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INTRODUCTION

It is a great honor for us to the dedicate this manuscript to the memory of Professor Sergio Trasatti that combines two prominent aspects of Professor Trasatti´s seminal contributions: fundamental electrocatalysis and volcano activity correlations, especially on the electrocatalytic activity of metals and metal oxides related to electrochemical energy conversion and industrial processes. Amongst metals, platinum and its alloys are the most active catalysts for the oxygen reduction reaction (ORR) in acidic medium [START_REF] Sasaki | Highly stable Pt monolayer on PdAu nanoparticle electrocatalysts for the oxygen reduction reaction[END_REF][START_REF] Greeley | Alloys of platinum and early transition metals as oxygen reduction electrocatalysts[END_REF][START_REF] Stamenkovic | Improved oxygen reduction activity on Pt3Ni(111) via increased surface site availability[END_REF] and still the most often employed materials for catalyzing the ORR in the highpH medium prevailing in the recently developed polymer electrolyte fuel cells with anion exchange membranes (AEMs). [START_REF] Merle | Anion exchange membranes for alkaline fuel cells: A review[END_REF][START_REF] Wang | A review of polymer electrolyte membrane fuel cells: Technology, applications, and needs on fundamental research[END_REF] However, due to the high cost and scarcity of platinum, many groups for decades have focused their research on the development of alternative catalysts based on less expensive and more abundant chemical elements, with the aim of replacing platinum at the O2 reducing cathode of both protonexchange membrane (PEM) and AEMbased fuel cells. [START_REF] Merle | Anion exchange membranes for alkaline fuel cells: A review[END_REF][START_REF] Wang | A review of polymer electrolyte membrane fuel cells: Technology, applications, and needs on fundamental research[END_REF] The slow kinetics of the ORR, even on Pt, is limiting the overall efficiency and power density of low temperature fuel cells. [START_REF] Sarapuu | Electrocatalysis of oxygen reduction on heteroatomdoped nanocarbons and transition metalnitrogencarbon catalysts for alkaline membrane fuel cells[END_REF][START_REF] Gottesfeld | Anion exchange membrane fuel cells: Current status and remaining challenges[END_REF][START_REF] Goubertrenaudin | Synthesis and characterization of carbonsupported transition metal oxide nanoparticles Cobalt porphyrin as catalysts for electroreduction of oxygen in acids[END_REF][START_REF] Ramaswamy | Alkaline AnionExchange Membrane Fuel Cells: Challenges in Electrocatalysis and Interfacial Charge Transfer[END_REF][START_REF] Firouzjaie | Catalytic Advantages, Challenges, and Priorities in Alkaline Membrane Fuel Cells[END_REF][START_REF] Liang | Co3O4 nanocrystals on graphene as a synergistic catalyst for oxygen reduction reaction[END_REF][START_REF] Gong | NitrogenDoped Carbon Nanotube Arrays with High Electrocatalytic Activity for Oxygen Reduction[END_REF][START_REF] Wu | Highperformance electrocatalysts for oxygen reduction derived from polyaniline, iron, and cobalt[END_REF][START_REF] Wu | 3D nitrogendoped graphene aerogelsupported Fe3O4 nanoparticles as efficient electrocatalysts for the oxygen reduction reaction[END_REF][START_REF] Li | Nonprecious metal catalysts synthesized from precursors of carbon , nitrogen, and transition metal for oxygen reduction in alkaline fuel cells[END_REF][START_REF] Suntivich | Design principles for oxygenreduction activity on perovskite oxide catalysts for fuel cells and metalair batteries[END_REF] Studies on platinum group metalfree catalysts have concentrated on the use of various catalyst precursors and macrocyclic ligands to prepare novel catalysts with reduced cost and lower overpotential for ORR. For example, MN4 complexes such as metallophthalocyanines and metalloporphyrins have been widely investigated as molecular catalysts for ORR since the mid1960s [START_REF] Jasinski | A New Fuel Cell Cathode Catalyst[END_REF] but they lack the longterm stability, necessary for fuel cell applications, especially in acid. However, they can serve as models for establishing reactivity guidelines for ORR on metalN4 centers. Due to their extended electronic πsystems, such macrocyclic complexes can undergo very fast and reversible redox processes centered on the metal ion as the processes involve very low reorganization energies. Therefore, they can act as mediators in electron transfer processes involving numerous reactants. [START_REF] Arthur | The Phthalocyanines volume 1: Properties and volume 2: Manufacture amd Applications, First Edit[END_REF][START_REF] Heinz | Katalyse an Phthalocyaninen[END_REF][START_REF] Manassen | Metal complexes of porhyrin like compounds as heterogeneous[END_REF][START_REF] Melson | Coordination Chemistry of Macrocyclic Compounds, 1 st[END_REF][START_REF] Leznoff | Phthalocyanines: Properties and Applications Volumen 3[END_REF][START_REF]Metallophthalocyanines as catalysts in electrochemical reactions[END_REF][START_REF] Zagal | Metallophthalocyaninebased molecular materials as catalysts for electrochemical reactions[END_REF][START_REF] Zagal | Redox Potentials as Reactivity Descriptors in Electrochemistry[END_REF] The FeN4 macrocycles are particularly interesting because of their structural similarity with the FeN4 active site in hemoproteins, comprising important biological catalysts such as cytochromes and peroxidases as well as the O2carrier hemoglobin. [START_REF] Michel | Cytochrome c oxidase: Structure and spectroscopy[END_REF] Even though such unadulterated MN4 macrocycles lack long term stability in the corrosive environment of acidic fuel cells and even perhaps in AEM fuel cells, they are interesting as a structural model with clearly identified active centers. Furthermore, their intrinsic catalytic activity can be modulated by changing the chemical structure of the macrocyclic ligand by adding targeted peripheral and nonperipheral functional groups or atoms on the ligand. [START_REF] Kadish | Redox Tunning of Metalloporphyrin Reactivity[END_REF] This chemical versatility facilitates the identification of reactivity descriptors that can in turn serve as powerful guidelines for the development of more active nonprecious metal catalysts more akin to solidstate chemistry, involving metalNx moieties integrated in carbon and graphitic matrices.

