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A B S T R A C T

Iron(II) 2,3,9,10,16,17,23,24-octa(cyano)phthalocyanine (OCNFePc), was tested as a catalyst for the oxygen
reduction reaction (ORR) adsorbed on carbon nanotubes. The composite was analyzed spectroscopically and
electrochemically characterized at pH 13 and pH 1. The composite showed close to 4 electron processes at pH
13. Computational analysis indicates that the O2 molecule binds end-on to the metal center and that the di-
oxygen molecule is dissociated on both the Fe metal center and the corral ring. An Analysis of the molecular
electrostatic potential confirms the behavior of cyano residues as electron-withdrawing moieties in OCNFePc. As
a result of its catalytic behavior and theoretical analysis of its O2 binding energy, OCNFePc was placed in a high
position on a volcano correlation of similar phthalocyanine composites.

1. Introduction

Four-coordinate metal macrocyclic complexes (MN4) have gained
attention as model catalysts because of their accessibility, low cost, and
stability [1–4]. These materials have been reported as catalysts for the
oxygen reduction reaction (ORR) since 1964 [5]. One goal of their use
is to replace expensive Pt-containing catalysts as the O2 cathode for fuel
cells [6]. MN4 catalysts can only compete with Pt in alkaline media [7],
not acid [6]. This is due to H2O2 production [8], indicative of in-
complete reduction of oxygen through two-electron processes being
more likely in acid instead of the complete reduction of oxygen through
four-electron processes. Understanding the properties that favor four-
electron processes is important for intelligently designing new catalysts
[1,8–12]. This involves the development and characterization of novel
substituted macrocycle catalysts [1,13–15] with different properties.
The most important of these properties are the O2 binding energy and
the redox potential of the complexes [12,16]. When plotting the loga-
rithm of the catalytic activity of these catalysts as formulated as the
logarithm of the current density at a constant potential versus O2

binding energy or redox potentials a volcano-shaped plot is obtained

[12]. Volcano correlations are an effective method to visualize the
optimal catalytic activity resulting from compromise in the substrate-
catalyst bonding energy, i.e. neither too weak nor too high; in the
present catalyst family, the “ascending” volcano side corresponds to
weaker binding catalysts, such as most CoN4 ones, and the “des-
cending” side corresponds to stronger binding catalysts, such as FeN4
ones [12,17]. Strong O2 binding means strong peroxide binding so
peroxide intermediates remain at the active site, promoting the 4-
electron process [12,17,18]. Previous work by the authors has shown
that withdrawing electron density from the metal center through the
use of chlorine [14,19], nitro [14], and fluorine [20] residues or a fifth
axial ligand [21–26], increase O2 binding energy altering ORR activity.
In this context, the case for substitution with CN groups has not been
investigated so far, in spite of the substituent’s remarkable electron
withdrawing effect, as a result of Hammett parameters significantly
more positive than Cl or F substituents [27–30].

In this work, a new catalyst for the ORR, Iron(II)
2,3,9,10,16,17,23,24-octa(cyano)phthalocyanine (OCNFePc) with eight
CN substituents was tested. MN4 complexes tend to pile because of
molecular stacking, but form monolayers on CNT surface allowing high
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concentration of catalyst and high conductivity and therefore were used
in this work. This material has already been reported for the synthesis
of polymers [31,32] and metal organic frameworks [33] but has never
been studied as a catalyst. FTIR, EPR and XPS spectroscopy was used to
characterize this material. The O2-Fe binding energies and electron
withdrawing effect of the CN residues were calculated and used in
conjunction with electrochemical characterization to determine its
place in the volcano correlation.

2. Materials and methods

Fe(II) 2,3,9,10,16,17,23,24-octa(cyano)phthalocyanine phthalo-
cyanine (OCNFePc) was obtained from PorphyChem (Dijon, France)
and used as is. Isopropyl alcohol, NaOH, H2SO4 and Nafion™ were
obtained from Sigma (St. Louis, USA). CNTs were obtained from
Cheaptubes inc. (Grafton Vermont USA). The counter electrode was
either a 0.1 cm diameter Pt wire or a 1 cm diameter porous graphite
counter electrode. An Origalys (Rillieux-la-Pape, France) 3 M KCl
Ag|AgCl reference electrode was used in all electrochemical experi-
ments. All results were reported versus the reversable hydrogen elec-
trode (RHE). A rotating ring disk working electrode was used, con-
sisting of an edge plane pyrolytic graphite disk and a platinum ring,
mounted in Teflon and rotated using a MSR rotator (Pine Instruments,
Durham, NC, USA). The disk was renewed before modification with
1200 grit emery paper. The electrode surface was modified according to
previously used protocols [20,26]. In short, a 1:1 ratio mixture of CNT
and OCNFePc was dispersed in a 3:1 solution of isopropanol-water with
30 min of sonication. 20 µL of this mixture was then deposited on the
graphite surface in four 5 µL aliquots with drying under nitrogen flow
followed by 2 µL of Nafion™ solution followed by drying under ni-
trogen. Electrochemical measurements were performed using an Au-
tolab PGSTAT 302 N with a dual mode bipotentiostat module. The ring
potential was set to 1.56 V or 1.25 V for pH 13 and pH 1 buffer

