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dInstituto de Qúımica F́ısica “Rocasolano”, C
eDepartamento de Ciencias F́ısicas, Univers
Santiago, Chile

† Electronic supplementary informa
10.1039/c9ta09125d

Cite this: J. Mater. Chem. A, 2019, 7,
24776

Received 20th August 2019
Accepted 15th October 2019

DOI: 10.1039/c9ta09125d

rsc.li/materials-a

24776 | J. Mater. Chem. A, 2019, 7, 24
most active MN4 catalyst for the
oxygen reduction reaction. The case of
perfluorinated Fe phthalocyanine†

Gabriel Abarca, a Marco Viera,b Carolina Aliaga, bc José F. Marco,d

Walter Orellana, e José H. Zagal*b and Federico Tasca *b
Iron macrocyclic complexes (MN4) are promising catalysts for

replacing platinum (the industrial standard) in electrocatalysis. In

particular, FeN4 complexes have shown lower overpotential than Pt

for the oxygen reduction reaction (ORR) in alkaline media. To predict

the electrochemical activity of metal electrodes and molecular cata-

lysts towards the ORR, reactivity descriptors with typical volcano

correlation have been demonstrated. The most important are M–O2

binding energy and M(n)+/M(n�1)+ redox potentials for the complexes.

We studied a new Fe complex, which possesses powerful electron-

withdrawing fluorine residues at the periphery of the phthalocyanine

ring. Fe hexadecafluorophthalocyanine (16(F)FePc) was characterized

by electron paramagnetic resonance (EPR), and X-ray photoelectron

spectroscopy (XPS) in the presence and in absence of O2. Experimental

and calculated O2–Fe binding energies, as well as electrochemical

characterization confirms the excellent activity of this complex for the

ORR placing this complex at the top of the MN4 volcano correlation.
1. Introduction

Metal macrocyclic complexes (MN4) are extremely versatile
compounds that act as catalysts for a wide variety of electro-
chemical reactions.1–3 However they have been investigated
extensively in the literature as potential catalysts for the oxygen
reduction reaction (ORR) since 1964.4 The goal of these studies
has been to develop substitutes for expensive Pt-containing
catalysts for the O2 cathode in fuel cells.5 In spite of these
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efforts MN4 catalysts can compete with Pt in activity and
stability only in alkaline media,6 whereas there are few of this
class of catalyst that can compete in acidic conditions.5 Activity
and stability seems to be correlated.7 Indeed when increasing
the activity of the catalyst lower amounts of H2O2 are produced8

and therefore stability also increases. The activity of MN4
complexes can be improved by heat-treatment or by preparing
catalysts with high Fe(II)/Fe(III) redox potential.9–14 It is impera-
tive therefore to develop reactivity descriptors for these catalysts
in order to rationally prepare materials.1,8,9,12,15,16 In previous
work, the kinetic data of OPG electrodes modied with a great
variety of substituted and non-substituted phthalocyanines and
porphyrins of different central metals has been reported in
order to establish reactivity descriptors for these catalysts for
the ORR.1,17–19 Several reactivity descriptors have been identied
but the most important ones are the M–O2 binding energy and
the M(n)+/M(n�1)+ redox potentials of the complexes.11,16 It has
been shown that these two descriptors linearly correlate with
each other.16 When comparing activities of different molecular
catalysts (log i)E at the constant driving force of the electrode
versus the M–O2 binding energy of each particular catalyst
a non-linear, volcano-shaped curve is obtained. These types of
correlations are well-known for metals, alloys and metal oxides
but less common for molecular catalysts.16,20 There is a simi-
larity in the trend in reactivity for molecular catalysts and for
metal catalysts. A similar correlation is obtained when
comparing log of activities as (log i)E versus the M(n)+/M(n�1)+

redox potential of the catalysts. Volcano correlations depict two
binding energy conditions: one leg of the volcano, with a posi-
tive slope corresponding to the strong binding catalysts and the
other volcano leg corresponding to the weak binding region.16