The ORR activity of metalloporphyrins and metallophthalocyanines has been shown to mainly depend on two factors, namely the chemical nature of the central metal ion, [START_REF] Zagal | Electrocatalytic reduction activity of metal phthalocyanines for oxygen reduction[END_REF] and the type of peripheral and nonperipheral substituents in the macrocycle. [START_REF] Yuasa | A Comparison of Several Meso Tetraalkyl Cobalt Porphyrins as Catalysts for the Electroreduction of Dioxygen[END_REF][START_REF] Song | Comparison of the Behavior of Several Cobalt Porphyrins as Electrocatalysts for the Reduction of O2 at Graphite Electrodes[END_REF][START_REF] Ozer | Electrochemistry porphyrins of various substituted aminophenyl iron Part II . Catalytic reduction of dioxygen by electropolymerized films[END_REF][START_REF] Bettelheim | Electrochemistry porphyrins of various substituted aminophenyl iron Part I . Redox properties of dissolved , adsorbed and electropolymerized species[END_REF][START_REF] Zagal | Reactivity Descriptors for the Activity of Molecular MN4 Catalysts for the Oxygen Reduction Reaction[END_REF][START_REF] Zagal | Mapping transition metalMN4 macrocyclic complex catalysts performance for the critical reactivity descriptors[END_REF][START_REF] Specchia | Mapping transition metal-nitrogen-carbon catalyst performance on the critical descriptor diagram[END_REF] In particular, the electronegative character of the peripheral substituent has been shown to play a key role on the turnover frequency for the ORR of the central metal cation. [START_REF] Venegas | Experimental reactivity descriptors of MNC catalysts for the oxygen reduction reaction[END_REF][START_REF] Abarca | In search of the most active MN4 catalyst for the oxygen reduction reaction. The case of perfluorinated Fe phthalocyanine[END_REF][START_REF] Govan | Influence of cyano substituents on the electron density and catalytic activity towards the oxygen reduction reaction for iron phthalocyanine[END_REF] Various strategies have been attempted and, when successful, developed in order to further increase the electrocatalytic activity and stability of such macrocyclic complexes. One can mention in particular efforts to improve; (i) their adsorption on various nanocarbon supports, [START_REF] Zagal | Carbon nanotubes and metalloporphyrins and metallo phthalocyaninesbased materials for electroanalysis[END_REF][START_REF] Kruusenberg | Oxygen Electroreduction on MultiWalled Carbon Nanotube Supported Metal Phthalocyanines and Porphyrins in Alkaline Media[END_REF][START_REF] Kruusenberg | Oxygen Electroreduction on MultiWalled Carbon Nanotube Supported Metal Phthalocyanines and Porphyrins in Acid Media[END_REF][START_REF] Peng | Probing the in fluence of the center atom coordination structure in iron phthalocyanine multiwalled carbon nanotubebased oxygen reduction reaction catalysts by Xray absorption fi ne structure spectroscopy[END_REF][START_REF] Yang | A comparative study of iron phthalocyanine electrocatalysts supported on different nanocarbons for oxygen reduction reaction[END_REF] (ii) their integration in or on the carbon surface (with partial or complete loss of the macrocycle structure) via heattreatment in an inert atmosphere, [START_REF] Visscher | On ActiveSite Heterogeneity in Pyrolyzed Carbon Supported Iron Porphyrin Catalysts for the Electrochemical Reduction of Oxygen : An In Situ Mossbauer Study[END_REF][START_REF] Lalande | Is nitrogen important in the formulation of Febased catalysts for oxygen reduction in solid polymer fuel cells?[END_REF][START_REF] Visscher | The selectivity of oxygen reduction by pyrolysed iron porphyrin supported on carbon[END_REF][START_REF] Dodelet | Molecular Oxygen Reduction in PEM Fuel Cells : Evidence for the Simultaneous Presence of Two Active Sites in FeBased Catalysts[END_REF][START_REF] Lefevre | Febased catalysts for the reduction of oxygen in polymer electrolyte membrane fuel cell conditions : determination of the amount of peroxide released during electroreduction and its influence on the stability of the catalysts[END_REF][START_REF] Kobayashi | Electrocatalytic Reduction of Oxygen Using Watersoluble Iron and Cobalt Phthalocyanines and Porphyrins[END_REF][START_REF] Zúñiga | Elucidating the mechanism of the oxygen reduction reaction for pyrolyzed FeNC catalysts in basic media[END_REF] or (iii) their covalent bonding to the carbon surface via an additional axial ligand, for example pyridine [START_REF] Cao | Promotion of oxygen reduction by a bioinspired tethered iron phthalocyanine carbon nanotubebased catalyst[END_REF][START_REF] Venegas | Biomimetic reduction of O2 in an acid medium on iron phthalocyanines axially coordinated to pyridine anchored on carbon nanotubes[END_REF][START_REF] Riquelme | Biomimicking vitamin B12. A Co phthalocyanine pyridine axial ligand coordinated catalyst for the oxygen reduction reaction[END_REF] and imidazole. [START_REF] Wei | Covalent Grafting of Carbon Nanotubes with a Biomimetic Heme Model Compound To Enhance Oxygen Reduction Reactions[END_REF] The latter strategy has allowed the tuning of the catalytic properties of Fe and Co phthalocyanines anchored via an axial ligand, modifying its M(III)/(II) redox potential and therefore its activity towards the ORR. This effect has also been observed using other types of supports, such as gold, where the FeN4 complexes are coordinated to a selfassembled monolayer (SAM). [START_REF] Ponce | Enhancement of the Catalytic Activity of Fe Phthalocyanine for the Reduction of O2 Anchored to Au (111) via Conjugated SelfAssembled Monolayers of Aromatic Thiols As Compared to Cu Phthalocyanine[END_REF][START_REF] Ponce | Enhanced catalytic activity of Fe phthalocyanines linked to Au(111) via conjugated selfassembled monolayers of aromatic thiols for O2 reduction[END_REF][START_REF] Ponce | Theoretical and experimental study of bonding and optical properties of selfassembly metallophthalocyanines complexes on a gold surface . A survey of the substrate a surface interaction[END_REF][START_REF] Pizarro | Building Pyridinium Molecular Wires as Axial Ligands for Tuning the Electrocatalytic Activity of Iron Phthalocyanines for the Oxygen Reduction Reaction[END_REF][START_REF] Gutiérrezceron | Molecular conductance versus inductive effects of axial ligands on the electrocatalytic activity of selfassembled iron phthalocyanines: The oxygen reduction reaction[END_REF] Heat treatment modifies the ligation around the Fe center shifting the Fe(III)/(II) to more positive values. [START_REF] Zagal | A Possible Interpretation for the High Catalytic Activity of HeatTreated NonPrecious Metal Nx/C Catalysts for O2 Reduction in Terms of Their Formal Potentials[END_REF] The combined effect of an optimized FePc redox potential and optimized bonding or adsorption of various FePc's on a carbon allotrope surface has not yet been systematically investigated. Cao et al. [START_REF] Cao | Promotion of oxygen reduction by a bioinspired tethered iron phthalocyanine carbon nanotubebased catalyst[END_REF] studied FePc on pyridinefunctionalized SWCNT. However, FePc is known to be located far off the maximum ORR activity in the volcano plot experimentally charted for the family of iron phthalocyanines. [START_REF] Zagal | Reactivity Descriptors for the Activity of Molecular MN4 Catalysts for the Oxygen Reduction Reaction[END_REF] FePc's functionalized by highly electronegative ligand substituents, thereby providing a more positive Fe(III)/Fe(II) redox potential, have demonstrated higher intrinsic ORR activity. This is especially the case of perfluorinated phthalocyanine that seems to exhibit the highest experimental activity for ORR, appearing on the apex of the volcano correlation. [START_REF] Abarca | In search of the most active MN4 catalyst for the oxygen reduction reaction. The case of perfluorinated Fe phthalocyanine[END_REF] In this work, we have investigated the combined effect of the SWCNT surface and of substituent of the ligand of the Fephthalocyanines on the ORR activity in alkaline medium. Namely, the present study evaluated the four combinations between SWCNT or pySWCNT as carbon supports, and the all hydrogen FePc or fully chlorinated 16(Cl)FePc as iron phthalocyanines. The incorporation of axial ligand to SWCNT leads to an increased ORR activity of the catalyst materials involving Fe phthalocyanines coordinated to pySWCNT compared to those involving the same phthalocyanines physically adsorbed on SWCNT.

MATERIALS AND METHODS

Materials and chemicals. The FeN4 complexes, iron phthalocyanine (FePc) and perchlorinated iron phthalocyanine (16(Cl)FePc), (Figure S1) were purchased from Sigma Aldrich and used as received.

Singlewall carbon nanotubes (SWCNTs) CG100 were obtained from CHASM Advanced Materials, USA with 90 wt.% carbon purity and an average diameter of 0.87 nm. Sodium nitrite (NaNO2) and 4aminopyridine (4Apy, purity  99%) were obtained from Merck and Sigma Aldrich, respectively. Sodium hydroxide (NaOH) and N,Ndimethylformamide (DMF) were purchased from Merck while ultrapure water used for all experiments was procured using a MilliQ water system (resistivity of 18.2 MΩ cm, Simplicity®, Merck).

Catalysts preparation. pySWCNTs and FeN4pySWCNT composites were prepared using a procedure described by Cao et al. based on the diazonium reaction. [START_REF] Cao | Promotion of oxygen reduction by a bioinspired tethered iron phthalocyanine carbon nanotubebased catalyst[END_REF] 2.5 g of NaNO2 was dissolved in 3.5 mL of water and cooled at 0 °C in an ice bath. Furthermore, 3.3 g of 4aminopyridine (4Apy) was dissolved in 2.5 mL of 4 M HCl and cooled at 0 ºC. Then the NaNO2 solution was added dropwise to the 4APy solution and the resulting yellow solution was stirred for 30 min at 0 ºC. 50 mg of SWCNTs were dispersed in 100 mL of DMF for 2 h using an ultrasonic bath. This dispersion was then cooled at 0 ºC and added dropwise to the yellow solution of 4Apy and NaNO2 prepared and maintained in a bath at 0 ºC. The mixture was reacted at 0 ºC for 3 h and then was stirred at room temperature for 15 h. The resulting product (pySWCNT) was collected by filtering and thoroughly washed with 2 M HCl, 2 M NaOH, water and acetone. The pySWCNT powder was dried overnight at 60 ºC in an oven, and then stored in dry conditions. Next, the FeN4pySWCNT composite materials were prepared by mixing 98.6 mg of pySWCNT and 50 mg of Fe phthalocyanine FePc or 16(Cl)FePc in DMF by refluxing with constant stirring at 150 ºC for 3 h with N2 bubbling (to prevent the possible oxidation of Fephthalocyanine macrocycles). The final product was filtered and washed with DMF until the filtrate became clear. Finally, this composite powder was dried overnight at 60 ºC in air.