respectively. The buffer was saturated with nitrogen gas for cyclic
voltammetry and oxygen for linear sweeps. Buffer solutions were
changed at least daily to avoid possible contamination effecting the
results. Background currents were subtracted.

All spectroscopic analysis was conducted on dried samples. Fourier
Transform infrared spectroscopy (FTIR) analysis was conducted using a
Bruker Alpha FTIR with ATR accessory. EPR spectra were conducted on
powder samples at 298 K with a Bruker EMX-1572 spectrometer
working at ~9.39 GHz (X-band). XPS measurements were carried out at
the school of Chemistry, Nottingham University, on powder samples
using a Kratos AXIS Ultra DLD instrument under a vacuum better than
5*10−9 Torr with wide energy range survey collected at pass energy of
80 eV in hybrid slot lens mode and a step size of 0.5 eV. High resolution
XPS data on the C 1s, N 1s, and F 2p photoelectron peaks were collected
at pass energy 20 eV with collection times of 5 min. The X-ray source
was a monochromated Al Ka radiation run at 120 W. Spin-polarized
density functional theory (DFT) calculations were performed with the
Quantum-ESPRESSO ab initio package using methods previously de-
scribed [20,26,34–37]. The dispersive (π-π stacking) interaction of
OCNFePc onto the CNT was included through the van der Waals ex-
change–correlation functional (vdW-DF2) [35]. Kohn–Sham eigen-
functions were expanded on a plane-waves basis set where the inter-
action between valence electrons and ion cores are described by ultra-
soft pseudo-potentials [37]. Converged results have been achieved by
using a cut-off energy of 35 Ry on plane waves and of 280 Ry on the
electronic density. Carbon nanotubes of 288 atoms with a diameter of
11 Å were simulated in a large unit cell with periodic boundary con-
ditions along the CNT axis. Molecular electrostatic potential was cal-
culated for the optimized molecular geometry of OCNFePc in its oxi-
dation state of + 2 and triplet state at the same level of theory of the
optimization, B3LYP/6-31G(d,p), by using the package Gaussian 09
[38].

Fig. 1. Spectroscopic analysis of OCNFePc and OCNFePc-CNT. Showing EPR (A), FTIR (B) and XPS (C).
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3. Results and discussion.

3.1. Spectroscopic characterization

EPR spectra of OCNFePc and OCNFePc-CNT powders at 298 K were
recorded (Fig. 1(A)). In both cases, an EPR signal was observed due to
the odd spin of the metallic center of the phthalocyanine. An intense
signal was observed for the OCNFePc with a lower G factor (2.01417)
than for OCNFePc-CNT (2.07803). This last result correlates well with
recently published results (2.06909) [20]. This higher value compared
to free OCNFePc may be explained by high spin delocalization to the
CNT matrix and its higher hydrophobic character [39]. The broadening
signal in the presence of CNTs is related to the longer relaxation lifetime
[40] particularly with the spin-net which is provided by non-covalent
interactions with the π-electrons of the CNT (Fig. 1(A)) [20].

The FTIR spectra of OCNFePc and OCNFePc-CNT are shown
(Fig. 1(B)). Analysis of the composites demonstrate the presence of
OCNFePc with the nanotubes.

Wide-scan XPS was performed on the OCNFePc and OCNFePc-CNT
powder samples (Fig. 1(C)). Both spectra were similar in that the N 1s
peak agree with literature values [32]. Moreover, high-resolution Fe 2p
core-level spectra (Fig. 1(C) inset) show the Fe 2p3/2 value for OCN-
FePc-CNT was higher than OCNFePc, partially explaining the enhanced
ORR performance of OCNFePc bound to CNTs. The corresponding shift
of the Fe 2p3/2 spectrum to higher binding energies is similar to that
shown by Fe3+ species, suggesting a more positive electron density. The
C 1s and O 1s peaks observed exhibit higher concentrations of carbon
and oxygen for OCNFePc-CNT than OCNFePc.

