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clam (M ¼ Rh, Ru; cyclam ¼
1,4,8,11-tetraazacyclotetradecane) complexes as
novel methanol resistant electrocatalysts for the
oxygen reduction reaction

I. L. Vera-Estrada,a J. Uribe-God́ınezb and O. Jiménez-Sandoval *a

Transition metal macrocyclic complexes have acquired relevance as electrocatalysts to perform oxygen

electroreduction in acid media as an alternative to platinum. This work presents two macrocyclic

complexes using cyclam as ligand, which has a much simpler molecular structure (smaller size, no p-

electrons, etc.) than the well studied porphyrins and phthalocyanines as transition metal complexes.

Such compounds are usually subjected to thermal treatments at relatively high temperatures (800–900
�C) which result in ligand decomposition, leaving the so-called MNx active sites. In contrast, the

complexes reported in this work are efficient electrocatalysts for the oxygen reduction reaction (ORR) in

their original molecular structure, with no thermal treatments of any kind applied. The electrocatalytic

activity of the Rh(III)-cyclam and Ru(III)-cyclam complexes during the ORR in the absence and presence

of methanol (2 mol L�1) was evaluated by voltammetry techniques. The kinetic parameters of the novel

materials for the reaction were determined. The exchange current density (j0) values, directly related to

the charge transfer velocity, are of the same order as or higher than those of platinum/Vulcan®

nanoparticles. In addition, they are practically unaffected by methanol, therefore, becoming interesting

candidates to be evaluated as cathodes in polymer electrolyte membrane and direct methanol fuel cells.
1. Introduction

Fuel cells are low emission and high efficiency energy conver-
sion devices and are suitable for the present energy demand and
the use of renewable sources. The commercial viability of fuel
cells highly depends on using an efficient catalyst for the oxygen
reduction reaction (ORR). Current commercial fuel cells use
platinum due to its relatively good catalytic activity, however, it
is an expensive material with important technical disadvan-
tages like facile poisoning with numerous species, such as
methanol and carbon monoxide, among others.1–4 Thus, the
search for more affordable and efficient alternatives has led to
the development of two main catalyst groups: Pt-based and Pt-
free catalysts.

The rst group, Pt-based catalysts, are materials with a low
platinum loading and are commonly combined with other
metals as alloys or core–shell structures. Different works
summarize recent advances on these materials1,5–7 and show
some enhancements by combining Pt with metals like Ni, Co or
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Fe. The decrease in platinum loading is also achieved by tuning
the predominant phases that are present on the surface5–7 or by
using a catalyst support, which generally is a carbon-based
material, although there have been also studies of non-
carbonaceous supports such as conductive polymers or elec-
troconductive oxides.6,8

Pt-free catalysts, on the other hand, have proved an optimal
long-term alternative for their use in fuel cells due to their
abundance and lower cost compared to Pt-based catalysts,
however, their activity and stability do not generally reach the
level of Pt-based materials. The efforts to develop Pt-free cata-
lysts cover a broad variety of materials such as metal chalco-
genides, nitrides, carbides, organometallic compounds,
transition metal macrocyclic complexes, nitrogen–carbon sup-
ported materials, conductive polymer-based complexes, metal
oxides, etc., several of which have been reviewed in recent
years.1,3,6,9

Transition metal macrocyclic complexes have acquired
special attention since 1964, when Jasinsky demonstrated that
a cobalt phthalocyanine was active for ORR in basic media.10

This compound is similar to the porphyrins found in biological
molecules such as chlorophyll and in the heme group; the latter
is also present in enzymes such as cytochrome c oxidase, which
is used to reduce O2 to water.11–13
This journal is © The Royal Society of Chemistry 2020
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The catalytic activity of the nitrogen-based macrocyclic
complexes can be modied by changing the central atom or
varying the structure of the macrocycle. Therefore, different
metallophthalocyanines (MPC) along with compounds with
other macrocyclic ligands like porphyrins or their derivatives
were developed and evaluated in acid or alkaline media for the
ORR.11,13,14 The most promising results were obtained with
pyrolyzed Fe or Co complexes.11,14 Unfortunately, the heat
treatments used to improve the activity and stability of the
compounds affect the structure of the macrocycle and conse-
quently the active site is not well dened. Even though the
macrocycle is altered, an M–Nx core seems to remain,9,14,15

which allows to infer that it is possible to use smaller macro-
cycles to catalyze the ORR.

