
       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

P-functionalized carbon nanotubes promote highly stable electrocatalysts based
on Fe-phthalocyanines for oxygen reduction. Experimental and computational
studies (O-5FC-V)
B. Martínez-Sánchez1*, D. Cazorla-Amorós2,  E. Morallón1**

1 Departamento de Química Física e Instituto Universitario de Materiales de Alicante (IUMA), Universidad de Alicante, Ap. 99, 03080, Alicante, 

España 
2 Departamento de Química Inorgánica e Instituto Universitario de Materiales de Alicante (IUMA), Universidad de Alicante, Ap. 99, 03080, 

Alicante, España 

(*) Pres. author: beatriz.ms@ua.es (**) Corresp. author: morallon@ua.es 

Keywords: Carbon Nanotubes, Iron Phthalocyanines, Oxygen Reduction, Electrocatalysis, Axial Ligands 

1. Introduction

Technological breakthroughs and their constant innova-
tion have meant a major revolution in people’s lives. The 
current growth in global energy demand, the overexploita-
tion of natural resources, the waste management problems 
and the increasing polluting emissions, have led to intensive 
research into clean and sustainable energy alternatives [1]. 

The oxygen reduction reaction (ORR) is of great rele-
vance in many renewable and energy-saving technologies, 
such as fuel cells [2]. To solve the sluggish nature of the ORR 
kinetics, it is necessary to design more efficient, stable and 
cheaper alternatives to the state-of-the-art electrocatalysts 
based on precious metals.  

On this search, iron phthalocyanines (FePc) supported 
on nanostructured carbon materials have emerged as ex-
traordinary electrocatalysts [3], especially in alkaline me-
dium. Particularly, carbon nanotubes (CNTs) have placed 
into the focus of recent studies for the immobilization of cat-
alysts because of their extraordinary fast electron delivery 
to the ORR active sites and their intrinsic properties [4]. The 
catalytic activity, selectivity and long-term stability of FePc 
can be positively modulated by strong interactions with the 
carbon support, where efforts are dedicated to the axial co-
ordination of non-modified FePc with the supports. 

Following with the last approach, one promising strat-
egy consists of the incorporation of coordination sites to an-
chor metals by the functional polymer wrapping on the 
CNTs. Interestingly, the incorporation of suitable axial lig-
ands in polyaniline (PANI) structure, such as phosphate 
groups, can be appropriate to coordinate iron atoms in FePc. 

In this work, we present the synthesis of composite ma-
terials based on non-pyrolyzed FePc immobilized on modi-
fied CNTs with a low content of metal (~1 wt. % Fe). Two 
different structures of CNTs are studied as support, Single-
Walled Carbon Nanotubes (SWCNTs) and Herringbone Car-
bon Nanotubes (hCNTs). Phosphate species electrochemi-
cally incorporated on CNTs at the experimental conditions 
used [5] have been employed as suitable axial ligands for 
iron macrocycles, that leads to improved activity, stability 
and selectivity towards the ORR in alkaline medium, in which 
the electrocatalytic performance is close to that of the com-
mercial Pt/C catalyst. In order to better elucidate the origin 

of the improved ORR performance, density functional the-
ory (DFT) calculations have also been implemented. 

2. Experimental

2.1 Electrochemical modification of CNTs with 2APPA 

The procedure for the electrochemical functionalization 
of CNTs with the ortho-aminophenylphosphonic acid 
(2APPA) has been scaled-up from our previous work [10], 
which was carried out by cyclic voltammetry (CV) during 10 
cycles at 10 mV s-1, in an aqueous electrolyte of 0.5 M H2SO4 
containing 5 mM 2APPA. The optimal upper potential limit 
conditions were employed to achieve the highest incorpora-
tion of N and P species on the CNTs, that is, at 1.2 V and 1.4 
V with SWCNTs and hCNTs, respectively, resulting in 
SWCNT-f and hCNT-f samples, respectively. 

