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A B S T R A C T

In order to obtain Platinum-free catalysts for the Oxygen Reduction Reaction (ORR) in Fuel Cells, Nitrogen
doped mesoporous carbons were prepared from pyrolysis of three Cobalt metal organic frameworks
(MOFs), one linear coordination polymer and one complex. Electron micrographs revealed the presence
of pores of different sizes in the samples. Particles resembled polyhedrons, sponges, bars, etc. The catalyst
derived from Cobalt 2,3-pyrazinedicarboxylate polymer (700 �C) exhibited attractive electrokinetic
parameters for the ORR comparable to those of Pt 20% in acidic medium (Tafel slope = 82 mV dec�1,
exchange current density = 10 mA cm�1, equilibrium potential = 907 mV (vs RHE), half wave potential =
720 mV (vs RHE), number of exchanged electrons ca. 4.0, 0.5 M H2SO4). Limiting current and H2O2 yield
(< 10%) are similar to those of ZIF-67 derived materials. The half wave potential is shifted to 820 mv (vs
RHE) in alkaline medium (0.1 M KOH). The former sample holds a surface area on mesopores which
duplicates that of the ZIF-67 700 �C. A correlation was found between the current intensity for the ORR
and the mesopore area occupied by N (%N x specific area on mesopores). The Cobalt 2,3-
pyrazinedicarboxylate derived material (700 �C) showed high methanol tolerance compared to Pt 20%
(0.05 M methanol, 0.5 M H2SO4), and good ORR durability (after 3000 cycles between 0.25–1.15 V vs RHE,
O2 saturated 0.5M H2SO4).

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

The increasing world demand of energy has supported the
search and development of new materials for chemical energy
conversion and storage. This parallels the generation of green-
house effect gases, particularly CO2, from the combustion of fossil
fuels. In this way, fuel cells, particularly H2/O2 or H2/air cells, have
emerged as promising candidates to supply energy to vehicles and
to convert H2 (with O2 or air) into energy produced from
intermittent renewable sources such as sunlight, wind, tides and
waves [1].

Among the fuel cells that convert the energy of the reaction
between H2 and O2 into electricity, Proton Exchange or Polymer
Electrolyte Membrane fuel cells (PEM FC) operate at a relatively
low temperature, ca 100 �C [2]. On both cathodic and anodic
electrodes, they usually employ Platinum or noble metal
* Corresponding author.
E-mail address: roncaroli@cnea.gov.ar (F. Roncaroli).
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nanoparticles supported on carbon as catalysts. The high cost
and low abundance of these metals, that prevents the massive
productions or distributions of the PEM cells in the market, have
promoted the search of non-noble or Platinum-free catalyst. This is
particularly relevant for the cathode catalyst, since the Oxygen
Reduction Reaction (ORR) is kinetically slower than the oxidation
of H2 and higher loads of catalyst are necessary. Platinum catalysts
have an additional limitation which is their strong sensibility
towards CO traces present in H2 gas (obtained by reforming), and
cross over effects (if methanol is used in the anode instead of H2)
[2,3].

Since the discovery in the 60’s that Co phthalocyanines catalyze
the ORR, and inspired in the active site of cytochrome C oxidase,
which holds an Fe-heme active site, much work has been done
employing Co and Fe complexes with macrocycles, like porphyrins
and other nitrogenated ligands, as catalysts for the ORR. Later, it
was found that the pyrolysis products of these compounds, as well
as other complexes obtained from Co and Fe salts, N-donor ligands
and/or polymers, supported on different carbons displayed a
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higher activity and stability than their precursor materials,
comparable in some cases to those of Platinum [3,4].

There is still some controversy about the actual identity of the
active sites where the ORR takes place. Many reports support that
pyridinic nitrogen atoms, particularly those on metal-free cata-
lysts, are the active sites, which suggest that no metallic atoms are
necessary for the ORR to occur [5]. On the other hand, studies
conducted on Fe and Co compounds as catalyst precursors,
employing Mössbauer and X-ray absorption spectroscopies,
support the idea that Fe-Nx or Co-Nx moieties with coordinated
pyridinic N atoms correspond to the active sites [6], and are indeed
necessary for the reduction of O2 directly to water in a 4 e�

reaction, or, at least, to reduce H2O2 to water [7–10]. In opposition
to those findings, a highly active Fe-based catalysts has been
reported, where no direct metal-nitrogen coordination was shown
using in situ spectroscopic techniques [11].