3.2. Electrochemical characterization.

Cyclic voltammetry was conducted for the composite in 0.1 M
NaOH (pH 13) and 0.1 M H2SO4 (pH 1) solutions (Fig. 2 (A) and (B)).
The peaks of the redox couples (i.e. the Fe(III)/(II) and the Fe(II)/(I))
are not very well defined which would suggest low concentrations of
OCNFePc but integration of the redox peak reveals concentration in the
order of approximately 7 × 10−10 mol cm−2 (detailed results are
summarized in Table 1) which agrees well with previous results ob-
tained in the presence of CNT ][13]. Stronger currents are visible at pH
1. Those differences have been reported to be caused by different
protonation states of the phthalocyanine [41]. The Fe(II)/(I) redox
transition occurs at approx. 0.30 V at pH 13 and 0.18 V vs RHE at pH 1
and the Fe(III)/(II) transition occurs at approx. 0.87 V at pH 13 and
0.70 V at pH 1. For the Fe(III)/Fe(II) redox couple of previously studied
FeN4-CNT, values of 0.83 for the unsubstituted Fe phthalocyanine
(FePc), 0.92 V for Fe hexadecachlorophthalocyanine (16(Cl)FePc) [13]
and 0.99 V for the Fe hexadecafluorophthalocyanine (16(F)FePc) [20],
at pH 13 have been reported (Table 1).

Linear sweeps (Fig. 2 (C) and (D)) show strong differences in the
ORR activity in the two buffers. The onset voltage was 0.95 V at pH 13
and 0.79 V at pH 1. In pH 13 close to four e− are transferred while in
pH 1 around 3 e− are transferred indicating only partial ORR. Further
evidence for the increased production of H2O2 in acid medium was
provided by the Pt ring electrode which showed over ten times the
current at pH 1 as pH 13 (Fig. 2 (E) and (F)). Tafel plots for each buffer
was −0.05 V decade−1 at pH 13 and −0.07 V decade−1 at pH 1. The
pH 1 value indicates a fast electron transfer followed by a rate-de-
termining chemical step. The pH 13 value involves a fast one-electron
transfer followed by a second slow one-electron transfer [20]. This
difference in performance at different pH values has been reported
[42].

In general, the electrochemical values given for these materials
compare well with similar materials reported in the literature. The
electron number at pH 13 compares very well with that of 16(F)FePc-
CNT, 16(Cl)FePc-CNT, FePc-CNT and 4β(SO3

−)FePc-CNT [13,20]. The
turn over frequency (TOF) was estimated from the coverage of the

electrode Γ and the kinetic current densities at the half wave potential
of the ORR polarization curve, with values for OCNFePc-CNT at pH 13,
of 1.2 s−1. This value is lower than the values determined for 16(F)
FePc-CNT and 16(Cl)FePc-CNT [20] indicating a greater rate of turn-
over for halogenated phthalocyanines compared to OCNFePc (Table 1).
The results obtained with OCNFePc-CNT are promising and indicating
similar activities as when in the presence of halogenated phthalocya-
nines. Even better results could be obtained through the study of
OCNFePc in combination with other forms of nanoscale carbon mate-
rials as in [7,43]. Also OCNFePc-CNT was stable for at least 50 con-
secutives cycles at 5 mV/s in both buffers. The electrochemical results
for OCNFePc-CNT in comparison with other electrocatalysts from pre-
vious reports [13,20] are summarized in Table 1.

3.3. Computational analysis

3.3.1. Computational analysis of OCNFePc, OCNFePc on CNT and O2
binding on OCNFePc-CNT

The equilibrium geometry of OCNFePc shows a planar structure
(Fig. 3 (A)), which can exist in three-spin configuration: singlet, triplet,
and quintuplet (m = 0, 2, 4 μB respectively). The ground state is triplet
(m = 2 µB), preserving FePc spin characteristics. For the singlet and
triplet configuration, a difference in Fe-N1 distance was observed. The
interaction of the OCNFePc molecule adsorbed on a metallic single-
walled CNT with 11 Å diameter was studied. Periodic boundary con-
ditions were applied along the CNT axis. As a result, an infinite CNT
with adsorbed molecules separated by 4.7 Å was simulated. The mo-
lecule was noted to be physisorbed on the CNT surface with a binding
energy of −2.923 eV, adopting the curvature of the CNT (Fig. 3 (B)).
For comparison, the binding energy of FePc is of −1.71 eV (the CN
substituent of OCNFePc appears to increase its adsorption energy on the
CNT). The distance between the Fe atom of OCNFePc and the CNT
surface was determined to be 3.4 Å. The system is stable in three spin
states, with a magnetic moment of m = 0, 2, 4 μB where the ground
state is triplet (m = 2). The spin of OCNFePc does not change after
adsorption onto a CNT. A binding energy for OCNFePc of −4.53 eV was
determined for graphene, suggesting that on larger CNTs the OCNFePc
adsorption energy increases.