Furthermore, some transition metal macrocyclic
compounds, like iron phthalocyanine16 or heat-treated Co–Fe
tetraphenylporphyrin17 perform the oxygen reduction reaction
even in the presence of methanol, an advantage over platinum
for their application as cathode catalysts in direct methanol fuel
cells (DMFC).

One of the simplest N4-macrocycles is 1,4,8,11-tetraazacy-
clotetradecane (cyclam). This macrocycle along with its deriva-
tives are able to coordinate various transition metals.18–25 Some
of these complexes have been used for catalyzing different
reactions such as CO2 reduction and olens epoxidation and are
used for medical and radiopharmaceutical applications as
well.26–30 However, there are few evidences of the use of cyclam
complexes to catalyze the oxygen reduction reaction. Kalvelage
et al.31 analyzed the activity of Co and Fe cyclam complexes and
the results show that they have a poor activity and only aer
a heat treatment. The work of Claude et al.32 also shows that
a cobalt cyclam compound does not exhibit catalytic activity
before heat treatment.

This work presents two cyclam complexes, obtained by
simple synthesis routes without any heat treatment that can
perform the electroreduction of oxygen in an acid medium, in
the absence and presence of methanol, allowing their possible
use as cathodes in hydrogen PEMFC and DMFC.

2. Experimental
2.1 Synthesis

Rh-cyclam complex: 0.7 mmol of RhCl3$xH2O (Sigma-Aldrich)
were dissolved in 25 mL of methanol (J. T. Baker) and then
0.7 mmol of 1,4,8,11-tetraazacyclotetradecane (Sigma-Aldrich)
were added slowly. The solution was stirred for 30 min at
room temperature, then it was ltered and the resulting red
solid was washed with methanol and acetone and dried at room
temperature.

Ru-cyclam complex: 1.0 mmol of 1,4,8,11-tetraazacyclote-
tradecane (Sigma-Aldrich) was dissolved in 20 mL of methanol
(J. T. Baker). This solution was added dropwise to a solution of
1.25 mmol of RuCl3$xH2O (Sigma-Aldrich) in 20 mL of meth-
anol (J. T. Baker). The suspension obtained was stirred for 30
minutes at room temperature, then it was ltered and the
blackish solid formed was washed with methanol and acetone
and dried at room temperature.
This journal is © The Royal Society of Chemistry 2020
2.2 Structural characterization

The cyclam compounds obtained were analyzed by diffuse
reectance FT-IR spectroscopy on a PerkinElmer-GX3 spec-
trometer, with a resolution of 4 cm�1. The samples were
previously dissolved in FTIR grade KBr (Sigma-Aldrich).

A qualitative analysis of the chemical composition of the
products was made by Energy Dispersive Spectroscopy (EDS).
The measurements were performed in a Philips XL30 ESEM
microscope with a coupled EDS system.

Elemental combustion analysis was used to quantify carbon,
nitrogen and hydrogen. The measurements were performed in
a Thermo Scientic Flash 2000 elemental analyzer at a temper-
ature of 950 �C.

The concentration of the metal in the complexes was esti-
mated by Inductively Coupled Plasma Optical Emission Spec-
troscopy (ICP-OES) in a Horiba Ultima 2 equipment. The sample
was treated by acid digestion (HCl/H2O2, 5 : 1) in a Multiwave
PRO equipment, and Crescent Chemical standards were used
for each metal (Rh, Ru).

The scanning electron micrographs were obtained on a JEOL
JXA-8530F Electron Probe Microanalyzer (a thin gold lm was
evaporated on the samples before their analysis).
2.3 Electrochemical measurements

2.3.1 Equipment. The electrochemical studies were per-
formed at room temperature using a three-electrode electro-
chemical cell. A mercury–mercurous sulfate electrode (Hg/
Hg2SO4/0.5 mol L�1 H2SO4 0.68 vs. NHE) was used as reference
electrode, a graphite rod as auxiliary electrode and a Radiom-
eter Analytical BM-EDI101 glassy carbon rotating disk electrode
(RDE) (with a CTV101 speed control unit) as working electrode.
The electrolyte was 0.5 mol L�1 H2SO4 prepared with 98%
sulfuric acid (J. T. Baker) and deionized water (18.3 MU cm). A
potentiostat/galvanostat (Princeton Applied Research, model
263A) with Echem-M270 soware were used for the electro-
chemical measurements.