The FeN4SWCNT composite materials were prepared by mixing 1 mg of SWCNTs, 1 mg of Fe phthalocyanines and 1 mL of DMF. This dispersion was sonicated for 30 min and subsequently left to stand for an incubation time of 24 h. The composite was collected via filtration with DMF and dried overnight at 60 ºC in air.

Material characterization. Raman spectroscopy measurements were performed on a microRaman system (Alpha 300, WITec GmbH) on Arrandee® gold slides of 12×12 mm at an excitation wavelength of 633 nm, power of 5.5 mW and objective lens with magnification 100x. The center of the spectrum was located at 1600 cm 1 and measurements were performed by recording 50 spectra per sample with 0.5 s integration time. The chemical composition of catalysts was studied with X ray photoelectron spectroscopy (XPS) using an XPS-Auger Perkin Elmer spectrometer model PHI1257 which includes an ultrahigh vacuum chamber, a hemispheric electron energy analyzer and an Xray source with Al Kα radiation (1486.6 eV). Power 200 W and emission angle 70º. Fe Kedge Xray absorption spectra of FePc and 16(Cl)FePc on SWCNT or pySWCNT were collected at room temperature and in transmission mode at the SAMBA beamline of the Synchrotron SOLEIL. [START_REF] Briois | SAMBA: The 4-40 keV Xray absorption spectroscopy beamline at SOLEIL, UVX 2010 10e[END_REF] The beamline was equipped with a sagittaly focusing Si 220 monochromator and two Pdcoated collimating/focusing mirrors; mirrors have been used to remove Xrays harmonics. The catalysts were pelletized as disks of 10 mm diameter with 1 mm thickness using cellulose powder as a binder.

Electrochemical studies. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) experiments were carried with a BasiEpsilon electrochemical workstation using a conventional threeelectrode system. The edge plane orientation of ordinary pyrolytic graphite (OPG), Pine Instruments, geometric area 0.196 cm 2 ) was used as a working rotating disk electrode (RDE). Prior to use, the OPG disk was polished with 800 grit SiC paper followed by 1200 and 2400 grit in sequence, and finally sonicated in deionized water for 5 min. An Ag/AgCl (3M KCl) electrode and a graphite bar were used as reference and counter electrodes, respectively. To prepare the working electrode, 1 mg of composite material was dispersed in 1 mL of DMF and sonicated for 30 min.

Then, a 10 μL aliquot of this ink dispersion was deposited on the surface of the OPG electrode, resulting in a catalyst loading of ca 50 g cm 2 . Cyclic voltammetry was used to determine formal potentials and surface concentrations of FePc and 16(Cl)FePc on the different substrates. CVs were recorded between 1.0 and 0.2 V vs. Ag/AgCl (3 M KCl) at a scan rate of 100 mV s 1 in a N2saturated 0.1 M NaOH solution. The surface concentration (Γ) of FePc and 16(Cl)FePc of the different hybrid systems (SWCNT or pySWCNT) on the electrode was estimated from the electrical charge (Q) obtained from the charge integration under the CV peaks attributed to the Fe(III)/(II) redox process and subtracting the background capacitive current using equation: Γ = where, n is the number of transferred electrons (n=1 in our case), F the Faraday constant (96,485 C mol 1 ) and A is the geometric area of the OPG electrode (0.196 cm 2 ).

LSVs were performed to measure the ORR activity in an O2saturated 0. 
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where qa and qb are the atomic charges on the atoms a and b of fragments A and B respectively; RaRb is the distance between atoms a and b. The more negative the Eels value, higher the stabilizing electrostatic interaction is; positive values indicate a repulsive interaction. The chemical nature of the bonding in the FePcSWCNT adducts was also studied by the AtomsinMolecules (AIM) technique. AIM quantifies the electron density (ρi) at the bond critical points (BCPs) of inter and intramolecular interactions and connected by bond paths. [START_REF] Becke | The Quantum Theory of Atoms in Molecules: From Solid State to DNA and Drug Design[END_REF] Covalent bonds, coordinate covalent bonds (highly polarized closedshell interactions), and weak electrostatic interactions are commonly characterized in the AIM analysis by ρi values in the range of ~0.50.2, 0.100.04 and ≤0.01 e/Bohr 3 at its BCPs, respectively. [START_REF] Becke | The Quantum Theory of Atoms in Molecules: From Solid State to DNA and Drug Design[END_REF] Mulliken charges, AIM analyses, and wavefunction analyses were performed in the Multiwfn 3.6 [START_REF] Lu | Multiwfn: A Multifunctional Wavefunction Analyzer[END_REF] code.

RESULTS AND DISCUSSION

Characterization of SWCNT and py-SWCNT

XPS spectra were acquired on the commercial carbon nanotubes in order to rule out the presence of metallic Fe particles that might come from their synthesis. A survey spectrum recorded for binding energies ranging from 0 to 800 eV (Figure S2) shows the signals of carbon (C1s) and oxygen (O1s) from carbonyl (C=O) and carboxyl (COOH) groups present on the surface of SWCNTs. From the insert of Figure S2, the highresolution spectrum acquired in the Fe2p region does not show any signal, demonstrating that either the synthesis of SWCNTs did not present Febased catalysts, or the Febased catalysts were successfully removed after the synthesis.

The incorporation of functional groups composed of light elements (e.g. N, O and S) in or on

SWCNTs can introduce additional functionalities that can promote electrocatalysis for a particular application and perhaps more important, can decrease the strong van der Waals interactions existing between unadulterated SWCNT, thus leading to their aggregation needed.

The functionalization of SWCNT by pyridine molecules was then first verified by XPS (Figure S3). The N1s core level spectrum for SWCNTspy shows a single peak at 398.7 eV, corresponding to the binding energy of pyridinic N and suggests that the pyridyl groups were successfully anchored on the carbon nanotubes. Due to a single layer of carbon in SWCNTs, the surface composition provided by XPS can in this case be also assumed to represent the bulk composition (the penetration depth of XPS in carbon materials is several nm). The N speciation in pySWCNT is shown to be exclusively pyridinic nitrogen, as expected. We also investigated pySWCNT with Raman spectroscopy. Raman spectroscopy is a powerful tool for the characterization of carbon materials in general and of SWCNT in particular. In the case of SWCNT, it has been reported that Raman spectroscopy can monitor the chemical and/or electronic changes upon surface functionalization.

Figure 1. Raman spectra of SWCNT (black curve) and pySWCNT (red curve) recorded with a 633 nm excitation wavelength. The spectra were normalized to the intensity of the Gband at 1592 cm 1 .