The interaction of the O2 molecules with the Fe atom of the
OCNFePc-CNT complex was simulated. It was found that the adduct
was stable in three spin configurations. The lowest energy system is
singlet but very close in energy to the triplet state, suggesting both
states can coexist. The O2 binding energy was found to be −0.6 eV,
which decreases for higher magnetic moments. The O2 molecule adopts
an end-on configuration, with one O atom bound to the Fe with a Fe-O-
O angle of 119.3° for the stable spin state (m = 0) (Fig. 3 (C)). All the
results are resumed in Table 2. For comparison, the O2 binding energy
on the FePc-CNT complex was found to be −0.70 eV (0.1 eV higher
with respect to OCNFePc). These results may explain the better ORR
activity of OCNPcFe-CNT as compared to FePc-CNT. For OCNPcFe ad-
sorbed on graphene, the O2 binding energy was found to be −0.61 eV,
and it may be concluded that the size of the CNT has a small effect in
the O2 binding energy on the OCNPcFe-CNT complex and in the ORR
activity.

3.3.2. Computational analysis of O2 dissociation when adsorbed on
OCNFePc-CNT

The minimum energy path for the O2 dissociation after the inter-
action with the Fe center of OCNFePc-CNT was obtained by the nudged
elastic band (NEB) method [37], using ten images along the reaction
coordinates. An energy barrier of 1.36 eV for O2 dissociation was cal-
culated, as shown in the saddle point, the O2 molecule binds with both
Fe and C atoms (Fig. 3 (D)), showing that the dissociation occurs on the
surface of the OCNFePc-CNT catalyst, as observed in other FePc-CNT
systems [14–22].

To investigate the effect of the cyano residues on the charge density
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of the macrocycle, the molecular electrostatic potential of OCNFePc and
FePc was calculated in the triplet state (Fig. 4). This was obtained in the
geometry optimized at the same level of theory (B3LYP/6-31G(d,p)). By
comparing with non-substituted FePc (Fig. 4 (A)), the cyano residue in
OCNFePc provokes a decrease of charge density in the central core
where the metal atom is localized, represented by a larger blue zone
(Fig. 4 (B)). The aza nitrogen atoms and benzene rings change to more
positive regions (cyan) in OCNFePc compared to FePc, and the cyano
groups show negative (yellow) MEP values. These results demonstrate
that the cyano residues act as electron-withdrawing moieties in OCN-
FePc. We also investigate the MEP of OCNFePc in other electronic
states; singlet and quintuplet, and the results are shown in Fig. 4(C) and
4(D), respectively. The singlet state shows a drastic reduction of the
more positive region in the core of phthalocyanine, which is rather
localized on the metal (Fig. 5). The quintuplet state looks very similar to
the triplet state. Spin density is also calculated for the open shell con-
figurations and shown in Fig. 5(B) and 5(C) for the triplet and quin-
tuplet states, respectively. Both figures indicate that the unpaired
electrons are mainly localized on the core of the macrocycle and on the

metal that would favor the oxygen reduction.

3.4. Formation of volcano correlation

The search of reactivity descriptors that would allow for a priori
design of better catalysts has always been a challenge [12]. Using the
extended Koutecky-Levich equation [ik = il*i/(i-il)] after subtracting
the capacitive current for the linear sweep during ORR at 1200 RPM in
alkaline media and the calculated Eb, for OCNFePc-CNT, and using
previously reported extractions for other MN4 [12,13,20] we draw a
volcano plot where the log i for the studied complex was determined to
be −0.14, positioning the complex next to the most active per-
fluorinated Fe phthalocyanine (16FFePc-CNT) and confirming the high
activity of the complex and high electron withdrawing capacity of the
CN residues (Graphical Abstract).

4. Conclusions

OCNFePc were characterized through a series of analysis techniques

Fig. 2. Electrochemical analysis of OCNFeP-CNT showing cyclic voltammetry (A and C), linear sweeps (B and D) and platinum Ring electrode (E and F) mea-
surements were performed in pH 13 (A, C and E) and pH 1 (B, D and F) buffers.

Table 1
Electrochemical characterization of electrodes modified with OCNFePc-CNT obtained in NaOH 0.1 M (pH 13) and H2SO4 0.1 M (pH 1). Electrochemical data from
previous work [13,20] has been included for comparison.