2.3.2 Electrode preparation. Rh-cyclam: 1.5 mg of catalyst
and 1.5 mg of carbon powder (Vulcan® XC72R) were triturated
and then 3 mg of the mixture were ultrasonically blended with
35 mL of 5% wt. Naon® solution (Sigma-Aldrich) for 20
minutes. The catalyst ink was deposited on the glassy carbon
RDE (Area ¼ 0.072 cm2) and dried in air at 300 rpm. 0.6 mL of
5% wt. Naon® solution were deposited over the electrode to
avoid fracture.

Ru-cyclam: a catalyst ink was prepared by ultrasonically
mixing 1.5 mg of the catalyst and 1.5 mg of carbon powder
(Vulcan® XC72R), previously triturated, and 30 mL of 5% wt.
Naon® solution (Sigma-Aldrich) for 20 minutes. The ink was
deposited on the glassy carbon RDE (Area ¼ 0.072 cm2) and
dried in air at 300 rpm.

2.3.3 Methods. Cyclic voltammetry (CV) was used to acti-
vate and characterize the electrode surface for the oxygen
reduction reaction. The measurements were made in the elec-
trolyte saturated with N2. The electrode was subjected to 45
potential sweeps in the 0–1.03 V/NHE range at a 20 mV s�1 scan
rate.
RSC Adv., 2020, 10, 22586–22594 | 22587
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Fig. 2 Representation of the cyclam ligand structure.
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Linear sweep voltammetry (LSV) was used to study the
oxygen reduction reaction. The electrolyte was saturated with
oxygen (Infra UHP) (15 min) to determinate the open circuit
voltage (EOC). Current–potential curves were obtained in the EOC
to 0 V/NHE range at a 5 mV s�1 rate. The rotational speed was
varied from 100 to 600 rpm.

Once the LSV was nished, the electrolytic solution was deox-
ygenated for 30 minutes (UHP N2 Infra) and methanol (J. T. Baker)
was added to reach a 2.0 mol L�1 concentration. Then 3 new
potential sweeps were done by CV as described before, and nally
the LSV measurements were repeated under the above conditions.
3. Results and discussion
3.1 Structural characterization

Fig. 1 shows the FTIR spectra of the cyclam complexes synthe-
sized, as well as that of the ligand as reference. Fig. 2 shows
a representation of the structure of the cyclam ligand. A
stretching O–H band is observed at 3538 and 3482 cm�1 for the
rhodium and ruthenium compound, respectively. This band as
well as the one located at z1610 cm�1 indicate the presence of
water in both compounds.33

The N–H stretching modes in the complexes are found at
lower frequencies than those present in the spectrum of the
cyclam ligand,34 as expected for the complexation effect, i.e. the
stronger the M–N bond, the weaker is the N–H bond.35 The
stretching C–H modes, which are observed as intense bands
between 2650 and 3000 cm�1 in cyclam, are expected to be less
intense in metal complexes.34 Therefore, a combined band in
the 2750–3300 cm�1 range is observed in the compounds as
a result of the nNH modes shi and the low intensity nCH
modes.
Fig. 1 FTIR spectra of the metal–cyclam complexes and the cyclam liga

22588 | RSC Adv., 2020, 10, 22586–22594
The deformation N–Hmodes are also weakened for the M–N
bond, therefore in the complexes the dNH band should appear
at lower frequencies compared to the bands observed in the
ligand (1518 cm�1). However, the dNH band could bemasked by
deformation C–H modes, which appear in the 1450–1300 cm�1

range. Thus, the band found in 1455 cm�1 for the Rh complex
and in 1447 cm�1 for the Ru compound is attributed to the
combination of dCH and dNH modes.

