was observed in the pH
interval from 0 to 2 (Figs. 2 and 3). From the peak potentials of
waves 1V, and IV, ca. =30 mV/pH in weakly acidic and
neutral solutions and ca. =55 mV/pH for pH values below 0
can be calculated by using the data obtained for H,=—2.28,
pHO0,pH 0.3, pH 1, pH 2, and pH 7. It means that besides Na"
ions, H' ions also participate in the redox reactions. However,
the shift of the peaks depends on the pH which indicates that
the protonation of the Pc ring depends on the acidity of the
contacting solution, and a pK, value for the reduced Pc ring
close to 0 can be estimated. It follows that the reduced Pc ring
only partially protonated at higher pH values.

Scheme of the redox transformations

In order to give a reasonable scheme of the redox transforma-
tions, we have to take into account both the mass changes and
the pH dependence of the peaks observed. Furthermore, it is
also instructive that immersing the Au|FePc EQCN electrode
in the acidic electrolyte, an excess frequency change can be
observed which may relate to the sorption of water. Water
molecules as ligands can form an octahedral (H,O),Fe* ' Pc?~
complex with FePc [42]. In acid solutions, partial protonation
of the nitrogen atoms of the Pc ring can also occur, and to
maintain the electroneutrality, anions enter the layer.

Therefore, before any potential cycling, we have to consid-
er at least four forms of FePc, i.e., Fe*'Pc? ", (H,0),Fe? Pc*",
Fe?'Pc® H'HSO, , and (H,0),Fe? P H'HSO, in the sol-
id phase(s). In the surface layer, there may be a mixture of
these species.

Wave IIl and wave Il (Fe*/Fe’" transitions)

At wave 111, the following data have to be considered: —20+
5 mV/pH, M=46+15 g mol ' (at the beginning), and 116+
10 g mol ™' (after the peak potential). As it has been assumed
in several papers [10, 13, 14, 20, 29], we can consider the
incorporation of the charge-compensating counterions at least
in the second half of the wave since minor pH dependence was
observed:

Fe>*Pc? (s) + HSO, (aq)2 Fe**Pc* HSO, (s) +¢  (3)

however, at the beginning

Fe*"Pc? (s) + H,O(aq)2Fe*™Pc?> OH (s) + H' (aq) + ¢ (4)
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Fig. 9 Scan rate dependence of
the cyclic voltammetric (a) and
the simultaneously obtained
EQCN frequency responses (b)
for an Au|FePc electrode.
Cathodic potential limit is —0.5 V.
Electrolyte is 0.5 mol dm >
sulfuric acid. Scan rates are as
follows: 100 (7), 50 (2), 20 (3), 10
(4),and2mV's ' (5). Insert: I, vs.
v function
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(proposed in [52]) cannot be entirely neglected. Consider-
ing an aqua complex as the starting compound, similar depen-

dences can be obtained:

(Hy0),Fe* Pc” (s)

+ HSO4 (aq)2(H,0),Fe’ "Pc?* HSO, (s) + e

(5)

However, in this way, the pH dependence cannot be ex-
plained either. If we assume a dimerization reaction:

T
0.00

T T T
0.25 0.50 0.75

E/Vvs. SCE
2Fe’*Pc?™(s) + HyO(aq)
+ HSO4 (aq)2Fe? " Pc* ~O-Fe’ "Pc? HSO, (s)
+ 2H" (aq) + 3¢~ (6)

both the pH dependence and the mass change are better
explained. Furthermore, wave II (oxidation of a dimeric spe-
cies [52]), where =7+5 mV/pH, M=123+10 g mol !, can also
be easily interpreted by the following equation:
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Fig. 10 Scan rate dependence of the cyclic voltammetric (a) and the
simultaneously obtained EQCN frequency responses (b) for an Au|FePc
electrode. Electrolyte is 0.5 mol dm > Na,SO,. Scan rates are as follows:
100 (1), 50 (2), 20 (3), 10 (4), and 2 mV s~ ' (5)

Fe"Pc? —~0-Fe’ "Pc? HSO, (s)
£ HSO4”(aq) FePe™O-Fe*Pe? (S04 ), (s)

+e (7)

Wave I (P¢* /Pc” couple)

The further oxidation, where M=144+20 g mol ' was found,
can be described as follows:

Fe?*Pc’ ~O-Fe’ 'Pc? (HSO4 ), (5)
+ 2HSO4 (aq)2Fe*"Pc—O-Fe*™Pc™ (HSO4 ) ,(s)

+2¢ (8)
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Wave IV (P& /P¢®”) and wave V (P> /Pc*) or (Fe' /Fe*)

For wave 1V, the nature of the redox transformations could
be derived from the following data: —55+10 mV/pH (in
strongly acidic media) and —30+10 mV/pH (in weakly
acidic and neutral solutions) and M=42+15 g mol
(H,SO4) and 80£15 g mol™' (Na,SO,, after the peak
potential). From the pH dependence, it follows that the
protonation plays a role, and the pK, value is around 0.
For wave V, considering data obtained for pH 0.3 and pH
7, =95+10 mV/pH can be calculated and M=65+
15 g mol™" (H,SO,4) and 82+15 g mol ™' (Na,SOy).

While the mass change could be explained by the incorpo-
ration of hydrated cations

Fe’"Pc? (s) + ¢ + CT(aq)e Fe? Pc* C™(s) 9)

where C'=H" or Na" (in solutions containing Na,SO,) in
acidic media. However, Eq. (9) does not describe the pH
dependence.