According to the literature, all FeN4s appear on the strong
binding leg of the volcano and catalyze ORR via 4 electrons
involving the splitting of the O–O bond.16 On the other leg of the
volcano are the catalysts that catalyze ORR via 2 electrons like
Co and Ni complexes. According to linear scale relationships
strong O2 binding will correlate linearly with strong peroxide
binding so this could explain the 4 e� selectivity of catalysts
This journal is © The Royal Society of Chemistry 2019
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sitting on the strong binding leg of a volcano correlation.16,21 In
this case the peroxide intermediate that can form during ORR
remains bound to the active site, facilitating its further reduc-
tion to H2O or OH�. In this work we have investigated a new
catalyst for ORR, iron-hexadecauorophthalocyanine (16(F)
FePc) that has powerful electron-withdrawing F residues that
hypothetically should have the highest activity among all the
MN4 complexes and therefore would be sited at the top of the
volcano correlation. The complex was characterized by EPR and
XPS spectroscopy in the presence and absence of O2. Experi-
mental O2–Fe binding energies and calculated ones, as well as
electrochemical characterization conrm the highest activity of
this complex towards the ORR.

2. Experimental

Iron 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadeca(uoro)
phthalocyanine (16(F)FePc) was obtained from Luminescence
Technology Corp (New Taipei City, Taiwan) and used as
provided. N,N-dimethylformamide (DMF), isopropyl alcohol,
NaOH, H2SO4, K2HPO4 were obtained from Sigma (St. Louis,
USA). Pt catalyst, 20% Pt supported on Vulcan XC-72 carbon
(Pt20%Vulcan), was from Fuel Cell Store (College Station,
Texas). Aqueous solutions were prepared using Milli Q water
(Millipore, Inc.). Double-walled CNT were obtained from
Nanocyl (Sambreville, Belgium). Double-walled CNT were used
instead of multi- or single-walled CNT because of their higher
purity (>90%).22,23 CNT were used as support because of their
high surface to volume ratio and the possibility to support
higher amounts of catalyst.17 To modify electrodes an ink of
16(F)FePc-CNT was obtained by dispersing 1 mg of 16(F)FePc
with 1 mg of CNT to obtain 16(F)FePc-CNT in a solution of 75%
volume isopropyl alcohol and 25% water. The dispersion was
sonicated for 1 h and collected by ltering and washing to
eliminate excess of 16(F)FePc which would not adsorb on the
CNT walls. An ink of Pt catalyst was obtained by dispersion and
sonication of 1 mg of catalyst in 1mL of similar solvent. 20 mL of
catalyst ink were loaded onto the surface of the electrode and
le to dry (nal loading was 0.1 mg cm�2). The counter elec-
trode was a 10 cm long 0.1 cm diameter Pt spiral wire. As
reference electrode an Origalys (Rillieux-la-Pape, France) 3 M
KCl Hg|HgCl was used and all the potentials are reported vs.
this electrode. The working electrode was an edge-plane pyro-
lytic rotating disk graphite (5 mm diameter and 4 mm thick),
mounted in Teon (external diameter of 7.50 mm, internal
diameter of 6.50 mm) and was rotated using a MSR rotator from
Pine Instruments (Durham, NC, USA). The graphite disk was
renewed prior to modication with 800 grit emery paper. Elec-
trochemical experiments were carried out on an Autolab
PGSTAT 302N with a dual mode bipotentiostat module (Utrecht,
The Netherlands). In RRDE experiments, the ring potential was
set to 0.65 V vs. Hg|HgCl (saturated KCl). For EPR and XPS
measurements a dried powder of MN4-CNT was used. EPR
spectra were collected at 298 K with a Bruker EMX-1572 spec-
trometer working at �9.39 GHz (X-band). For the XPS
measurements, the sample powder of 16(F)FePc-CNT was
spread out on carbon tape and introduced into the analysis
This journal is © The Royal Society of Chemistry 2019
chamber at the so X-ray spectroscopy (SXS) beam-line end-
station at the Brazilian Synchrotron Light Laboratory. As re-
ported before,24 room temperature O2 treatment was conducted
in the preparation chamber using a pressure of 20 psi of 5% O2

+ 95% He over two hours. The spectra were collected using an
InSb (111) double-crystal monochromator at a xed photon
energy of 1840 eV. The hemispherical electron analyser (PHOI-
BOS HSA500 150 R6) was set at a pass energy of 30 eV, and the
energy step was 0.1 eV. The base pressure used inside the
chamber was around 2.0 � 10�9 mbar. The monochromator
photon energy calibration was done at the Si K edge (1839 eV).
An additional calibration of the analyser's energy was per-
formed using standard Au foil (Au 4f7/2 peak at 84.0 eV). Curve
tting of the core XPS lines was carried out using Casa XPS
soware using a Gaussian–Lorentzian product function and
a nonlinear Shirley background subtraction.