The stretching C–C and C–N modes are observed in the
1400–1000 cm�1 range. As expected, these modes should also be
inuenced by complexing. The two synthesized complexes
present a combined band in the 1110–1010 cm�1 region cor-
responding to nCC, nCN and dNH modes.33–35 The remaining
bands at about 517 cm�1 and 533 cm�1 for the rhodium and
ruthenium complexes, respectively, could be assigned to ring
deformations involving the CNC and CCC bonds that are far
from the coordination sites.34

The chemical composition of the compounds was determi-
nated using different techniques given the nature of the mate-
rials. EDS analyses were made to identify the elements present
in the compounds. The results show the presence of carbon,
nd.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Scanning electron micrographs of the macrocyclic complexes synthesized.
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View Article Online
nitrogen, hydrogen, oxygen, chlorine and the respective metal
(rhodium or ruthenium) in each complex; however, due to the
overlapping energies of some of these elements, it was not
possible to establish the composition of the compounds by this
technique. Therefore, elemental combustion analyses were
used to identify the organic part of the compounds. The
rhodium complex presents the follow composition: C¼ 17.59, N
¼ 7.62, H ¼ 4.59 (mass percentage) and the values for the
ruthenium complex are: C ¼ 16.8, N ¼ 6.96, H ¼ 3.93 (mass
percentage). The concentration of the metal determined by ICP
is 25.5% for the ruthenium complex and 26.7% for the rhodium
complex.

It is observed that both complexes present a similar chemical
composition. These results, together with the type of the
synthesis processes, which does not involve heating, the ligand
exibility, as well as the oxidation state of the metals used, and
the evidence of the presence of water in the complexes, allowed
us to propose complexes of the type: [M2(cyclam)(H2O)4Cl4]Cl2
(M ¼ Rh or Ru). In both compounds, the carbon concentration
is nearly half the expected for the more common 1 : 1 macro-
cyclic complexes with a single metal atom inside the cavity of
the ring, hence giving support to the proposal of binuclear
complexes in our case.
Fig. 4 Cyclic voltammograms of the macrocyclic complexes in the a
0.5 mol L�1. Sweep rate: 20 mV s�1.

This journal is © The Royal Society of Chemistry 2020
Fig. 3 shows the SEM images for the two complexes synthe-
sized. The rhodium compound exhibits an irregular
morphology, like a cluster composed of nearly planar structures
of different sizes. In contrast, the ruthenium compound shows
a highly homogeneous porous morphology, which could imply
an advantage for its catalytic activity.

3.2 Electrochemical characterization

3.2.1 Cyclic voltammetry (CV). The cyclic voltammograms
of the two cyclam compounds are shown in Fig. 4. In the low
potential region, the rhodium complex voltammogram shows
hydrogen adsorption/desorption peaks in the 0.01–0.15 V/NHE
range and a strong hydrogen evolution peak in the 0–0.05 V/
NHE range. In the ruthenium complex voltammogram the
hydrogen evolution peak is found in the 0–0.07 V/NHE range,
but less intense; additionally, some small peaks are observed at
0.22 and 0.39 V/NHE, which have been mainly associated with
the reduction of surface oxides36,37 and/or a superimposition
due to the current of the irreversible reduction processes and to
the hydrogen adsorption. The Rh-complex voltammogram also
shows two peaks at 0.8 V/NHE and 0.5 V/NHE, which have been
associated to an irreversible redox process related to the
formation of RhOx/RhOHx-type species on the catalyst surface.38
bsence and presence of 2.0 mol L�1 methanol. Electrolyte: H2SO4

RSC Adv., 2020, 10, 22586–22594 | 22589
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In the anodic region both voltammograms show an oxygen
evolution peak located in the range of 0.97–1.03 V/NHE and
0.93–1.03 V/NHE, for the rhodium and ruthenium complexes,
respectively.

A most remarkable feature of both materials is that in the
presence of methanol (2.0 mol L�1) the cyclic voltammograms
remain practically unchanged, except for a small current
decrease in the hydrogen adsorption/desorption and evolution
zones of the rhodium complex voltammogram. The absence of
the distinctive methanol oxidation peaks can be considered
a sign of selectivity of both catalysts.