2.2 Decorating metal species on N and P-doped CNTs 

Iron phthalocyanines were supported onto the CNTs by 
using the incipient wetness impregnation method. An ap-
propriate amount of iron complexes dissolved in DMF (0.1 
mg mL-1) was mixed with the CNTs to obtain a nominal metal 
loading of 1 wt. %. Afterwards, the solvent was evaporated 
by infrared light at 250 W for about 3 hours, resulting in 
FePc/SWCNT and FePc/hCNT samples. The same procedure 
was done onto CNT-f materials, thus resulting in 
FePc/SWCNT-f and FePc/hCNT-f samples. 

2.3 Physico-chemical, morphological and electrochemical 
characterization. 

Different characterization techniques have been used to 
study physico-chemical, morphological and electrochemical 
properties of synthesized materials, including Fourier Trans-
form Infrared (FTIR) spectroscopy, X-ray photoelectron 
spectroscopy (XPS), Raman spectroscopy, transmission and 
field emission scanning electron microscopy (TEM and 
FESEM, respectively) equipped with an EDX microanalysis 
system, as well as cyclic voltammetry (CV). The electrocata-
lytic performance of the materials towards the ORR was 
studied in 0.1 M KOH O2-saturated electrolyte by linear 
sweep voltammetry (LSV). 



 
 

 
                                                       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

 

2.4 Density functional theory calculations (DFT) 

Density Functional Theory calculations were performed 
in the Gaussian 09 software package at B3LYP/6-31G(d) 
level. Dispersive forces were considered and computed by 
using Grimme D3 scheme method and including the Becke-
Johnson damping function (D3-BJ). The effect of the aque-
ous environment of the electrocatalytic experiment has 
been taken into account using the self-consistent reaction 
field (SCRF) solvation models with the continuous polarized 
model (PCM) including the dielectric constant of water. 

3. Results and discussion 

3.1 Physico-chemical and morphological characterization of 
FePc/CNT and FePc/CNT-f composites 

SWCNTs and hCNTs were previously modified in a highly 
controlled way by electrochemical methods in the presence 
of 2APPA monomers, thus introducing oligomeric materials 
on the carbon support which contain neutral amine/amide 
and phosphate species. Then, both the unmodified and 
functionalized CNTs were decorated with FePc molecules via 
a facile wet impregnation method. 
 

 

Fig. 1. Fe2p XPS spectra of FePc, FePc/SWCNT, FePc/SWNCT-f, 

FePc/hCNT and FePc/hCNT-f samples. 

 
The presence of Fe-containing species detected by XPS 

analysis corroborates the incorporation of FePc molecules 
on CNTs, where the mass percentage obtained is close to the 
nominal value (1 wt. % Fe). Experimental results reveal that 
the presence of such N and P-related functional moieties on 
carbon supports is conductive to strengthening the interac-
tion between FePc and both types of CNTs. This is especially 
evidence in Fe2p XPS spectra deconvolutions (Fig. 1), which 
could validate the axial coordination between the central 
iron atom and ligands incorporated in the carbon support. 
Moreover, these interactions lead to a more homogeneous 
dispersion of FePc macrocycles, as observed by TEM and 
FESEM images, as well as by Raman experiments. 

This suggests an effective five-coordination system by 
binding with axial phosphate ligands, as demonstrated later 
by computational calculations, together with the influence 
of N functionalities, which could be helpful to boost the ORR 
performance. 

3.2 Electrochemical studies 

Firstly, cyclic voltammetry studies were carried out in N2 
and O2-saturated 0.1 M KOH electrolyte as a preliminary 
step for the catalytic study towards the ORR. Next, RRDE ex-
periments were employed to gain further insights into ORR 
performance of the as-prepared composites. Fig. 2 reveals 
that a clear improvement of the ORR performance is seen 
for all FePc/CNT catalysts with respect to the samples in the 
absence of FePc. Nevertheless, better results are observed 
for electrochemically functionalized carbon nanotubes sup-
ports in terms of half-wave potential (E1/2), number of elec-
trons transferred (n) and selectivity towards the most en-
ergy efficient four-electron process for the ORR in alkaline 
medium, which is induced by the synergistic effects be-
tween both components after the possible formation of ax-
ial interactions. 
 