Therefore, we have to assume the participation of the
hydroxonium ions (protons) in the reaction

Fe’*Pc* (s) + e +C't(aq) + H' (aq)
+ HSO4 (aq)2 Fe?'Pc>”Ct HYHSO, (s) (10)

or in acid
Fe*"Pc” (s) + ¢ + 2H" (aq)

+ HSO, (aq)2Fe’ " Pc* H,HSO, (s) (11)

The reaction of an aqua complex can also be considered:

(H20),Fe’*Pc® (s) +2 H'(aq) + HSO4 (aq)

+ e 2 (H,0)Fe? P> H,HSO, (s) + HoO(aq)  (12)

which gives a better description of the molar mass values
because of the counterflux of ions and solvent molecules.

Wave V can be related to the formation of Pc*™ species.
However, a rather minor mass change can be observed (a
slight increase of frequency can be detected) during reduction
until the peak potential of V. peak, and a mass increase starts
only after the wave. Similarly, during the oxidation, the fre-
quency increase starts when the potential passes the peak V.
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Consequently, no incorporation of heavy ions can be as- 404
sumed in the first phase of this redox process, i.c., the follow- Hoo0
ing equation may be approximately valid: 204
--05
0
(HyO0)Fe Pc* H,HSO, (s) + ¢~ . 110 3
=3
~ -20 ~
+ H' (aq)2 (H,0)Fe* " Pc* H"3HSO, (s) (13) =~ s =
40 4
- -20
. . ) ) -60
This reaction may be followed by the incorporation of 1-25
cations (protons) and anions, i.e., a protonation equilibrium -80 20

prevails:
(H,0)Fe’ P H3HSO, (s) + H' (aq)

+ HSO4 (aq)2 (H,0)Fe* P H™4(HSO4 ),(s)  (14)

However, in the potential range of peak IV and especially
that of peak V, phase transition also occurs which manifests
itself in the increase of the difference of the respective anodic
and cathodic peak potentials, since this process needs extra
energy and usually accompanied by sorption-desorption of
solvent molecules [55, 58-62].

We may also consider the reduction of the central ion and a
catalytic hydrogen evolution as it has been suggested for CoPc
[38]:

(HyO)Fe*tPc* H,HSO, (s) + ¢~

+ H' (aq) 2(H,0)Fe"Pc* H3HSO, (s) (15)

(Hy0)Fe™Pc* H3HSO, (s)

+ H" (aq)e (H,0)Fe? " Pc* HT,HSO, (s) + Ha(g) (16)
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Fig. 11 The change of the EQCN frequency response of an Au|FePc
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Based on the EQCN data, a reduction to Fe’ is not consid-
ered; however, it may take place at potentials below —0.5 V.

Link between oxygen reduction reaction (ORR) and redox
transformation of the central (Fe**/Fe®") ion

In order to test the effect of oxygen and the catalytic ability of
our FePc sample concerning ORR, measurements have been
carried out in the presence of oxygen. In the detailed investi-
gation shown above, oxygen was carefully excluded from the
solutions used. EQCN results supply evidence that in the
presence of oxygen, a mass increase can be observed
(Fig. 11), which supports the assumption that FePc species
forms adducts with O, [52, 54].

During a cathodic voltammetric scan, the reduction of
oxygen (ORR) starts when the central iron (III) ion of FePc
is converted to Fe(Il) during reduction (Fig. 12). In the poten-
tial region of the oxygen reduction reaction, the EQCN fre-
quency change does not differ from that observed in the
absence of oxygen. Taking into account the beginning of the
electroreduction of the oxygen during the cathodic scan, it can
be concluded that Fe-phthalocyanine is almost as good cata-
lyst as platinum in acid and neutral media since the decrease of
overpotential is nearly the same. A detailed EQCN investiga-
tion is in progress to gain a deeper insight into the ORR
catalyzed by FePc in acidic and basic media.

Conclusions
A deeper understanding of the electrochemical/electrocatalytic

behavior of iron phthalocyanine is of utmost importance re-
garding its use as a cheap catalyst in oxygen reduction reaction

@ Springer



3336

J Solid State Electrochem (2014) 18:3327-3337

and for other practical purposes. The study of the potential-
dependent ionic and solvent exchange processes by EQCN
revealed the rather complex mechanism of the redox transfor-
mations of FePc microparticles attached to a gold surface, and
the knowledge derived can be utilized in order to select the best
conditions regarding the catalytic efficiency and the stability of
the catalyst.

The shape of the cyclic voltammograms, i.e., the number of
oxidation and reduction peaks and their relative ratios, de-
pends on several factors such as the potential limits, presence
and absence of oxygen, the nature and the concentration of the
electrolyte, as well as the layer thickness. In aqueous acidic
and neutral media, five redox processes of FePc can be dis-
tinguished. One of them belongs to the Fe*/Fe’" couple,
while four of them can be assigned to the redox transforma-
tions of the Pc ring; however, the reduction of Fe?" and the
reoxidation of Fe" cannot be entirely excluded at potentials
more negative than ca. —0.4 V. Fe?'/Fe*" and Pc® /P¢®” trans-
formations are reversible processes taking place without sub-
stantial structural changes. For describing the postwave in the
case of oxidation of central metal ion, formation and oxidation
of dimeric species were assumed. Pc® /Pc*™ is also a revers-
ible redox process; however, it is accompanied with a phase
transition. Pc? /Pc transformation can also be realized; how-
ever, due to the structural changes, it eventually leads to the
delamination/dissolution of the FePc layer. The mass changes
during the redox transformations can be elucidated by consid-
ering the sorption-desorption of counterions and water mole-
cules in/from the FePc layer. The pH dependence of the peak
potentials of all processes that are related to the redox reac-
tions of the Pc ring revealed that protonation and deproton-
ation reactions also occur. It has also been proven that adducts
with O, are formed. The reduction of oxygen starts when Fe*"
ions of FePc had been converted to Fe** during reduction.
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