3.2.2 Linear sweep voltammetry (LSV): oxygen reduction
reaction (ORR). The catalytic activity of the novel materials for
the oxygen reduction reaction was calculated from RDE
current–potential curves (Fig. 5a and b). The curves for both
cyclam complexes show the three representative regions for the
ORR polarization curves: the kinetic region, where charge
transfer processes take place; this region is above 0.81 V/NHE
for the rhodium complex and above 0.7 V/NHE for the ruthe-
nium one. This shows that the open circuit potential (EOC) of
both materials (Table 1) is favorable for their possible use in
hydrogen PEMFC. The mixed control region, where the current
is determined by kinetic as well as by diffusion processes, is
identied between 0.63–0.81 V/NHE and 0.4–0.7 V/NHE, for the
rhodium and ruthenium complex, respectively. Finally,
Fig. 5 ORR current–potential curves of the: (a) Rh-cyclam and (b) Ru-c
presence of methanol (2.0 mol L�1). Electrolyte: H2SO4 0.5 mol L�1. Swe

22590 | RSC Adv., 2020, 10, 22586–22594
a plateau is extended from the mixed control region to lower
potential values; in this region the current is determined by
mass transport processes and is a function of rotation velocity.
It is observed that the ruthenium complex presents a more
inclined plateau, which might be related to the irreversible
electrode processes mentioned above and observed in the cyclic
voltammograms.39

For each case, the current–potential curves show a very
similar behavior when the activity is evaluated in the presence
of 2 mol L�1 methanol, in contrast with the Pt/Vulcan® polar-
ization curves (Fig. 5c), which in the presence of methanol do
not show the three ORR characteristic zones. This is indicative
that, unlike the latter catalytic material, both cyclam complexes
are selective to oxygen reduction at relatively high methanol
concentrations, which was later conrmed by the kinetic
parameter values.

The total current observed in the polarization curves has two
main contributions: kinetic current (ik) and diffusion current
(id) and can be described by the Koutecky–Levich equation (eqn
(1)).

1

i
¼ 1

ik
þ 1

id
(1)

id ¼ 0:2nFACO2
D

1=3
O2

y1=6u1=2 ¼ Bu1=2 (2)
yclam complexes, as well of (c) Pt/Vulcan® (30%), in the absence and
ep rate: 20 mV s�1.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Open circuit potentials, kinetic parameters and effective areas of the Rh-cyclam and Ru-cyclam compounds for the oxygen reduction
reaction in the absence and presence of methanol. The values for Pt nanoparticles are presented as reference too46

Material [Methanol] (mol L�1) EOC (V/NHE) B (mV dec�1) a j0 (mA cm�2) Effective area (cm2)

Rh-cyclam 0 0.877 82.72 0.725 8.92 � 10�7 0.121
2 0.862 76.46 0.785 3.58 � 10�7 0.136

Ru-cyclam 0 0.793 142.33 0.422 1.530 � 10�5 0.106
2 0.809 155.29 0.386 1.944 � 10�5 0.112

Platinum/
Vulcan® (30%)46

0 0.974 78.12 0.75 1.4 � 10�6
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To obtain the total electrocatalytic activity, the diffusion
current must be calculated. In the laminar regimen it is deter-
mined by the Levich equation (eqn (2)), where n is the number
of electrons exchanged per mol of O2, F the Faraday constant, A
the catalytic effective surface area, y the electrolyte kinematic
viscosity, DO2

the oxygen diffusion coefficient, CO2
the bulk

oxygen concentration in the electrolyte and u the rotation speed
(rpm); the values used in this work were 0.01 cm2 s�1 for the
kinematic viscosity, 1.4 � 10�5 cm2 s�1 for the oxygen diffusion
coefficient and 1.1 � 10�6 mol cm�3 for the bulk oxygen
concentration.39

The value of B from eqn (2) is obtained by graphing 1/i vs. 1/
u1/2. These graphs known as Koutecky–Levich plots are shown
in Fig. 6. They present the theoretical (2 and 4 electron mech-
anism) and experimental data (at different given potentials
values) in the absence and presence of methanol for the two
complexes. For both materials, in the two cases, it is observed
a likely direct reaction mechanism (4-electron pathway to water
formation). This means that probably there is not a signicant
production of H2O2, which is undesirable in PEMFC as it
degrades the polymer membrane.40 Hence, the catalytic effec-
tive area is estimated with eqn (2) considering n ¼ 4, the values
are reported in Table 1. All the current data reported (CV, LSV
and Tafel plots) were normalized to this effective area.