Figure 1 shows the Raman spectra for SWCNT (solid black curve) and pySWCNT (solid red curve), both showing the wellknown D and G bands. The Dband commonly observed between 1300 and 1400 cm 1 for all carbon materials, is called the defectband. [START_REF] Graupner | Raman spectroscopy of covalently functionalized singlewall carbon nanotubes[END_REF] For SWCNT with identical length and diameter, the relative intensity gives an approximate degree of functionalization. [START_REF] Graupner | Raman spectroscopy of covalently functionalized singlewall carbon nanotubes[END_REF] , [START_REF] Bayazit | PyridineFunctionalized SingleWalled Carbon Nanotubes as Gelators for Poly (acrylic acid) Hydrogels[END_REF] It is here verified that the Raman spectrum of pySWCNT shows a significant increase in the relative intensity of the Dband at 1305 cm 1 compared to SWCNT (inset of Figure 1), with an ID/IG ratio of 0.066 for pySWCNT versus 0.043 for SWCNT. This indicates that the pyridine molecules are covalently bonded to the carbon nanotubes external wall, via the conversion of some sp 2 carbon atoms on the surface of SWCNT into sp 3 carbon atoms in pySWCNT. [START_REF] Strano | Electronic Structure Control of SingleWalled Carbon Nanotube Functionalization[END_REF] 

Surface characterization of FeN4-py-SWCNT catalysts

The electronic structure of Fe for the commercial Fephthalocyanines and hybrid materials was investigated by XPS. The Fe2p core level spectra of Figures 2 (A) and (B) show the presence of Fe ion in the oxidized state Fe(III), but also some in the Fe(II) state for ex situ FePcpySWCNT and 16(Cl)FePcpySWCNT. The Fe2p highresolution spectra shows two regions around 710 and 723 eV, due to spinorbit coupling leading to a splitting of the 2p3/2 and 2p1/2 transitions, respectively. [START_REF] Peng | Probing the in fluence of the center atom coordination structure in iron phthalocyanine multiwalled carbon nanotubebased oxygen reduction reaction catalysts by Xray absorption fi ne structure spectroscopy[END_REF] The fitting components at 710 and 723 eV are assigned to Fe 2+ while the contributions at 712 and 725 eV are assigned to Fe 3+ . [START_REF] Biwer | Electron spectroscopic study of the iron surface and its interaction with oxygen and nitrogen[END_REF] Both spectra necessitate a third component at ca 714 eV corresponding to the binding energy of the Fe 2+ satellite 2p1/2. [START_REF] Bhargava | Characterization of the "native" surface thin film on pure polycrystalline iron: A high resolution XPS and TEM study[END_REF] In the Fe2p3/2 core level spectra in both FePcpySWCNT and 16(Cl)FePcpySWCNT, a shift to higher binding energy from 710 to 711.1 eV and an increment of the intensity of the Fe 3+ component is observed compared to FePc SWCNTs and 16(Cl)FePc. This displacement is compatible with a decrease in the electron density around the iron atom in the phthalocyanine structure, attributed to the presence of the axial ligand pyridine that generates a displacement of the population of electrons in the iron atom and in addition to the presence of the chlorine atoms on the ligand in 16(Cl)FePc, which is in agreement with previous studies [START_REF] Cao | Promotion of oxygen reduction by a bioinspired tethered iron phthalocyanine carbon nanotubebased catalyst[END_REF][START_REF] Venegas | Biomimetic reduction of O2 in an acid medium on iron phthalocyanines axially coordinated to pyridine anchored on carbon nanotubes[END_REF][START_REF] Huang | Heat treated Tethered Iron Phthalocyanine Carbon Nanotubebased Catalysts for Oxygen Reduction Reaction in Hybrid Fuel Cells[END_REF] and with voltammetric data (vide infra). The fitting of the N1s XPS spectra for the two pyfunctionalized SWCNT samples (Figure S4) shows two welldefined fitting components, with binding energy at around 399.2 and 401.2 eV assigned to meso and metalligating pyrrole (FeNx) from the phthalocyanines, respectively, and graphitic nitrogen of the structure of phthalocyanine. [START_REF] Peng | Probing the in fluence of the center atom coordination structure in iron phthalocyanine multiwalled carbon nanotubebased oxygen reduction reaction catalysts by Xray absorption fi ne structure spectroscopy[END_REF][START_REF] Ouedraogo | Xray photoelectron spectroscopy of phthalocyanine compounds[END_REF] , When the phthalocyanine is adsorbed on the external surface of SWCNTs [START_REF] Peng | Probing the in fluence of the center atom coordination structure in iron phthalocyanine multiwalled carbon nanotubebased oxygen reduction reaction catalysts by Xray absorption fi ne structure spectroscopy[END_REF][START_REF] Arrigo | Dynamic surface rearrangement and thermal stability of nitrogen functional groups on carbon nanotubes[END_REF] the same contributions are observed, with a slight increase in the intensity of the ratio of graphiticnitrogen/metalligating N, attributed to the presence of nanotubes. Finally, the FePcpySWCNT and 16(Cl)FePcpySWCNT samples show a third component at 397.2 eV, corresponding to pyridine nitrogen [START_REF] Ibrahim | Synthesis, characterization, and electrical properties of nitrogendoped single walled carbon nanotubes with different nitrogen content[END_REF] and a fourth pyridine oxide (403.8 eV). [START_REF] Peng | Probing the in fluence of the center atom coordination structure in iron phthalocyanine multiwalled carbon nanotubebased oxygen reduction reaction catalysts by Xray absorption fi ne structure spectroscopy[END_REF][START_REF] Arrigo | Dynamic surface rearrangement and thermal stability of nitrogen functional groups on carbon nanotubes[END_REF] This suggests that the pyridine ligand exists when it is coordinated to the Fe center of the phthalocyanine. The XANES spectrum of 16(Cl)FePc shows some differences in the edge region up to 7152 eV.

These differences are due to a different stacking arrangement of the phthalocyanine rings in the crystal structure of 16(Cl)FePc, where ππ stacking interactions are distinctive features of this compound, without any modification of the macrocycle geometry. [START_REF] Konarev | Layered Salts with Iron Hexadecachlorophthalocyanine Anions -The Formation of [{FeCl16Pc}2]3-Dimers Containing [FeICl16Pc(2-)]-and Diamagnetic [Fe0Cl16Pc(2-)]2[END_REF] Another spectral signature is the intense preedge peak at 7118.0 eV, that has been assigned to a 1s → 4p z shakedown transition, characteristic of squareplanar configurations with high D4h symmetry. [START_REF] Zitolo | Identification of catalytic sites for oxygen reduction in iron and nitrogendoped graphene materials[END_REF][START_REF] Kim | In situ Structural Investigation of Iron Phthalocyanine Monolayer Adsorbed on Electrode Surface by Xray Absorption Fine Structure[END_REF] In contrast, the XANES spectra of 16(Cl)FePcSWCNT and 16(Cl)FePcpySWCNT show no preedge peak at 7118.0 eV, but a preedge peak at approximately 7114 eV (not seen for 16(Cl)FePc), assigned to a dipoleforbidden but quadrupoleallowed 1s → 3d transition, typical for squarepyramidal Fe(III)

complexes. [START_REF] Cartier | XRay Absorption Spectroscopy of Iron(II) and (IIl) Baskethandle Porphyrins[END_REF] The presence of this preedge peak for 16(Cl)FePcSWCNT and 16(Cl)FePcpy SWCNT may be caused by some impurity atoms (such as oxygen atoms) between the phthalocyanine structure and the SWCNTs [START_REF] Peng | Probing the in fluence of the center atom coordination structure in iron phthalocyanine multiwalled carbon nanotubebased oxygen reduction reaction catalysts by Xray absorption fi ne structure spectroscopy[END_REF] or due to the fact that part of the phthalocyanine was oxidized to form oxo derivatives, having a squarepyramidal symmetry, because it is known that the iron phthalocyanines easily oxidized in the presence of air. [START_REF] Kim | In situ Structural Investigation of Iron Phthalocyanine Monolayer Adsorbed on Electrode Surface by Xray Absorption Fine Structure[END_REF] 3.3 Computational studies DFT studies were performed to get a detailed picture of the surface characterization of the FeN4 SWCNT and FeN4pySWCNT catalysts. Figure 4 shows the most stable interaction modes of the formed adducts and Table I displays their properties. In all the calculations, an armchair [START_REF] Sarapuu | Electrocatalysis of oxygen reduction on heteroatomdoped nanocarbons and transition metalnitrogencarbon catalysts for alkaline membrane fuel cells[END_REF][START_REF] Sarapuu | Electrocatalysis of oxygen reduction on heteroatomdoped nanocarbons and transition metalnitrogencarbon catalysts for alkaline membrane fuel cells[END_REF] SWCNT (diameter 8.2 Å) was implemented as representative of the experimentally used SWCNT, this is according to the conductor character and average diameter (8.7 Å). Although the [2+1]cycloaddition is expected to give higher stability for these adducts, the short intermolecular distances between aromatic systems are expected to rise destabilizing contributions due to volumeexclusion effects when two fragments are compressed (Pauli repulsion), which are also responsible by the differences in intermolecular distances. In other words, the electronic part of the interaction is repulsive, and the adsorption energies are mainly favored by the contribution of stabilizing longrange interactions. In this regard, the contribution of dispersion forces (EvdW, Table I) is higher in both cases, contributing up to 3.18 eV to the adsorption energy. The high stability of the 16(Cl)FePc─SWCNT system compared to