More recently, Metal Organic Frameworks (MOFs) and Coordi-
nation Polymers have been used as sacrificial templates or
precursor materials to generate porous carbons with different
heteroatom doping and/or decorated with metallic/oxide nano-
particles [12]. According to IUPAC recommendations 2013 [13], a
Coordination Polymer is a Coordination Compound (complex) with
repeating coordination entities extending in one, two or three
dimensions. In a Coordination Network the coordination polymer
extends in two or three dimensions. A Metal Organic Framework
(MOF) is a coordination network with organic ligands containing
potential voids [13]. In general, they are crystalline microporous
materials [14]. The possibility to choose the organic ligand or linker
and the metal ions, allows tuning the structure, pore size, surface
area and multiple functionalities in a rational way [14,15]. In this
way, applications of MOFs have been proposed for: gas storage and
separation, drug delivery, sensors, catalysis and optoelectronic
devices [16]. Porous carbons derived from MOFs have been
reported with possible application for: H2 storage, sensors,
supercapacitors and lithium batteries [17–19]. Most of the studies
on ORR have been conducted on the Zeolitic Imidazolate
Frameworks (ZIFs) with different metals like Co (ZIF-67 and ZIF-
9), Zn (ZIF-8) and Fe, where the ligands contribute to the
carbonaceous matrix and they are the N source [12]. The metal
ions, in turn, generate oxide particles or they are reduced to
metallic nanoparticles during thermal treatment or pyrolysis
[12,20].

In the present study mesoporous N-doped carbons from three
metal organic frameworks (MOFs), one linear coordination
polymer and one complex were synthesized as catalyst precursors
for the ORR. In order to facilitate the formation of CoN4 sites and
pyridinic N atoms on the particle surface, Co2+ was used as metal
source and five different N-heterocyclic ligands were employed,
particularly pyridine and pyrazine substituted rings. ZIF-67 was
also included for comparison. They were submitted to two thermal
treatments (700 or 900 �C), and finally leached with acid and dried.
The carbonaceous products exhibited different morphologies, and
they were studied through microscopies and several physical and
electrochemical techniques. A detailed study of the catalytic
activity for ORR as a function of the physical parameters, namely:
BET surface area, N and Co content and pore structure is presented.
The results are relevant for the design of new catalysts. These new
mesoporous materials may be useful in other energy convertor or
storage devices where fast diffusion to active sites in required.

2. Experimental methods

2.1. Chemicals

All of them were analytical grade and used without further
purification. Ligands employed for the catalysts synthesis are
depicted in the Supplementary Information: 2-Methylimidazole,
Nicotinic acid, Pyrazinecarboxylic acid, 2,3-Pyrazinedicarboxylic
acid and 2,20-Bipyridine-4,40-dicarboxylic acid. They were pur-
chased from Sigma-Aldrich. CoCl2.6H2O, H2SO4, NaOH and N,N-
dimethylformamide (DMF) were from Merck. Nitrogen (99.998%)
and Oxygen (99.5%) were supplied by Indura S.A. (Argentina).
Isopropyl alcohol was from Biopack. Nafion solution in isopropanol
was purchased from Ion Power, Inc. (USA) (Liquion solution LQ1115
1100 EW 15%). Water was purified through an Arium Pro
equipment from Sartorius until a specific conductivity of 18 MV
cm�1. Pt 20% supported on Vulcan XC-72 catalyst was obtained
from ETEK.

2.2. Synthesis of MOFs and Coordination Polymers

In general, reported procedures were employed. In some
cases, slight modifications described below were performed to
increase the product yield or to avoid using organic solvents.
Room temperature syntheses were preferred before solvother-
mal methods in order to obtain products with smaller particle
sizes. The compounds have the prefixes 3D-, 1D- and 0D to
clearly show that the precursor compounds are 3D-polymers
(MOFs), 1D-polymers or a coordination compound or complex
(0D).