Spin-polarized density functional theory (DFT) calculations
were performed with the Quantum-ESPRESSO ab initio
package.25 The dispersive (p-stacking) interaction of 16(F)FePc
adsorbed on the carbon nanotube (CNT) was included through
the van der Waals exchange-correlation functional (vdW-DF2).26

Kohn–Sham eigen-functions were expanded on a plane-waves
basis set where the interaction between valence electrons and
ion cores are described by ultra-so pseudo-potentials.27

Converged results have been achieved by using cut-off energies
of 35 Ry on plane waves and of 280 Ry on the electronic density.
The 16(F)FePc-CNT complex was simulated in a large unit cell,
containing up to 345 atoms, with periodic boundary conditions.
A metallic single-walled CNT with (8,8) chiral indexes and 11 Å
in diameter was considered. The sampling in the irreducible
part of the Brillouin zone was restricted to the G point. The
complex was fully relaxed until the force on each atomic
component was less than 0.01 eV Å�1. The ORR catalytic activity
of 16(F)FePc-CNT complex was estimated by assessing the
minimum energy path for the O2 dissociation aer being
adsorbed on the Fe atom, using the nudged elastic band (NEB)
method.28

3. Results and discussion

In the volcano correlation reported previously (see graphical
abstract with the exclusion of the apex), there were no catalysts
sitting on the apex of the plot. Hypothetically, a catalyst could
exist that has the proper M(III)/(II) redox potential or M–O2

binding energy to stand at the top of the correlation, so essen-
tially this could be the best possible catalyst for the reaction. In
this work iron-hexadecauorophthalocyanine, 16(F)FePc,
adsorbed on carbon nanotubes (i.e. 16(F)FePc-CNT) was tested.
The synthesis of 16(F)FePc was rst reported in 1969 by Jones
and Twigg,29 but, to the best of our knowledge, the electro-
chemistry of this compound and its catalytic properties for the
ORR have never been reported. This particular complex has
more powerful electron-withdrawing substituents on the
phthalocyanine ligand, so the Fe(III)/(II) is shied to more
positive potentials compared to all previously reported cata-
lysts.1,13,16,17 Fig. 1 illustrates the conguration of a 16(F)FePc
molecule adsorbed at on the graphene layer of a CNT or
J. Mater. Chem. A, 2019, 7, 24776–24783 | 24777
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Fig. 1 Schematic representation of 16(F)FePc adsorbed on CNT and electrochemical characterization by cyclic voltammetry in N2 saturated
media and by linear sweep voltammetry in O2 saturated media of electrodes modified with 16(F)FePc-CNT (blue and red lines) or Pt20%Vulcan
(black line). Conditions (a) 0.1 M NaOH; (b) 0.1 M H2SO4. Cyclic voltammetry recorded at 100mV s�1; linear sweep voltammetry recorded at 5mV
s�1, 1200 rpm.
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a graphite electrode and typical cyclic voltammogram of
graphite electrodes modied with 0.1 mg cm�2 of 16(F)FePc-
CNT, in N2 saturated 0.1 M NaOH (Fig. 1(a)) or H2SO4 solu-
tions (Fig. 1(b)). For comparison, we report the linear sweep
voltammetry of electrodes modied with Pt20%Vulcan (black
line), the industrial standard catalyst for the ORR. The Fe(III)/(II)
redox peaks appear at potentials close to 1 and +0.75 V vs. RHE
at pH 13 and 1 respectively. Table 1 reports these values as well
as the values for the Fe(II)/(I) redox peak. Because of the strong
electron-withdrawing F residues, which are distributed in all
peripheral and non-peripheral positions in the phthalocyanine
ligand 16(F)FePc exhibits the most positive redox potential for
the Fe(III)/(II) couple among the previously studied FeN4 (e.g.
0.9 V for iron hexadecachloro phthalocyanine 16(Cl)FePc17 and
0.95 V for Fe tetrapyridinoporphyrazine, at pH 13 (ref. 30)). The
Table 1 Electrochemical parameters of 16(F)FePc-CNT. Redox poten
Koutecky–Levich equation; Tafel slope; surface coverage (Ƭ); onset from

Catalyst Media
E(M(I)/(II))

(V vs. RHE)
E(M(II)/(III))