The kinetic parameters, such as Tafel slope (b), exchange
current density (j0) and charge transfer coefficient (a) were ob-
tained from the mass transport corrected Tafel plots (log ik vs.
Fig. 6 Koutecky–Levich plots of the macrocyclic complexes for oxyg
Electrolyte: 0.5 mol L�1H2SO4.

This journal is © The Royal Society of Chemistry 2020
E) (Fig. 7) and the Tafel equation (eqn (3)), where h is the
overpotential, i is the current and a and b are dened as follows:

b ¼ 2.3RT/aF and a ¼
�
2:3RT
aF

�
log j0.

h ¼ a + b log[i] (3)

The Tafel slope is related to the reaction mechanism and
could be estimated directly from the high overpotential region
in the Tafel plots. Therefore, the value of a can also be easily
calculated from the Tafel slope; this parameter is related to the
symmetry of the energy barrier and is a ratio between the effect
of potential on the electrochemical free energy of activation and
its effect on the electrochemical free energy of the reaction.41,42

Both parameters are shown in Table 1. As can be observed, the
Rh complex exhibits similar Tafel slope values to platinum,
while the Ru compound shows much higher values, probably
indicating similar reaction pathways in the rst case. This is
supported by the a values, which are also alike for the rhodium
compound and platinum, suggesting similar decrements of
reaction free energy.41 The two parameters, b and a, are not
signicantly modied by the presence of methanol in a rela-
tively high concentration, 2 mol L�1.

Finally, one of the most important kinetic parameters is the
exchange current density, j0, since it is proportional to the rate
constant. The Rh complex shows an exchange current density
en reduction in the absence and presence of 2.0 mol L�1 methanol.
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Fig. 7 Tafel plots of the macrocyclic complexes for oxygen reduction in the absence and presence of 2.0 mol L�1 methanol. Electrolyte:
0.5 mol L�1 H2SO4.
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value close to that of platinum in the absence of methanol, but
one nearly an order of magnitude smaller when the alcohol is
present. In the case of the Ru complex, j0 is one order of
magnitude greater than that of Pt and the presence of methanol
does not signicantly affect this value, supporting the selective
character of this catalyst toward the oxygen reduction. As for
other macrocyclic coordination compounds evaluated as cata-
lysts for the ORR, the Fe-phthalocyanine complex reported by
Baranton et al. is not stable in an acid medium, the authors
explaining this behavior as a demetallation of the macrocycle
accompanied by its protonation in the presence of oxygen.16 In
contrast, our two materials were completely stable during the
electrochemical measurements, an essential condition for their
use as ORR electrocatalysts. On the other hand, the Co-cyclam
complex informed by Claude et al.32 is inactive toward oxygen
unless heat treatments are applied, like most macrocyclic
complexes reported to date. In the case of other macrocyclic
coordination compounds or nitrogen–carbon composites eval-
uated as catalysts for the ORR, most reports are in alkaline
media,11 probably due to the stability decrease these materials
exhibit in acidic electrolytes when they are not previously sub-
jected to heat treatments.14,43,44

Table 1 also collects the open circuit potential values of the
novel materials. They all are practically$0.8 V/NHE, lower than
those of Pt nanoparticles (as usually observed for alternative
catalysts), but above most of the macrocyclic complexes re-
ported in acid media and similar to the latest reported values
for M–N–C materials11,45
4. Conclusions