3D-ZIF-67. A modification of the standard procedure (using Co
(NO3)2 in organic solvent) was employed [21,22]. With this
procedure the use of organic solvents was avoided and no traces
of NO3

� ions were present during the pyrolysis. Typically, 1.0 g of
CoCl2.6H2O were dissolved in 5 ml of water under Ar. 1.0 g of NaOH
dissolved in minimum amount of water was added. The Co(OH)2
thus formed was purified from Cl� ions upon centrifugation and
washing with Ar saturated water. To the pink suspension 3.0 g of 2-
methylimidazole were added, affording a deep violet precipitate.
This was stirred in an ultrasonic bath during one hour and allowed
to completely react 24 hours. Finally the product was filtrated and
air-dried. This deep violet MOF is composed of polyhedral particles
ranging 500–1500 nm, similar to previous reports. The identity of
the product was determined by powder XRD (CSD code GITTOT)
[23].

3D-CoNic. 2 g of nicotinic acid and 2.5 g of Co CoCl2.6H2O were
dissolved in 6 mL of DMF. The deep blue solution was heated at
140 �C during 16 hs in a Teflon lined autoclave. The solvothermal
synthesis afforded a dark red solid composed of highly dispersed
(1–30 mm) irregularly shaped particles. The red solid was collected
by filtration, washed with ethanol and air-dried. The product was
identified by powder XRD (CSD code NERVEL) [24]. A synthesis in
water (pH 6) was done producing a pink powder identified as a
zwitterion complex through its powder XRD, not included in this
study.

0D-CoCO2Pz. 2.0 g of pyrazinecarboxylic acid were dissolved in
40 mL of a water solution containing 0.65 g ofNaOH. 1.9 g of
CoCl2.6H2O dissolved in 10 ml of water were added to the other
solution, stirred some minutes and allowed to stand at room
temperature 24 hs. An orange-yellow crystalline solid (1–10 mm
particle size) was collected by filtration and air-dried. The identity
of the product was determined by powder XRD (CSD code PRZCOC)
[25].

1D-Co(CO2)2Pz. 2.0 g of 2,3-pyrazinedicarboxylic acid were
dissolved in 40 mL of a water solution containing 0.95 g of NaOH.
2.8 g of CoCl2.6H2O dissolved in 10 ml of water were added to the
other solution, stirred some minutes and allowed to stand at room
temperature 24 hs. The orange-yellow crystalline product, com-
posed of 1–10 mm particles, was collected by filtration and dried
air-dried. This compound was identified by powder XRD (CSD code
TEBZAB) [26]. In the structure of this compound the (CO2)2Pz
ligands bridge Co2+ ions forming extended linear chains.
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3D-Co(CO 2)2bipy. 200 mg of 2,20-Bipyridine-4,40-dicarboxylic
acid were dissolved in 5 mL of a water solution containing 70 mg of
NaOH. 220 mg of CoCl2.6H2O dissolved in 1 ml of water were
added. The solution was transferred to a Teflon lined autoclave and
heated at 140 �C during 48 hs. Afterwards, the fine orange-pink
powder was collected by filtration and air-dried. The product was
composed by microscopic needles (approximately 2 � 25 mm)
which exhibited very low dispersion in length and diameter. This
MOF is a chiral interpenetrating 3-D coordination polymer
constructed by different numbers of left- and right-handed helical
chains. The product was identified by powder XRD (CSD code
RAKBIO) [27].

2.3. Characterization of MOFs and Coordination Polymers

XRD. Powder X-ray diffraction patterns were measured using
an Empyrean diffractometer equipped with a PixCel 3D detector,
CuKa 40mA 40Kv radiation source, and with angle range 7� < 2
u < 90�, employing a 0.02� step size and a 4 s step time.

TGA. Thermogravimetric Analysis curves were recorded on a
Shimadzu TGA 50, employing approximately 2.5 mg of sample,
under a N2 flow of 20 ml min�1 and a heating rate of 10 �C min�1

2.4. Catalysts synthesis

Pyrolysis. Approximately 2.0 g of the precursor compounds
were dried at 100 �C under N2 during 2 hours. Then, they were
submitted to pyrolysis at 700 �C or 900 �C during 2 hours, under
Nitrogen (flow 1 l h�1), using an Indef T300 tubular electric furnace
at a heating rate of 10 �C min�1.

Acid leaching. The raw products of the pyrolysis were treated
with H2SO4 0.5 M at room temperature during 4 days. Each day the
solid was separated using a centrifuge and fresh acid was added.
Gas evolution was observed during the first day and the solution
turned deep red. On the last day, the acid solution was colorless.
This procedure was followed by washing with water until neutral
pH, then with alcohol, and finally drying at 100 �C under reduced
pressure during 24 hs. Stronger conditions (for example 100 �C)
produced catalysts with lower ORR activity.