(V vs. RHE)

16(F)FePc-CNT 0.1 M NaOH 0.750 0.99
16(F)FePc-CNT 0.1 M H2SO4 0.610 0.75
Pt20%Vulcan 0.1 M NaOH — —
Pt20%Vulcan 0.1 M H2SO4 — —

24778 | J. Mater. Chem. A, 2019, 7, 24776–24783
Fe(III)/(II) redox peak of MN4 usually shows a 60 mV pH�1 unit
dependence in the wide range of pH 13–1 as the process
involves the transfer of an OH� ion as [Fe(III)OH]ad + e $

[Fe(II)]ad + OH(aq)
�.31 MN4 complexes were known to be unstable

in acid during the ORR process. It is probable that demetalla-
tion of the metal site occurs because of the production of H2O2

as a result of the ORR in acid media. In a recent publication, the
activity of penta-coordinated FePc catalyst at pH 1 was re-
ported.32 The h pyridine axial coordination pulls electron
density from the Fe centre, lowering the separation between the
energies of the frontier orbitals of the donor (Fe) and the
acceptor (O2), resulting in increased activity towards the ORR.
Following the idea that the activity of MN4 can be increased also
in acid media with the increasing electron-withdrawing power
of the residues in the phthalocyanine macrocycle, the 16(F)
tial of Fe(II)/(I) or Fe(III)/(II); number of electrons calculated from the
the O2 reduction polarization curves

n� e� Tafel (V) Ƭ (mol � cm�2)
ONSET
(V vs. RHE)

4.05 �0.046 1.18 � 10�9 1.055
3.45 �0.073 2.71 � 10�9 0.810
4.01 �0.047 4.50 � 10�10 0.995
4.01 �0.048 2.83 � 10�10 0.955

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Polarization curves and relative H2O2 oxidation curves recorded at electrodes modified with 16(F)FePc-CNT (disks) and Pt ring electrode.
Conditions: (a and c) O2 saturated 0.1 M NaOH solution. (b and d) O2 saturated 0.1 M H2SO4 solution. Rotating ring disk electrode velocity: 200,
400, 800, 1200, and 1600 rpm, 5 mV s�1; Pt ring polarized at 1.3 V vs. RHE.
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FePc-CNT was tested in acid. Fig. 2 illustrates the ORR polari-
zation curves at various rotating speeds in O2 saturated 0.1 M
NaOH or H2SO4 solutions. Because of the high redox potential
of the Fe(III)/(II) redox couple the onset for the ORR at pH 13
appears already at potentials above 1.05 V. The overpotential for
the ORR is reduced by more than 0.16 V if compared to FePc-
CNT and to almost 0.1 V if compared to 16(Cl)FePc-CNT
measured in the same media.17 At pH 1 the onset for the ORR
appears already at 0.81 V, that is to say a diminution of the
overpotential for the ORR of around 0.1 V if compared to FePc-
CNT and of 0.05 V if compared to 16(Cl)FePc-CNT in similar
media.32 In Fig. 2(c) and (d) H2O2 oxidation current recollected
at the Pt ring electrode during linear sweep voltammetry at pH
13 and at pH 1 are presented. At pH 1, ve times more H2O2 was
produced than at pH 13, demonstrating the higher activity of
the 16(F)FePc at pH 13 and therefore the lower stability at pH 1.
If we compare those results with the ones obtained with Pt20%
Vulcan, we can notice that the onset for the ORR at pH 13 for
16(F)FePc occurs at 0.06 V lower overpotentials. Nevertheless it
should be considered that the concentration of active Pt on the
graphite electrode modied with Pt20%Vulcan is almost one
order of magnitude lower than the amount of active Fe(III)/(II) in
16(F)FePc-CNT (see Table 1 for the resumed values).