The present work reports two transition metal macrocyclic
complexes with an important electrocatalytic activity for the
oxygen reduction reaction in an acid medium. The novelty and
interest of this report lie on several features of the catalytic
materials: (1) although two noble elements are being used, Rh
and Ru, they are not present as pure metallic particles, like most
catalysts of this kind (including Pt), but they are formally
oxidized, as Rh(III) and Ru(III), respectively; therefore, common
22592 | RSC Adv., 2020, 10, 22586–22594
salts are used as metal sources for the syntheses of the
complexes, with a consequent cost decrease. (2) The macrocy-
clic ligand selected, cyclam, has been very well studied and is
structurally simple, in contrast with the large andmore complex
porphyrin and phthalocyanine derivatives reported in the
literature. (3) The compounds of this work are synthesized by
simple methods in solution, at room temperature, and they do
not need to be subjected to high temperatures (800–1000 �C) in
order to make them active for the ORR, with the ligand
decomposition as a price to pay. Moreover, the simplicity of the
synthetic procedure employed should be reected in an addi-
tional economic saving (see point (1)). (4) It is also demon-
strated that large conjugations of p (pi) electrons, as occurs in
the classical large rings mentioned in point (2), are not essential
for macrocyclic metal complexes to perform as effective oxygen
reduction electrocatalysts. This nding opens the possibility of
numerous nitrogen and perhaps other donor atoms- ligands to
be explored in combination with suitable metals as oxygen
reduction catalysts. Both complexes reported are likely to follow
a direct 4-electron reaction pathway to the formation of water as
ORR catalysts. Their open circuit potential values as well as
their kinetic parameters are comparable (and in some cases
superior) to those of other alternative Pt-free catalysts and Pt
itself. In addition, they are resistant to relatively high concen-
trations of methanol, 2.0 mol L�1. All these properties render
the present Rh and Ru materials interesting candidates to be
evaluated as cathodes in polymer electrolyte membrane and
direct methanol fuel cells.
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(IQ-UNAM) for the elemental combustion analyses. I. L. Vera-
Estrada also acknowledges CONACYT for a graduate studies grant.

References

1 A. Rabis, P. Rodriguez and T. J. Schmidt, ACS Catal., 2012,
2(5), 864–890, DOI: 10.1021/cs3000864.

2 O. T. Holton and J. W. Stevenson, Platinum Met. Rev., 2013,
57(4), 259–271, DOI: 10.1595/147106713x671222.

3 Z. Chen, D. Higgins, A. Yu and J. Zhang, Energy Environ. Sci.,
2011, 4, 3167–3192, DOI: 10.1039/c0ee00558d.

4 B. C. Ong, S. K. Kamarudin and S. Basri, Int. J. Hydrog.
Energy, 2017, 42(15), 10142–10157, DOI: 10.1016/
j.ijhydene.2017.01.117.

5 J. Stacy, Y. N. Regmi, B. Leonard and M. Fan, Renewable
Sustainable Energy Rev., 2017, 69, 401–414, DOI: 10.1016/
j.rser.2016.09.135.

6 Y. Nie, L. Li and Z. Wei, Chem. Soc. Rev., 2015, 44(8), 2168–
2201, DOI: 10.1039/c4cs00484a.

7 M. Bron and C. Roth, in New and future developments in
catalysis: batteries, hydrogen storage and fuel cells, ed.
Steven L. Suib, Elsevier B. V., Amsterdam, 2013, ch. 10, pp.
271–305.

8 A. Brouzgou, S. Q. Song and P. Tsiakaras, Appl. Catal., B,
2012, 127, 371–388, DOI: 10.1016/j.apcatb.2012.08.031.

9 J. K. Dombrovskis and A. E. C. Palmqvist, Fuel Cells, 2016,
16(1), 4–22, DOI: 10.1002/fuce.201500123.

10 R. Jasinski, Nature, 1964, 201(4925), 1212–1213, DOI:
10.1038/2011212a0.

11 J. H. Zagal and F. Bedioui, Electrochemistry of N4 Macrocyclic
Metal Complexes Volume 1: Energy, Springer International
Publishing, Switzerland, 2016.

12 J. H. Zagal, S. Griveau, J. F. Silva, T. Nyokong and F. Bedioui,
Coord. Chem. Rev., 2010, 254(23–24), 2755–2791, DOI:
10.1016/j.ccr.2010.05.001.

13 J. Masa, K. Ozoemena, W. Schuhmann and J. H. Zagal, J.
Porphyrins Phthalocyanines, 2012, 16(07n08), 761–784, DOI:
10.1142/S1088424612300091.