Ink preparation. 10 mg of the catalyst (previously grinded in an
agate mortar) were suspended in 180 mg of isopropyl alcohol and
set in the ultrasonic bath for 20 minutes. 30 ml of Nafion, (5% in
isopropyl alcohol) were added and re-suspended. 10 ml of the ink
thus prepared were spread on the 0.196 cm2 gold disk, air-dried
and employed in the electrochemical experiments.

2.5. Catalysts characterization

SEM/TEM/EDX. Catalyst morphology was characterized by
Scanning Eelectron Microscopy (SEM) on a FEI Quanta 400
microscope or a Carl Zeiss NTS-SUPRA 40. Both instruments
afforded the Energy-Dispersive X-ray spectra (EDX). Transmission
Electron Microscopy (TEM) images were acquired with a Philips
CM200 microscope.

Surface area and pore size distribution. A Micromeritics ASAP
2020 surface area and porosity analyzer was employ to determine
the Brunauer-Emmett-Teller (BET) surface area and the Barret-
Joyner-Halenda (BJH) pore diameter and volume distributions.
Before measurements samples were degassed at 200 �C 8 hs at
reduced pressure (10 mmHg).

XPS. X-ray photoelectron spectra were recorded under ultra-
high vacuum conditions with a XPS SPECS spectrometer, using Mg
Ka radiation, equipped with a 150 mm radius hemispherical
electron energy analyzer and 20 eV pass energy. Binding energies
were referred to the C 1s signal at 285 eV.
Raman. Spectra were recorded on a LabRAM HR Raman
system (Horiba Jobin Yvon), equipped with two monochromator
gratings and a charge coupled device detector. A 1800 g mm�1

grating and a 100 mm hole result in a spectral resolution of
1.5 cm�1. The spectrograph is coupled to an imaging microscope
with 10�, 50�, and 100� magnifications. The Ar laser line at
514.5 nm was used as excitation source and was filtered to give a
laser power or density at the exit of the objective lens varying
from 0.1 to 1 W mm�2. Several measurements were performed,
adjusting the laser fluence, to ensure that heating produced by
the laser was minimized and that the sample was not altered.
Measurements were taken in a backscattering geometry with a
50x magnification.

2.6. Electrochemical characterization

Electrochemical measurements. Electrochemical experi-
ments were performed employing an Autolab PGSTAT302N
potentiostat (Echochemie, Netherlands). For cyclic and linear
sweep voltammetry experiments, the Autolab potentiostat was
coupled to a RRDE (Rotating Ring Disc Electrode, 0.196 cm2, Pine
Research Inst.; Raleigh, NC). A Ag/AgCl (KCl saturated) reference
electrode was used for all the electrochemical experiments and the
potentials in this work were referred to the Reference Hydrogen
Electrode (RHE), where E(RHE) = E(Ag/AgCl) + 0.197V + 0.059pH. The
counter electrode was a large area rolled Platinum wire. A three
electrodes electrochemical cell with a jacket was employed, and its
temperature was kept at 25 � 0.5 �C by circulating a thermostat-
ized liquid using a Techne temperature controller.

Oxygen Reduction Reaction (ORR) experiments were performed
in 0.5 M H2SO4 or 0.1 M KOH aqueous solutions. Linear sweep
voltammograms were recorded at different rotation speed
(v = 100–2500 rpm). The potential was scanned at 5 mV s�1

between 1.1–0 V vs. RHE (acidic medium) and 1.4–0.2 V vs RHE
(in alkaline medium), and the ring potential was fixed at 1.4 V vs.
RHE (in acidic medium) and 1.6 V vs RHE (in alkaline medium) in
order to oxidize the H2O2 generated in the disk. The calibration of
the RRDE was carried out by measuring the disk and ring currents
in a 0.005 M K3Fe(CN)6 + 0.1 M K2SO4 electrolyte, under identical
conditions to those for ORR, affording N = 0.180 � 0.005 [28].

Data analysis. Efficiency parameters, i.e. Tafel slopes, equilibri-
um potential (Eeq) and exchange current density (jo) were
calculated by means of Tafel plots (see Table 1) using the Nova
1.11 program. Eeq and jo were determined from the intercept of the
two trend lines corresponding to the ORR and the anodic process. jo
was calculated considering a geometrical area of the electrode,
namely 0.196 cm2. Errors in these parameters correspond to the
standard deviation of several measurements, at least five.