 

Fig. 2. A) ORR polarization curves, B) number of electrons trans-

ferred (n) per oxygen molecule derived from the RRDE tests 

during the ORR for Pt/C, SWCNT, SWCNT-f, FePc/SWCNT, 

FePc/SWCNT-f, hCNT, hCNT-f, FePc/hCNT and FePc/hCNT-f 

catalysts in O2-saturated 0.1 M KOH solution at electrode 

rotation rate of 1600 rpm and a scan rate of 5 mV s-1. 

 
Therefore, very promising catalytic results towards the 

ORR are shown even with low amount of iron in the samples 
(~1 wt. %), where MN4 sites have been proven as the real 
active sites for the ORR. Interestingly, the choice of the op-
timal support has a considerable influence on the catalytic 
results, where hCNTs combined with FePc have shown the 
best catalytic results in this case, possibly due to the pres-
ence of highly reactive sites in the support (as edges, defects 
and functional moieties). Strong interactions also have a 
positive effect on the long-term stability of the active sites 
as seen in Fig. 3. In addition, FePc/hCNT and FePc/hCNT-f are 
practically insensitive to the presence of methanol in the 
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electrolyte, whereas commercial Pt/C electrocatalyst is af-
fected by a total deactivation of the active sites towards the 
ORR.  

 

 

Fig. 3. A) LSV durability test of FePc/hCNT and FePc/hCNT-f before 

and after 500 cycles in an O2-saturated 0.1M KOH solution 

at 50 mV s-1 and a rotation rate of 1600 rpm. B) Chronoam-

perometric curves (Normalized j vs. time) of FePc/hCNT, 

FePc/hCNT-f and Pt/C electrode with a given potential of 

0.65 V in O2-saturated 0.1 M KOH electrolyte  with a rotation 

rate of 1600 rpm (T=25ºC). 

 
It might therefore be concluded that the close contact 

between metallic complexes and carbon-based supports are 
of key importance not only to improve the durability and 
electron transfer, but also to modulate the reactivity of the 
FePc for a more energy-efficient process. 

3.3 Computational studies 

  

Fig. 4. Optimized molecular structures of FePc on A, B) CNT and C, 

D) CNT-f. H is white, C is grey, N is blue, O is red, P is yellow 

and Fe is orange. 

 

The interaction of FePc molecules with functionalized 
carbon nanotubes results in covalent interaction of the cen-
tral iron atom through phosphoryl oxygen (Fig. 4C and D). 
Interestingly, this structure seems to be more stable (-259.5 
kJ mol-1)  than that of FePc onto an unmodified CNT (-217.2 
kJ mol-1) (Fig. 4A and B), which agrees with experimental re-
sults. Moreover, the aggregation of FePc is less stable when 
phosphate ligands axially interact with one FePc. 

Such strong interactions gave rise to molecular reorgan-
ization by breaking the symmetry of electronic density that 
favors the oxygen reduction by stabilizing the catalytic cen-
ters and lowering the stability of ORR intermediates. 

4. Conclusions 

In summary, this work has explored the electrochemical 
modification of nanostructured carbon material supports 
with functional moieties, that can efficiently interact with 
FePc molecules, as an interesting approach for the improve-
ment of the ORR electrocatalytic activity and stability in al-
kaline medium, where hCNTs combined with FePc have 
shown the best catalytic results. Therefore, it is concluded 
that the enhancement of the catalytic performance is mainly 
related to the synergistic catalysis of modified carbon sup-
ports and metallic complexes through the axial coordination 
between FePc and phosphate groups. This approach offers 
a new scalable alternative for catalysts with better ORR per-
formance and inspires for designing new FePc-based mate-
rials with high electrocatalytic activity, selectivity, good sta-
bility and methanol-tolerance, showing a competitive per-
formance comparable to the commercial catalysts. 
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