FePc─SWCNT is also explained by a larger contribution of dispersion forces in the former, which agree with the concave structure of 16(Cl)FePc on SWCNT (Figure 4b). In addition, phthalocyanines are highly electrophilic compounds; so their interaction with SWCNT induces electron transfer in the SWCNTSFePc direction as noted in Table I. The SWCNT charge after interaction (QSWCNT) is of the order of 0.20.4|e|. The higher electronegativity of Cl relative to H (2.8 (Cl), 2.2 (H), in the Pauling scale) increases the electron transfer from SWCNT to 16(Cl)FePcSWCNT compared to that observed for FePc on SWCNT (0.39 vs 0.15), and also for 16(Cl)FePcpySWCNT compared to FePcpySWCNT (0.29 vs 0.25). The higher charge transfer from SWCNT or pySWCNT towards 16(Cl)FePc leads to a higher stability of the 16(Cl)FePc─(py)SWCNT systems as revealed by the lower energies of the later. This stability is not related to its stability as a catalyst under operating conditions. The electrostatic interaction energies (Eels) are attractive in both systems, but more stabilizing for the 16(Cl)FePc─SWCNT system as noted in Table I. In the case of pySWCNT, the interactions between FePc or 16(Cl)FePc and pySWCNT are modified by the presence of the N─Fe bonding of 1.9 Å in length. This results in higher adsorption energies, especially for the FePc case 

Electrochemical evaluation of catalysts for ORR

Iron(II) phthalocyanines exhibit welldefined and characteristic redox processes centered on the ligand and on metal center. [START_REF] Leznoff | Phthalocyanines: Properties and Applications Volumen 3[END_REF] Those redox process centered on the metal are related to the catalytic activity. Figure 6A shows cyclic voltammograms of bare OPG and OPG coated with SWCNT and pySWCNT, measured in N2saturated 0.1 M NaOH solution. All CVs of these Fefree electrodes present a pure capacitive response, without redox peaks in the potential region expected for the Fe(III)/(II) redox system, indicating that the electrodes are rather inert in the electrolyte solution used and in the potential range studied. Some weak signals around ca. 0 V can be attributed to some functionalities present on the carbon materials. In the case of OPG coated with SCWNTs and py SWCNTs, the CV curves have a greater capacitive current compared to that of bare OPG, attributed to an increase in the carbon nanotube's surface area in contact with the electrolyte. [START_REF] Banks | Investigation of modified basal plane pyrolytic graphite electrodes : definitive evidence for the electrocatalytic properties of the ends of carbon nanotubes[END_REF] Additionally, OPG modified with SWCNT and pySWCNT shows weak redox signals at ca. 0 V, attributed to the functional groups generated after the partial oxidation of the carbon nanotubes for its functionalization (e.g. carbonyl, carboxylic acids and ketones).

Figure 6B shows cyclic voltammograms for FePc and 16(Cl)FePc coated on OPG, and also for the four materials resulting from the combination of either SWCNTs or pySWCNT support and FePc and 16(Cl)FePc, measured in N2saturated 0.1 M NaOH solution. In all systems, the presence of two distinct redox processes are observed and attributed to the Fe(II)/(I) and Fe(III)/(II) reversible transitions. [START_REF] Zagal | Metallophthalocyaninebased molecular materials as catalysts for electrochemical reactions[END_REF] , [START_REF] Bedioui | Tuning the redox properties of metalloporphyrin and metallophthalocyaninebased molecular electrodes for the highest electrocatalytic activity in the oxidation of thiols[END_REF] Both Fe(II)/(I) and Fe(III)/(II) formal potentials of FeN4 are related to the electrocatalytic activity for several electrochemical reactions [START_REF]Metallophthalocyanines as catalysts in electrochemical reactions[END_REF][START_REF] Zagal | Metallophthalocyaninebased molecular materials as catalysts for electrochemical reactions[END_REF][START_REF] Zagal | Redox Potentials as Reactivity Descriptors in Electrochemistry[END_REF][START_REF] Zagal | Electrocatalytic reduction activity of metal phthalocyanines for oxygen reduction[END_REF][START_REF] Zagal | Mapping transition metalMN4 macrocyclic complex catalysts performance for the critical reactivity descriptors[END_REF][START_REF] Venegas | Experimental reactivity descriptors of MNC catalysts for the oxygen reduction reaction[END_REF][START_REF] Abarca | In search of the most active MN4 catalyst for the oxygen reduction reaction. The case of perfluorinated Fe phthalocyanine[END_REF][START_REF] Govan | Influence of cyano substituents on the electron density and catalytic activity towards the oxygen reduction reaction for iron phthalocyanine[END_REF][START_REF] Zagal | Carbon nanotubes and metalloporphyrins and metallo phthalocyaninesbased materials for electroanalysis[END_REF] and it can be used as reactivity descriptors. In our case, the Fe(III)/(II) redox potential (highlighted in Figure 6B is the reactivity descriptor for ORR. It has been found that the potential of this redox system correlates well with the onset of the ORR, and therefore the more positive the Fe(III)/(II) redox potential, the higher the activity. [START_REF] Zagal | Metallophthalocyaninebased molecular materials as catalysts for electrochemical reactions[END_REF][START_REF] Masa | Oxygen reduction reaction using N4 metallomacrocyclic catalysts: fundamentals on rational catalyst design[END_REF] It is interesting to note that for all catalysts the Fe(II)/(I) and Fe(III)/(II) voltammetric response is rather reversible for the potential scan rate used, considering that the phthalocyanines show slightly curved structures. This curvature might diminish the aromaticity of the whole phthalocyanine structure but this effect is not noticed in the redox response. For the Fe(III)/(II) redox processes in cyclic voltammograms presented in Figure 6B, 16(Cl)FePcOPG has a more positive redox potential compared with FePcOPG (Table II). This is due to the electron withdrawing effect of the -Cl atoms, distributed in all positions in the phthalocyanine ligand.

The shift of the Fe redox couple to more positive values also increases with the incorporation of carbon nanotubes that provides a greater area for adsorption of iron complexes and therefore a greater II.

The promotion of oxygen reduction in alkaline media for FephthalocyaninepySWCNT composite is attributed to the change of coordination and geometry of the complex (pentacoordinated), causing that the active site of Fe be more positive than fourcoordinated FephthalocyanineSWCNT system. [START_REF] Cao | Promotion of oxygen reduction by a bioinspired tethered iron phthalocyanine carbon nanotubebased catalyst[END_REF] In addition, the presence of electronwithdrawing substituents on the Fecomplex causes an additional contribution to the electrocatalytic effect for ORR. In Figure 7 a and b, the polarization curves indicate that the FeN4pySWCNT systems shift the onset potential to 1112 mV more positive compared to the same complex adsorbed on pristine SWCNTs. Moreover, when comparing both axially coordinated systems, the onset potential shifts ca. 40 mV to more positive for 16(Cl)FePcpySWCNT compared to FePcpySWCNT, tracking somehow the shift of the Fe(III)/Fe(II) potential. The coordination of both axial positions in FePc (octahedral complex geometry) is energetically much more favorable than the single axial site coordination (square pyramidal geometry of the complex). A parameter that reflects the overall ORR mechanistic pathway is the percentage of peroxide formed. For FeN4 catalysts, the ORR typically involves a fourelectron transfer pathway to produce H2O without any detectable amounts of H2O2. [START_REF] Zagal | A Mechanistic Study of O2 Reduction on Water Soluble Phthalocyanines Adsorbed on Graphite Electrodes[END_REF] In addition, the presence of peroxide is not a desirable product since it can decrease the catalyst stability in a fuel cell. [START_REF] Lefevre | Febased catalysts for the reduction of oxygen in polymer electrolyte membrane fuel cell conditions : determination of the amount of peroxide released during electroreduction and its influence on the stability of the catalysts[END_REF] The kinetics of the ORR on the catalysts was evaluated quantitatively by polarization curves taken on a rotating ringdisk electrode (RRDE). The peroxide yield and the number of electron transferred (n) was calculated by the following equations.[90]