The extrapolation of the total n� e� determined by the Kou-
tecky–Levich equation for pH 13 and pH 1 are summarized in
Table 1. The alkaline pH favored 4 e� reduction (4.0 electrons
per O2 molecule). Nevertheless, at pH 1, 3.45 electrons were
transferred per O2 molecule indicating a mixed reaction
This journal is © The Royal Society of Chemistry 2019
pathway. From Tafel plots using currents in the low polarization
linear region valuesz�0.046 V were obtained while at pH 1, the
Tafel slopes were z�0.073 V. Slopes close to �0.04 V indicated
that the rst step involved a fast one-electron transfer followed
by a slow one-electron transfer step while values close to
�0.060 V suggested that the rst step involves a fast electron
transfer followed by a slow rate determining chemical step. The
change in ET mechanism going from alkaline solution to acid
solution has been observed before for similar FeN4 complexes.33

Turn over frequencies (TOFs) were estimated for the 16(F)
FePc-CNT modied electrode from the coverage of the elec-
trode G and the kinetic current densities at the half wave
potential of the ORR polarization curve, with values ranging
from 5.4 s�1 to 3.4 s�1 for pH 13 and pH 1 respectively (values
listed in Table 2). At pH 13, TOF values of 5.2 s�1 were calculated
for electrodes modied with 16(Cl)FePc-CNT or the unsub-
stituted iron phthalocyanine (FePc-CNT).17 At pH 1, TOF values
of 0.2 and 0.02 s�1 were calculated for 16(Cl)FePc-CNT and
FePc-CNT respectively. Therefore, similar TOF values were ob-
tained in alkaline media, but at pH 1, one order magnitude
higher TOF values were obtained with the 16(F)FePc catalyst
because of its lower electron density in the metal center and
higher activity towards the ORR. If we compare the TOF values
obtained for 16(F)FePc-CNT with the ones obtained for Pt%
20Vulcan, we can notice that the 2 catalyst show similar TOF at
low overpotential (i.e. at 0.9 V vs. RHE) in alkaline media, only
because of the lower onset for the ORR of 16(F)FePc-CNT. If we
compare the 2 catalyst close to the limiting current region (i.e. at
J. Mater. Chem. A, 2019, 7, 24776–24783 | 24779
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Table 2 TOF calculated at 0.9, 0.8, 0.7 V vs. RHE or at half wave potential. Conditions: O2 saturated, 0.1 M NaOH or H2SO4 solutions

Catalyst Media TOF @ 0.9 V (s�1) TOF @ 0.8 V (s�1) TOF @ 0.7 V (s�1) TOF @ hw (s�1)

16(F)FePc-CNT 0.1 M NaOH 0.99 6 11 5.4
16(F)FePc-CNT 0.1 M H2SO4 — 2.8 3.4
Pt20%Vulcan 0.1 M NaOH 0.8 12.1 18.4 11.3
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0.7 V vs. RHE), TOF numbers for Pt%20Vulcan are in the order
of 18 s�1 while for the 16(F)FePc-CNT catalyst values of 11 and
2.8 s�1 were obtained at pH 13 and pH 1 respectively, as
resumed in Table 2.

EPR and XPS spectroscopy conrmed that in 16(F)FePc-CNT
the electrons are displaced from the Fe centre because of the
pulling effect of F atoms.34,35 In Fig. 3(a) EPR spectra of 16(F)
FePc-CNT and 16(F)FePc are reported. The strong electron-
withdrawing effect of the F substituents on the electron envi-
ronment on the odd spin of the metallic centre of the porphyrin
shows a higher value of g (2.06909) if compared to the unsub-
stituted porphyrin (i.e. FePc-CNT) 2.06494 or to the per-
chlorinated FeN4 (i.e. 16(Cl)FePc-CNT) 2.06574.

XPS in the presence and the absence of O2 coordinated to the
Fe metal center was performed to verify the electronic structure
of the 16(F)FePc-CNT. Distinct peaks in F 1s, Fe 2p, O 1s, N 1s
and C 1s regions, conrmed the attachment of 16(F)FePc on the
external surface of the CNT (Fig. S1†). The atomic composition
of 16(F)FePc-CNT, between the Fe 2p peak and F 1s peak, was
obtained within experimental error 1 : 16.8. The Fe 2p region
was analyzed for providing further insights into the catalytic
behavior of 16(F)FePc-CNT (Fig. 3(b) and S2†). Two broad spin–
orbit doublet Fe 2p peaks indicated the presence of Fe in
different valence states, with the main component being
a mixture of Fe(II) and Fe(III).32,36,37 The binding energy of the Fe
2p3/2 photoelectron line of 16(F)FePc-CNT was located at
710.2 eV, and a satellite peak (shake-up) at 7.4 eV higher was
also observed, which is easily detectable and does not overlap
with Fe 2p peaks. These peaks were in good agreement with
Fig. 3 (a) EPR spectrum of 16(F)FePc-CNT. (b) XPS spectrum of 16(F)FeP