Electrode material (pH) n° e− Tafel (V) Eonset (V vs. RHE) EFe(II)/(I) (V vs. RHE) EFe(III)/(II) (V vs. RHE) Γ (mol*cm−2) TOF@(hw) (s−1)

OCNFePc-CNT (pH13) this work 3.8 0.05 0.95 0.30 0.87 6.3 × 10−10 1.2
OCNFePc-CNT (pH1) this work 3.1 0.07 0.79 0.18 0.70 8.5 × 10−10 0.7
16(F)FePc-CNT (pH1) reference [20] 3.5 0.07 0.81 0.61 0.75 2.7 × 10−9 3.4
16(F)FePc-CNT (pH13) reference [20] 4.1 0.05 1.06 0.75 0.99 1.2 × 10−9 5.4
16(Cl)FePc-CNT (pH13) reference [13] 4.1 0.04 0.97 / 0.92 7.6 × 10−10 /
4β(SO3)FePc-CNT (pH13) reference [13] 4.2 0.04 0.93 / 0.88 5.9 × 10−10 /
FePc-CNT (pH13) reference [13] 3.9 0.04 0.92 / 0.83 7.9 × 10−10 /
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(FTIR, EPR and XPS) and through the examination for the ORR. At pH
13, 3.8 electrons were transferred indicating full reduction of oxygen to
water while at pH 1, 3.1 electrons, which indicates only partial re-
duction to H2O2. The electrochemical values for these materials com-
pare well with halogenated phthalocyanines such as 16(F)FePc. In all,
the Log i value of this material at 0.760 V vs RHE is −0.14.
Computational analysis shows that the OCNFePc attaches along the
curve of the carbon nanotube bound through π–π stacking. The cyano
residues act as electron-withdrawing moieties provoking a decrease in

charge density around the central core where the metal atom is loca-
lized. The O2-Fe binding energy value is −0.59 eV. This value is close
to the value reported before for the apex of the volcano for fluorinated
phthalocyanines (Graphical Abstract). Changing the ligands in the
phthalocyanine molecule the activity and therefore the position of a
given molecule on a volcano correlation can be controlled. It is inter-
esting that more active complexes exhibit Fe(III)/(II) redox couples
which approach the reversible potential of the ORR.

Fig. 3. Images from simulations of the in-
teraction of OCNFePc with a single-walled
carbon nanotube showing the structure of
the OCNFePc molecule (A), it bound to a
carbon nanotube (B), bound to a carbon
nanotube with a dioxygen molecule bound
to the Fe metal center (C) and the minimum
energy profile for the dissociation of oxygen
on the OCNFePc-CNT catalyst (D).

Table 2
OCNFePc in the allowed spin states (m (µB)): total energy (Etotal), and equilibrium distance (d) of Fe in respect to N1 or N2. OCNFePc adsorbed on a CNT (OCNFePc-
CNT) in the allowed spin states: total energy (Etotal), binding energy (Ebind) and equilibrium distance (d) of OCNFePc to CNT. O2 adsorbed on the Fe atom of
OCNFePc-CNT in the allowed spin states: total energy (Etotal), binding energy (Ebind) and bond distance (d) for O2 adsorbed on the Fe atom. E0 is the ground state
energy.

m (μB) Etotal(OCNFePc) (eV) d(Fe-N1)(Å) d(Fe-N2)

(Å)
Etotal(OCNFePc-CNT)

(eV)
Ebind(OCNFePc-CNT)

(eV)
d(OCNFePc-CNT)

(Å)
Etotal(O2-OCNFePc-CNT)

(eV)
Ebind(O2)

(eV)
d(Fe-O) (Å) Angle(Fe-O-O)

(deg)

0 E0 + 0.277 1.94 3.396 E0 + 0.230 −2.693 3.396 E0 −0.597 1.836 119.3
2 E0 1.947 3.400 E0 −2.923 3.401 E0 + 0.040 −0.557 1.894 118.7
4 E0 + 0.619 1.955 3.410 E0 + 0.193 −2.730 3.402 E0 + 0.179 −0.418 2.102 117.6

Fig. 4. Molecular electrostatic potential (MEP)
mapped into the charge density isosurface of 0.0004
e/bohr3 calculated for (A) FePc and (B) OCNFePc as
triplet state, (C) OCNFePc as singlet state and (D)
OCNFePc as quintuplet state. Color scale red and
yellow colors represent negative values, green, cyan
and blue colors, positive. Red and blue represent
extreme values. (For interpretation of the references
to color in this figure legend, the reader is referred
to the web version of this article.)
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