% = 100 × 2 ( + )/ [1] = 4 × + [2]
where I d is disk current, I r is ring current and N is the collection efficiency of the Pt ring. For Fe phthalocyaninepySWCNT catalysts, the % H2O2 is lower (0.04%) than Fephthalocyanine SWCNT. Also, the number of transferred electrons for all systems is close to four, which confirms that essentially the electroreduction of oxygen proceeds via the transfer of 4 electrons. 17,24,50,79,80 Masstransport corrected Tafel plots of kinetic current density versus applied potential are shown in Figure 8. For the FeN4pySWCNT catalysts, the Tafel slopes are close to 0.031 to 0.033 V dec 1 (Table II) at low overpotentials. For our case, the two first elementary steps of ORR on FeN4 macrocycles can be described as Eqs. [START_REF] Zagal | Mapping transition metalMN4 macrocyclic complex catalysts performance for the critical reactivity descriptors[END_REF], a mechanism generally proposed in the literature. If one assumes Eq 3 to be the ratedetermining step, one would expect a Tafel slope of 120 mV dec 1 , not in line with experiment. However, if one assumes Eq 4 to be the rate determining step, then a Tafel slope close to 0.039 V dec 1 can be expected in the potential region where the surface concentration of Fe(II) is potentialdependent: 82 Since the electrodes exhibit different densities of active sites it is important to compare the activities by normalizing to G, the surface coverage observed with smooth OPG electrodes. G can be estimated from the electrical charge under the redox observed in Figure 6 after substracting the capacitive background currents so G = Q/nFA where Q is the electrical charge in Cb, n=1 for redox process involving the Fe center, F is the Faraday constant and A is the area of the electrode in cm 2 . Figure 9 show the plots of electrocatalytic activity expressed as log (j/x) measured at a constant overpotential vs the ORR where x = GFePcSWCNT/GFePcOPG or GFePcpySWCNT/GFePcOPG. GFePcOPG is the surface concentration of FePc on OPG and GFePcSWCNT or GFePcpySWCNT are the surface concentrations of FePc on SWCNT or pySWCNT, so x is greater than unity for SWCNTcoated electrodes, which are rougher than smooth OPG electrodes. The same applies in the case of systems with 16(Cl)FePc. The correction for the factor x was done as the surface concentration of FePc change for each SWCNT used and are much higher than those on OPG. This correction carries the assumption that the reaction is first order in [FePc]ad. It is interesting to note that the new data reported in this work fall on one side of a volcano correlation reported before [START_REF] Zagal | Reactivity Descriptors for the Activity of Molecular MN4 Catalysts for the Oxygen Reduction Reaction[END_REF]. This side of the volcano corresponds to the strong binding region so essentially electron withdrawing groups on the ligand decrease the FeO2 binding energy and move the catalyst to the top of the volcano correlation. In our recently published paper we consider that the two linear correlations seem to be part of an incomplete volcano correlation as illustrated in the right side of Figure 10. However, when plotting activities as (logi)E versus the MO2 binding energies to the MN4 catalysts, a volcano correlation is indeed obtained [START_REF] Zagal | Reactivity Descriptors for the Activity of Molecular MN4 Catalysts for the Oxygen Reduction Reaction[END_REF], which is essentially similar to what is observed for metal electrodes. These two volcano correlations have something in common, in both correlations (metal catalysts versus MN4 molecular catalysts) 4electron reduction catalysts appear on the same side of the volcano, i.e. the strong MO2 binding side. On the weak binding side appear the twoelectron reduction catalysts.

Another interesting reactivity descriptor for ORR that is becoming very common is the turnover frequency that is defined as

[ ] = [ ] • , [ ]
Where I is the experimental current density, n is the total amount of electrons transferered per O2 molecule, which in our case is equal to 4, and electrical charge of M(II) active species QM,active . It is well accepted that M(II) species are active for ORR, especially in alkaline media where M(III) species bind OH very strongly and are then inactive. The fraction of catalyst in the M(II) state at any potential can be estimated using the Nernst equation for adsorbed species, assuming ideal behavior as:

( ) = ( -/ )/ [1 + ( -/ )/ ] 1 [1 + ( - / )/ ]
All catalysts studied present E°II/I values that are well below the experimental potentials studied for ORR, the first term in the above equation is equal to unity so θM(II) is given by:

M(II) = 1 [1 + ( - / )/ ]
The effective charge that accounts for the real number of active sites is QM effective = θM(II)Qtotal since Fe(III) is not active for ORR.

For catalysts that have E°'M(III)(II) redox potentials much more positive than the working potentials at which catalytic currents are observed θM(II) is equal to unity. But this not true for some catalysts. first order in surface concentration of Fe(II) sites but the activity per active sites increases in that region of the volcano, similarly to homogeneous catalytic redox processes [START_REF] Kobayashi | Electrocatalytic Reduction of Oxygen Using Watersoluble Iron and Cobalt Phthalocyanines and Porphyrins[END_REF] According to the Sabatier Principle, [START_REF] Zagal | Reactivity Descriptors for the Activity of Molecular MN4 Catalysts for the Oxygen Reduction Reaction[END_REF] for maximum catalytic activity the energy of the binding of the reacting molecule needs to be moderate, i.e. not too strong, not too weak and essentially explains the shape of the correlation where low activity is observed for both low MO2 binding and high M O2 binding energy regions of the complete volcano correlation. The shape of the volcano can also be explained using a Langmuir isotherm that essentially defines the fraction of atomically dispersed of Fe centers occupied with O2 (), i.e. fraction of MO2 species present on the catalytic surface in relation to the total of Fe sites. Catalysts binding O2 very weakly give very low values of  and low activities and the opposite is true for catalysts binding O2 very strongly which give values of  close to unity, and in that case practically all the surface sites are occupied with O2 bound intermediates, blocking the active sites and again give very low activities. These two extreme cases represent the foothills of both sides of the volcano correlation. For the particular case of the reduction of O2, but similar derivations can be shown for other electrochemical reactions:

G°O2

[MN4]ad + O2(aq) + e  [O2MN4 ]ad [START_REF] Merle | Anion exchange membranes for alkaline fuel cells: A review[END_REF] Depending on the catalyst this equation will be shifted to the product (strong adsorption) or to the reactants (weak adsorption) but it is also a potentialdependent process. It is important to emphasize that reaction ( 4) is not at equilibrium. The kinetic current density for a given potential and ∆G°ad consistent with the ButlerVolmer formalism is given by the following equation:

i = nFk GM(II)cO2 (1 θ) exp(βFE/RT) exp(β'∆G°ad/RT) (i)
Since ORR is an irreversible reaction we can ignore the anodic contribution to the process.

Parameters: nF, k adjustable and n=4 in our case, E adjustable (vs SCE),  and ' approximately 0.5, ∆G°ad = nFE° +C, where E° = formal potential of each catalyst 0 < θ M(II) < 1 depending on E, C is a constant. [START_REF] Zagal | Reactivity Descriptors for the Activity of Molecular MN4 Catalysts for the Oxygen Reduction Reaction[END_REF] Very negative values of E°' correspond to strong O2 binding to Fe and the opposite is true for more positive E°' values.