The number of electrons transferred per molecule of reduced
O2, ne-, was determined through Koutecky–Levich plots (K-L). The
overall measured current density, j, of the ORR can be expressed in
terms of the kinetic current density, jk, and the diffusion limited
current density, jd, by the Koutecky–Levich (K-L) equation (1) [28].

1
j
¼ 1

jk
þ 1
jd

¼ 1
jk
þ 1
Bv1=2 ð1Þ

B = 0.2ne-FCoDo
2/3n�1/6 (2)

Jk = ne-FCok (3)

In equations (2) and (3), 0.2 is a constant used when the rotation
speed, v, is expressed in rpm, F the Faraday constant (96485 A
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s mol�1), Co is the concentration of dissolved oxygen (1.1 �10�6

mol cm�3), Do is the diffusion coefficient of oxygen in the solution
(1.4 �10�5 cm2 s�1), n referred as the kinematic viscosity of the 0.5
M H2SO4 solution (1.0 � 10�2 cm�2 s�1) and k is the electron
transfer rate constant, all of them at 298 K. The inverse of the slope
in the K-L plot, B, is proportional to ne-, and allowed to calculate this
last parameter [28].

The yield in hydrogen peroxide, H2O2 can be calculated from
equation (4)

%H2O2 ¼ 200IR=N
ID þ IR=N

ð4Þ

where IR and ID are the ring and the disk currents respectively, and
N is the experimental collection efficiency (0.180 � 0.005).

Cell Performance. Pt supported over Vulcan carbon (Pt/V) 20%
w/w (E-Tek) was used as the anode catalyst, while the 1D-Co
(CO2)2Pz derived catalysts pyrolyzed at 700 �C, was used as cathode
catalyst. The electrodes were prepared as follows. The catalyst
suspension comprising approximately 100 mg catalyst with 70 mg
isopropanol, 700 mg water and 400 mg Nafion ionomer solution
(5% w/w, Ion Power), was spread on one side of a 5.0 cm2 Toray C
paper TGP–H 60 10% PTFE coated (Fuel Cell Technologies). The Pt
Table 1
Relevant physical and electrokinetic parameters from N-doped carbons and related com