24780 | J. Mater. Chem. A, 2019, 7, 24776–24783
reported binding energies and resembled the spectra of some
phthalocyanines reported containing only Fe(III).32 It is impor-
tant to note, that satellite peaks represent the intermolecular
charge transfer process, where the intensity of these peaks can
be related to the amount of charge transferred between the
fragments of the macrocycle and the iron center.38 This
phenomenon can be correlated with the Franck–Condon effect,
where it occurs aer an electron is removed from the sample
(photoemission) and the sample suffers an inner-sphere reor-
ganization.39,40 Aer the exposition to O2 (Fig. 3(b), red line),
a signicant energy shi of 1.5 eV was observed (708.7 eV for Fe
2p3/2). According to previous work, this second contribution
agrees with the presence of Fe(II).24,32 Moreover, aer the expo-
sure to O2 an increased Fe(II)/Fe(III) ratio was observed (from
1.27 ratio when reduced to 1.38 ratio when oxidized, Fig. S2†).
These results suggest the presence of a more stable Fe–O2

adduct.24,32,41,42 It can be concluded that aer the exposition to
O2, an increased character of Fe(II) exists due to the presence of
electron-withdrawing groups, that can tune the electron density
towards the molecular fragments. When O2 binds to the metal
in MN4, its 2p electrons interact with the partially lled
d orbitals of the same. These processes are accompanied by
intermolecular electron transfer, in which O2 accepts charge
density from the partially lled d orbitals of the metal via back-
bonding to the p* antibonding orbital and donates charge from
a lled p molecular orbital to a half-lled dz orbital of the
metal.32

Results from theoretical calculations show that 16(F)FePc-
CNT complex can exist in three spin states, which is due to
c-CNT before (black line) and after (red line) treatment with O2.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Equilibrium geometry for O2 adsorbed on the metal center of the 16(F)FePc-CNT, complex in the end-on configuration. (b) Minimum
energy path for the O2 dissociation after its adsorption on the metal center of the 16(F)FePc-CNT complex. Calculations performed with the NEB
method.
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the Fe metal centre. The most stable s state has two unpaired
electrons (magnetic momentm¼ 2 mB). The states withmoment
m ¼ 0 and m ¼ 4 mB are also rather stable but with a much
higher energy of 0.232 and 0.197 eV, respectively (results in
Table 2). In Fig. 4(a) is shown the equilibrium geometry of the
O2 molecule adsorbed on the metal centre of the 16(F)FePc-CNT
complex. The 16(F)FePc molecule rmly sticks to the CNT
external walls through p-stacking or van der Waals interactions.
The binding energy of 16(F)FePc on the CNT is quite strong
(2.078 eV, Table 3) and comparable to covalent bonds. The most
stable structure of the complex has amagnetic moment ofm¼ 2
mB. Other allowed spin states are m ¼ 0 and m ¼ 4 mB with
binding energies of 2.116 and 2.518 eV, respectively. Because of
the strong p-stacking interaction between 16(F)FePc and the
CNT, the 16(F)FePc molecule follows the CNT curvature with
a distance from the CNT surface of 3.36 Å. O2 is adsorbed on the
Fe metal centre with an end-on conguration, with O2 tilted to
the plane of the 16(F)FePc molecule, as shown in Fig. 4. The
possibility that O2 binds to the metal centre by a side-on
conguration (with O–O parallel to the plane of the 16(F)FePc
molecule) was also considered. However, this geometry was
shown to be unstable and relaxed to the end-on one. The end-on
orientation promotes the splitting of the O–O bond involving
a lower energy transition state and therefore lower activation
energy for the process. From simulation aer O–O bond
Table 3 Theoretical results for the binding energy of the 16(F)FePc mo
energy (Etotal) of 16(F)FePc-F-CNT complex, also with an adsorbed O2 mo
energy state. Binding energy (Eb) of O2 adsorbed on the metallic center
dFe–N4, dO–O, and dFe–O are bond distance between respective atoms

m (mB) Eb 16(F)FePc (eV) dFePc–F-CNT (Å) dFe–N4 (Å)

16(F)FeP

Etotal (eV

0 �2.116 3.358 1.947 E0 + 0.23
2 �2.078 3.359 1.954 E0
4 �2.518 3.359 1.955 E0 + 0.19

This journal is © The Royal Society of Chemistry 2019
breakage one O atom would be stabilized by a hydrogen bond to
one of the C atoms before the release of a hydroxyl anion. The
most stable state of the 16(F)FePc-CNT adduct has a magnetic
moment ofm¼ 0, whichmeans that the spin of themetal centre
couples antiferromagnetically with the spin of the O2 molecule.
The adduct is also stable with the m ¼ 2 mB and m ¼ 4 mB spin
states with 0.042 and 0.196 eV higher in energy, respectively.