The first exponential factor in equation (i) comes from the ButlerVolmer equation and the second from the fact that the reactant adsorbs in a concerted fashion with the oneelectrontransfer step. cO2

is the surface concentration of O2 at the interface, equal to the bulk concentration in the absence of masstransport limitations, GM(II) is the surface concentration of the complex in the M(II) active state, (1θ) is the fraction of atomically dispersed Fe active sites that are not occupied by ORR intermediates and ∆G°ad is the free energy of adsorption of O2 on the M active sites. The rest of the terms have their usual meaning. The coverage of adsorbed O2 can be assumed to follow a Langmuir isotherm as in:

= △ ° △ ° (ii)
In volcano plots, the activities for different catalysts are compared at constant E, so the Butler Volmer exponential term, for simplicity can be included into a constant k' as k'= k exp(βFE/RT)

. For small coverages G°O2 is positive so equation (i) can be written as:

i = nFk'GM(II)pO2(1θad) exp(β'∆G°ad/RT) (iii) (1θ) = G ( ) △ ° △ ° - G ( ) △ ° △ ° (iv) (1θ) = △ (iv) i = ′G ( ) ( β'∆ ° / ) △ (v)
Equation (v) essentially describes the shape of the volcano plot and that the maximum current density will be observed for G°O2 = 0 and the maximum current at the apex of the volcano is:

i = nFk'GM(II)pO2/[ 1 + CO2 ] (vi)
For strong adsorption G°O2 is large and has a negative sign so 1 << pO2exp(GO2 /RT) so the general equation (v) becomes: where the activity of a great variety of Cr, Mn and FeN4 catalysts (from previous work) [START_REF] Zagal | Reactivity Descriptors for the Activity of Molecular MN4 Catalysts for the Oxygen Reduction Reaction[END_REF] is

Figure 2 .

 2 Figure 2. XPS Fe2p spectra of (A) FePc, FePcSWCNTs and FePcpySWCNTs samples. (B) 16(Cl)FePc, 16(Cl)FePcSWCNTs and 16(Cl)FePcpySWCNTs samples.

  more precisely determine the coordination geometry around Fe ions in 16(Cl)FePc SWCNTs and 16(Cl)FePcpySWCNTs, Xray Absorption NearEdge Structure (XANES) spectra were acquired.

Figure 3 .

 3 Figure 3. Comparison between the Fe Kedge XANES experimental spectra of 16(Cl)FePc (dot gray curve), 16(Cl)FePcSWCNT (dotred curve) and 16(Cl)FePcpySWCNTs (solid black curve).

Fig. 4 .

 4 Fig.4. Optimized molecular structures of FePc and16(Cl)FePc on SWCNT and pySWCNT.

  nanotube is small enough to allow the [2+1]cycloaddition binding mode between the Fe atom of the complexes and one C─C bond in the SWCNT (2 C atoms+ 1Fe atom), where the intermolecular Fe─C distances in the 16(Cl)FePc─SWCNT system are higher (2.8 Å) compared to those in the FePc─SWCNT system (2.5 Å) (Figures 4ab).

( 1 .

 1 18 vs 0.53) compared to 16ClFePC (1.40 and 1.28) and with adsorption energies of 1.21.4 eV, indicating that the interaction involve chemical (chemisorption) as suggested from XPS measurements. As expected, the contribution of dispersion forces decreases due to the major role of the N─Fe interaction. Note that from the theoretical calculations, FePc and 16(Cl)FePc display a tilted position when placed on pySWCNT; in this way, dispersion and electrostatic stabilizing contributions increase the stability of the formed adducts. Finally, the order of stability among all the adducts varies as 16(Cl)FePcpySWCNT>FePcpySWCNT>16(Cl)FePcSWCNT>FePc SWCNT. Wavefunction analyses were also performed to give additional insights into the role of the [2+1]cycloaddition between FePc and 16(Cl)FePc with intrinsic SWCNT (Figure5). In the case of the FePcSWCNT adduct (Figure5a), the AIM analysis suggests that the electron density (i) at the BCP of the Fe─C bonds is similar in magnitude to that of the covalent C─C bond in the SWCNT (i0.28 e/Bohr 3 ). The Fe─C bonds then show a mainly covalent character with weak bond polarization. The latter is explained by the accumulation of electron density in the CFeC three center bond as noted from the map of electron density difference after the interaction (red solid lines at the right of Figure5a). Therefore, the relative lowest stability of the FePcSWCNT adduct is explained by the volumeexclusion effects due to the short intermolecular distances caused by the [2+1]cycloaddition. Conversely, the 16(Cl)FePcSWCNT adduct shows i values at the BCPs of the Fe─C bonds of the order of 0.02 e/Bohr 3 (Fig.2b), indicating that the Fe─C bonds have a highly polarized character as expected in closedshell interactions (coordinate covalent bond). Unlike the case of FePcSWCNT, there is no major accumulation of electron density in the CFeC threecenter bond of the16(Cl)FePcSWCNT adduct (Figure5b), which is explained by the higher acceptor properties of the 16(Cl)FePc ligand. The latter causes an increase in the intermolecular distances in the site of interaction, and in consequence, decreasing the volumeexclusion effects and increasing the magnitude of the stabilizing terms due to longrange interactions. Similarly, the chemical nature of the Fe─N bond formed by the interaction of FePc and 16(Cl)FePc on pySWCNT is determined by differences in the electronwithdrawing character of the complex. Hence, the Fe─N bond on the FePcpySWCNT system is mainly covalent with a weak polarization (i0.27 e/Bohr 3 ) due to accumulation of electron density in the bonding region while the Fe─N bond on the 16(Cl)FePcpy SWCNT system is relatively highly polarized (i0.11 e/Bohr 3 ) due to the high electronwithdrawing character of the 16(Cl)FePc complex. Therefore, the square pyramidal symmetry of the coordination environment of Fe (as suggested from XANES experiments) is a result of the threecenter bond ([2+1]cycloaddition) of the complexes onto intrinsic SWCNT, and due to the intermolecular Fe─N bond by interaction onto pySWCNT. Even in all the cases, DFT computations show that the Fe atom protrudes from the phthalocyanine plane by up to 0.2 Å, indicating the key role of the intermolecular interactions on the coordination environment of Fe(II).

Figure 5 .

 5 Figure 5. Each inset shows i) the gradient+contour map with topology paths of electron density along with the electron density values at bond critical points (left), and ii) map of electron density difference after interaction (right), where the regions having an increased electron density and decreased electron density during formation of the adducts are depicted by red solid lines and blue dashed lines, respectively.

  Figure 6. A. Cyclic voltammograms of OPG and modified OPG electrode with SWCNT and py SWCNT. B. Cyclic voltammograms of FePc and 16(Cl)FePc macrocyclic complexes on OPG, SWCNT and pySWCNT in 0.1 M NaOH N2saturated at 100 mV s 1 (electrode area: 0.196 cm 2 ).

Figure 7

 7 Figure 7 compares polarization curves for the oxygen reduction reaction for a rotating graphite disk

[ 4 ]Figure 7 .

 47 Figure 7. RDE polarization curves for O2 reduction on: (a) FePc and (b) 16(Cl)FePc attached to OPG, SWCNT/OPG and pySWCNT/OPG electrodes (c) comparisons of the best catalysts. in 0.1 M NaOH solution saturated with O2. Electrode rotation rate: 1600 rpm, scan rate: 5 mV s 1 and carbon nanotube loading of 50 μg cm 2 .

Figure 8 .

 8 Figure 8. Tafel plots for oxygen reduction reaction in 0.1 M NaOH on OPG electrodes modified with FeN4SWCNT and FeN4pySWCNT. Data derived from Figure 7.

Figure 9 .

 9 Figure 9. Plot of electrocatalytic activity as log(j/x) measured at 0.21 V for ORR vs. the formal potential of Fe(III)/(II).

Figure 9

 9 Figure 9 compares the catalytic activity of the different electrodes, at a constant potential. The O2

Figure 10 .

 10 Figure 10. Volcano plots of electrocatalytic activity as log(j/x) measured at 0.21 V for ORR vs. the Fe(III)/(II) formal potential of the catalyst. All data measured in O2 saturated 0.1 M NaOH solution.The currents for SWCNT and pySWCNT have been normalized to the surface coverage (G) of FePc or 16(Cl)FePc/SWCNT compared to that for FePc or 16(Cl)FePc/OPG. The data in circles was obtained in this work. Adapted from Figure6in reference.[START_REF] Zagal | Reactivity Descriptors for the Activity of Molecular MN4 Catalysts for the Oxygen Reduction Reaction[END_REF] 

  The electrical charges of metalcentered redox processes estimated form the voltammetries do not represent the total number of active sites, because the surface concentration of Fe(II) is potential dependent. It is possible that some TOF values reported in the literature are not accurate if the currents used for its estimation where measured at potentials too close to Eº' M(III)/(II).