14 J. H. Zagal, F. Bedioui and J. P. Dodelet, N4-Macrocyclic metal
complexes, Springer-Verlag, New York, 2006.
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and O. Jiménez-Sandoval, J. New Mater. Electrochem. Syst.,
2016, 19(4), 185–192, DOI: 10.14447/jnmes.v19i4.284.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra02904a

	Study of M(iii)-cyclam (M tnqh_x003D Rh, Ru; cyclam tnqh_x003D 1,4,8,11-tetraazacyclotetradecane) complexes as novel methanol resistant electrocatalysts for the oxygen reduction reaction
	Study of M(iii)-cyclam (M tnqh_x003D Rh, Ru; cyclam tnqh_x003D 1,4,8,11-tetraazacyclotetradecane) complexes as novel methanol resistant electrocatalysts for the oxygen reduction reaction
	Study of M(iii)-cyclam (M tnqh_x003D Rh, Ru; cyclam tnqh_x003D 1,4,8,11-tetraazacyclotetradecane) complexes as novel methanol resistant electrocatalysts for the oxygen reduction reaction
	Study of M(iii)-cyclam (M tnqh_x003D Rh, Ru; cyclam tnqh_x003D 1,4,8,11-tetraazacyclotetradecane) complexes as novel methanol resistant electrocatalysts for the oxygen reduction reaction
	Study of M(iii)-cyclam (M tnqh_x003D Rh, Ru; cyclam tnqh_x003D 1,4,8,11-tetraazacyclotetradecane) complexes as novel methanol resistant electrocatalysts for the oxygen reduction reaction
	Study of M(iii)-cyclam (M tnqh_x003D Rh, Ru; cyclam tnqh_x003D 1,4,8,11-tetraazacyclotetradecane) complexes as novel methanol resistant electrocatalysts for the oxygen reduction reaction
	Study of M(iii)-cyclam (M tnqh_x003D Rh, Ru; cyclam tnqh_x003D 1,4,8,11-tetraazacyclotetradecane) complexes as novel methanol resistant electrocatalysts for the oxygen reduction reaction
	Study of M(iii)-cyclam (M tnqh_x003D Rh, Ru; cyclam tnqh_x003D 1,4,8,11-tetraazacyclotetradecane) complexes as novel methanol resistant electrocatalysts for the oxygen reduction reaction
	Study of M(iii)-cyclam (M tnqh_x003D Rh, Ru; cyclam tnqh_x003D 1,4,8,11-tetraazacyclotetradecane) complexes as novel methanol resistant electrocatalysts for the oxygen reduction reaction

	Study of M(iii)-cyclam (M tnqh_x003D Rh, Ru; cyclam tnqh_x003D 1,4,8,11-tetraazacyclotetradecane) complexes as novel methanol resistant electrocatalysts for the oxygen reduction reaction
	Study of M(iii)-cyclam (M tnqh_x003D Rh, Ru; cyclam tnqh_x003D 1,4,8,11-tetraazacyclotetradecane) complexes as novel methanol resistant electrocatalysts for the oxygen reduction reaction
	Study of M(iii)-cyclam (M tnqh_x003D Rh, Ru; cyclam tnqh_x003D 1,4,8,11-tetraazacyclotetradecane) complexes as novel methanol resistant electrocatalysts for the oxygen reduction reaction
	Study of M(iii)-cyclam (M tnqh_x003D Rh, Ru; cyclam tnqh_x003D 1,4,8,11-tetraazacyclotetradecane) complexes as novel methanol resistant electrocatalysts for the oxygen reduction reaction
	Study of M(iii)-cyclam (M tnqh_x003D Rh, Ru; cyclam tnqh_x003D 1,4,8,11-tetraazacyclotetradecane) complexes as novel methanol resistant electrocatalysts for the oxygen reduction reaction

	Study of M(iii)-cyclam (M tnqh_x003D Rh, Ru; cyclam tnqh_x003D 1,4,8,11-tetraazacyclotetradecane) complexes as novel methanol resistant electrocatalysts for the oxygen reduction reaction
	Study of M(iii)-cyclam (M tnqh_x003D Rh, Ru; cyclam tnqh_x003D 1,4,8,11-tetraazacyclotetradecane) complexes as novel methanol resistant electrocatalysts for the oxygen reduction reaction
	Study of M(iii)-cyclam (M tnqh_x003D Rh, Ru; cyclam tnqh_x003D 1,4,8,11-tetraazacyclotetradecane) complexes as novel methanol resistant electrocatalysts for the oxygen reduction reaction