The results for O2 binding to the metallic centre of the (16F)
FePc-CNT are shown in Table 3. In the most stable spin state, m
¼ 0, the binding energy of O2 is 0.655 eV and its bond length of
1.322 Å, which is 6.4% longer than that of in the O2 gas-phase.
For the other allowed spin states, the O2 binding energy
decreases, conrming that the m ¼ 0 state is the most stable
spin coupling of the adduct. An energy barrier of 1.2 eV for the
dissociation energy of O2 when adsorbed on the metal centre
was calculated through the NEB method, as was the minimum
energy path (Fig. 4(b)). In the saddle point, the O2 molecule
binds with both Fe and C atoms, showing that the dissociation
occurs on the surface of the 16(F)FePc-CNT catalyst. The energy
barrier for O2 dissociation on a Pt(111) surface has been
calculated to be of 0.7 eV.43 The ORR energy barrier obtained by
16(F)FePc-CNT, of 1.2 eV, suggests a good performance
comparable to Pt. The binding energy for the FeN4 and the
CoN4 complexes in the presence of CNT was calculated and
reported in Table 4. Activities for the same complexes for the
lecule adsorbed on a (8,8) CNT, for the allowed spin states (m). Total
lecule (O2-16(F)FePc-CNT) for the allowed spin states. E0 is the lowest
of the 16(F)FePc-CNT complex for the allowed spin states. dFePc-F-CNT,

c-CNT O2–16(F)FePc-CNT

Eb (O2) (eV) dO–O (Å) dFe–O (Å)) Etotal (eV)

2 E0 �0.655 1.322 1.832
E0 + 0.042 �0.612 1.322 1.890

7 E0 + 0.196 �0.458 1.315 2.064

J. Mater. Chem. A, 2019, 7, 24776–24783 | 24781
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Table 4 Theoretical results for the magnetic moment (m) and O2

binding energy (Ebind), for FePc-CNT, 16(Cl(FePc))-CNT, CoPc-CNT,
16(F)CoPc-CNT and 8b(2-Et-C6H11O)CoPc-CNT in their lowest
energy state

Compound m (mB) O2 Ebind (eV)

16(F)fePc-CNT 0 �0.655
FePc-CNT 0 �0.730
16(Cl)FePc-CNT 0 �0.660
16(F)CoPc 1 �0.325
CoPc 1 �0.380
8b(2-Et-C6H11O)CoPc 1 �0.345
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ORR were extracted from previous publications.17,44 The values
are reported in the graphical abstract where the activity of the
complexes at �0.255 V vs. the binding energy are correlated.
From these values a volcano correlation is reported in the
graphical abstract. The calculated binding energy of O2 to Fe
and the measured electrocatalytic activity of the complex agree
with positioning this complex on the top of a volcano correla-
tion where binding energy and activities are reported for several
MN4 complexes.

4. Conclusions

Fe hexadecauorophthalocyanine (16(F)FePc) was studied as an
electrocatalyst for the ORR. Because of uorine substituents on
the phthalocyanine ligand, electrons are dislocated from the Fe
center. EPR and XPS spectroscopy conrmed the pulling effect
of F� atoms. Aer exposition of the catalyst to O2 a signicant
energy shi of 1.5 eV was observed during XPS experiments,
indicating the presence of a stable Fe–O2 adduct. 16(F)FePc-
CNT exhibited the most positive redox potential for the Fe(III)/
(II) couple and the highest activity towards the ORR among
previously studied MN4. DFT calculations for the O2–M binding
energy and the minimum energy path for the O2 dissociation
were performed for various MN4. If the electrocatalytic activities
of the MN4 at constant driving force of the electrode versus the
M–O2 binding energy of each particular catalyst were compared
a volcano-shaped curve was obtained. 16(F)FePc-CNT sits at the
top of this volcano and is the most active MN4 catalyst for the
ORR.
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