Figure 11 (

 11 Figure 11 (a) Log TOF plot versus the Fe(III)/(II) formal potential of the FeN4 catalysts under different configuration. ORR in 0.1 M NaOH. (b) Similar plot to Figure 11(a) but including additional data from the literature[34].

  i = nFk'GM(II)exp(+β'G°O2/RT) (vii) strong adsorptionEquation (vii) explains the linear correlation in the region of strong adsorption and is essentially independent of the concentration of the reactant, in this case, O2. It is important to point out that all catalysts examined in this work are located on the strong FeO2 binding region of the volcano correlation[START_REF] Zagal | Reactivity Descriptors for the Activity of Molecular MN4 Catalysts for the Oxygen Reduction Reaction[END_REF] so they follow equation (vii) and the ORR process is occurring on a partially covered surface. The beneficial role of the axial biding ligand is to decrease the O2 binding energy and to move the catalysts towards the apex of the volcano, as illustrated in Figure10. This is also evidenced by the shift of the Fe(III)/(II) redox potential to more positive values as a result of the electron withdrawing effect of the axial ligand. For weak adsorption G°O2 is very positive, the term pO2exp(G°O2/RT) << 1 in equation (v) vanishes and the general equation (v) simplifies to: i = nFk'GM(II)pO2 exp(β'∆G°O2/RT) (viii) weak adsorption This equation can also be obtained from equation (iii) by simply ignoring θ that tends to zero. So, equations (vii) and (viii) describe both linear correlations in the volcano plots with slopes of different signs, i.e. +RT/β'F. for the strong adsorption region and RT/β'F for the weak adsorption region. According to this, the volcano plot should be symmetrical since both legs of the volcano have the same absolute slope value. It is necessary to clarify that in theoretical calculations the binding energy EbO2 is used because it does not contain entropy terms as G°O2 and the entropic terms are difficult to estimate. The binding energy is essentially the energy to break the MO2 bond. Since ∆G°O2 = Eº'It is important to point out that β is the symmetry factor of the oneelectrontransfer energy barrier and β' is a Brϕnsted factor, essentially similar to β but related to the effect of O2 adsorption on the energy barrier. Both equations (vii) and (viii) predict that the currents increase from positive ∆G°ad (weak adsorption) to negative (strong adsorption) values of ∆G°ad but up to one point. As the fraction of adsorbed intermediates θ increases the currents start to decrease. This originates the "falling" side of the volcano for electrode materials the term (1θ) tends to zero as θ → 1. This corresponds to the left side of the volcano correlation in Figure 10. As ∆G°ad = FEº' + C. we can rewrite equations (vii) and (viii) as a function of Eº': i = nFk''GM(II)exp(+β'FE°'/RT) (ix) strong adsorption i = nFk'GM(II)pO2 exp(β'FE°'/RT) (x) weak adsorption The slope of the volcano correlation of the strong binding region in Figure 10 which groups the catalysts studied in this work is ca. +0.2 Vdecade 1 . This is above a value of +0.12 Vdecade 1 predicted by equation (ix) assuming a symmetrical Brϕnsted coefficient β' = 0.5. The Brϕnsted slope in Figure 10 suggests a value of β' = 0.3 and if this value is reflecting an unsymmetrical energy barriers for the adsorption step of O2 to the Fe centers the reason for this asymmetry need to be investigated in more detail or to study more catalysts bearing a FeN4 active site. 4. CONCLUSIONS In summary, FePcpySWCNT and 16(Cl)FePcpySWCNT assemblies were successfully obtained. The characterization of these systems using Raman spectroscopy shows changes in the intensity ratio of the D/G signals attributed to the presence of pyridine molecules covalently linked to the walls of carbon nanotubes and that this changes the hybridization of the carbon atoms from sp 2 to sp 3 . In addition, the XPS analysis indicated that the presence Fe atoms mostly in the Fe(III) state in the absence of an applied potential and pyridinetype nitrogen play key roles in enhancing the ORR activity. XANES analyses suggests a fivecoordinated structure for FePcpySWCNT and 16(Cl)FePcpySWCNT. Cyclic voltammetry shows that the electronwithdrawing effect of the -Cl groups on the ligand in 16(Cl)FePc immobilized on SWCNTs and pySWCNT causes a shift of both Fe(II)/Fe(I) and Fe(III)/Fe(II) redox peaks to more positive potentials compared to Hsubstituted FePc. Linear sweep voltammetry results demonstrated that the introduction of py groups to SWCNT and coordinated to iron phthalocyanine was beneficial in improving the electrocatalytic ORR activity, causing a displacement of the onset potential to more positive values. The activity as (logi )E follows a linear correlation with Eº'III/II showing once more, as observed in previous work, that more positive Fe(III)/(II) redox potentials favor the reaction. However, log(TOF)E versus Eº'III/II also a follows a linear correlation but the TOF decreases with Eº'III/II indicating that the activity per active site increases as the driving force of the catalysts increases (i.e. more negative Eº'III/II values). In general, it can be concluded that a decrease in the electron density on the Fe center caused by axial ligands or by electronwithdrawing groups of the phthalocyanine both increase the catalytic activity of the composite catalysts but decrease the TOF. The data fits rather well one side of a volcano correlation

  

Table I

 I 

	. Properties of FePc and 16(Cl)FePc on SWCNT and pySWCNT: Adsorption energy (Eads),
	dispersion energy (EvdW), electrostatic interaction energy (Eels), charge of SWCNT (QSWCNT), charge
	of Fe atom (QFe), charge of phthalocyanine (QPc).				
	Energies are in eV, and charges are in |e|.					
	System	Eads	EvdW	Eels	QSWCNT	QFe	QPc
	FePcSWCNT	0.53	2.03	0.11	0.15	0.54	0.69
	16(Cl)FePcSWCNT	1.28	3.18	0.32	0.39	0.58	0.97
	FePcpySWCNT	1.18	0.90	0.25	0.25	0.54	0.79
	16(Cl)FePcpySWCNT	1.40	0.82	0.28	0.29	0.53	0.82

The interaction of FePc and 16(Cl)FePc with a pristine surface of SWCNT is characterized by adsorption energies of 0.53 and 1.28 eV, respectively, indicating that the adsorption of metal phthalocyanines is stable on SWCNTs of relative diameter 8.2 Å. Interestingly, the diameter of the

Table II .

 II Electrochemical parameters: Formal potentials, Tafel slopes and Log G values for ORR on unmodified and modified OPG electrodes in 0.1 M NaOH solution.

	Catalyst	Eº(Fe(III)/Fe(II))	Eº(Fe(II)/Fe(I))	Tafel slope	n	Log G (mol
		(V vs. Ag/AgCl,	(V vs.	(V dec 1 )		cm 2 )
		KCl 3M)	Ag/AgCl,			
			KCl 3M)			
	FePcOPG	0.131	0.646	0.046		10.438
	FePcSWCNT	0.157	0.643	0.036	3.99	9.517
	FePcpySWCNT	0.129	0.589	0.031	3.99	8.242
	16(Cl)FePcOPG	0.017	0.359	0.044	3.99	10.078
	16(Cl)FePcSWCNT	0.005	0.225	0.036	3.99	8.672
	16(Cl)FePcpySWCNT	0.065	0.231	0.033	3.99	8.244
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compared versus the M(III)/(II) redox potential. Finally, it can be concluded that any shift in the Fe(III)/(II) caused by coplanar ligand or axial ligands are beneficial to the catalytic activity and this seems to be also true for pyrolyzed MN4 catalysts [START_REF] Zagal | Reactivity Descriptors for the Activity of Molecular MN4 Catalysts for the Oxygen Reduction Reaction[END_REF][START_REF] Zúñiga | Elucidating the mechanism of the oxygen reduction reaction for pyrolyzed FeNC catalysts in basic media[END_REF][START_REF] Huang | Heat treated Tethered Iron Phthalocyanine Carbon Nanotubebased Catalysts for Oxygen Reduction Reaction in Hybrid Fuel Cells[END_REF]