Catalyst a BET area (m2

g�1)b
Mesoporous area (m2

g�1)c
Co atom
%d

N atom %d

3D-ZIF-67 700 �C 447 � 5 100 � 20 12 � 4 6.1 � 0.2 

3D-ZIF-67 900 �C 462 � 5 240 � 20 2.2 � 0.2 1.9 � 0.2 

1D-Co(CO2)2Pz
700

320 � 5 230 � 20 12 � 8 3.3 � 0.9 

1D-Co(CO2)2Pz
900 �C

394 � 5 400 � 20 0.8 � 0.2 1.7 � 0.7 

3D-CoNic 700 �C 408 � 5 266 � 7 2.4 � 0.3 3.1 � 0.5 

3D-CoNic 900 �C 391 � 5 290 � 7 2.5 � 1 2.0 � 0.6 

3D-Co
(CO2)2bipy700 �C

309 � 5 183 � 7 2.6 � 0.4 2.1 � 0.3 

3D-Co
(CO2)2bipy900 �C

338 � 5 240 � 10 0.7 � 0.2 2.0 � 0.2 

0D-CoCO2Pz
700 �C

400 � 5 228 � 7 6 � 2 2.1 � 0.5 

0D-CoCO2Pz
900 �C

307 � 5 202 � 7 0.7 � 0.3 2.0 � 0.2 

PANI-Fe-C k

ZIF-67/ZIF-8 l 1563 0.80 6.19 

Fe-ZIF-8 m 969 3.3(Fe) 6.9 

Fe(phen)-ZIF-8 n 954 184 0.8 5.3 

Co(phen) x2
mesoo

Pt 20% vulcan o

k-lThe onset-potential is reported instead of the equilibrium potential (Eeq).
a For data analysis and catalysts synthesis, see experimental section. Electrochemica
b From N2 adsoprtion- desorption experiments.
c From BJH adsorption cumulative surface area of pores 2–50 nm width.
d From EDX.
e From Tafel plots, see experimental section.
f jo was calculated considering the geometrical area of the electrode (0.196 cm2).
g From steady-state ORR polarization curves (see SI).
h Koutecky-Levich plots (see SI).
i From RRDE experiments obtained at 2500 rpm(see SI).
j From references [21] and [22].
k From reference [45].
l Electrochemistry measured at 0.1 M HClO4, from reference [53].
m Electrochemistry measured at 0.1 M HClO4, from reference [56].
n for N and Fe contents and surface areas see reference [56]; electrochemistry meas
o From reference [34].
catalyst loading was 5 mg, while the Co catalyst loading was 43 mg.
A Nafion 212 membrane (Ion Power) was placed between the
electrodes and then hot pressed at 140 �C and 50 bar for 25 min.
The Nafion membrane was previously treated by boiling in H2O2 3%
w/w (H2O2 30% w/w, Biopack) followed by H2SO4 3% w/w (95-97%
w/w, Merck). Humidified H2 (RG 4.8, Indura) and O2 (RG 4.8,
Indura) were circulated at the anode and cathode, respectively, at
different flow rates. Galvanodynamic polarization tests were
performed at 80 �C. The measurements were performed using a
University Test Station system from Fuel Cell Technologies.

3. Results and discussion

In order to evaluate the influence of the precursor structure on
the N-doped carbon activity towards ORR, several Cobalt MOFs, a
coordination polymer and a complex were synthesized. The
following N-heterocyclic ligands were employed: 2-Methylimida-
zole (for ZIF-67) [21–23], nicotinate (Nic) [24], pyrazinecarbox-
ylate (CO2Pz) [25], 2,3-pyrazinedicarboxylate ((CO2)2Pz) [26] and
2,20-bipyridine-4,40-dicarboxylate ((CO2)2bipy) [27]. These ligands
were chosen aiming to maximize formation of CoN4 sites and
pounds.

Tafel slope (mV
dec�1)e

jo (mA
cm�2)e,f

Eeq (mV vs
RHE)e

E1/2 (mV vs
RHE)g

ne-
h % H2O2

i

81 � 9 25 � 5 901 � 30 700 � 10, 710j 3.9–
4.0

3–9

79 � 3 10 � 2 880 � 10 690 � 10, 710j 3.5–
3.8

8–15

82 � 9 10 � 3 907 � 30 720 � 10 3.6–
4.0

7–10

83 � 9 9 � 3 905 � 20 700 � 20 3.6–
3.9

12–
20

81 � 2 12 � 4 900 � 20 650 � 20 3.7–
4.0

3–14

81 � 3 7 � 2 902 � 10 670 � 10 3.8–
4.0

9–21

83 � 5 9 � 5 924 � 2 610 � 40 3.4–
4.0

15–
23

81 � 6 9 � 2 913 � 10 700 � 3 3.6–
3.9

20–
33

92 � 1 9 � 3 926 � 2 580 � 30 3.0–
3.5

10–17

73 � 2 5 � 1 910 � 8 650 � 30 2.8–
3.8

13–
30

87 920 810 4.0 ca 1
930 760 3.7–

3.8
15

70 950 820 3.98 <1
980 880

90 � 5 25 � 2 900 � 10 720 4.0–
4.1

5–9

85 � 7 60 � 8 990 � 2 830 3.9–
4.1

0.5–1

l data corresponds to 0.5 M H2SO4 otherwise stated.

ured at 0.1 M H2SO4, from reference [9].
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pyridinic N atoms on the carbon surface after pyrolysis. Powder
XRD patterns of the precursors (see Supplementary Information,
SI, Figure SI1) reproduced those simulated from reported crystal
structures.

3.1. Physical characterization

The thermal properties of the precursor compounds were
characterized by TGA (Figure SI 2). In general there was an initial
weight loss of 5–10% between 120–220 �C which corresponded to
the release of coordinated water molecules or solvent absorbed
within the pores. A second, more pronounced process was
observed between 300–600 �C which involved ligand volatiliza-
tion, reaction of functional groups, decarboxylation of carboxylic
groups, ligand condensation, etc. [29,30]. Graphitization occurred
at temperatures higher than 700 �C as evidenced by Raman
spectroscopy and XRD patterns of the pyrolysis products (vide
Fig. 1. a), b) SEM images of the 3D-Co(CO2)2bipy derived carbons obtained at 700 �C (a)
700 �C (c) and 900 �C (d). e,f) SEM images of the 3D-ZIF-67 derived catalysts obtained 
infra). Co2+ ions were partially reduced, generating metallic
particles, as detected by XRD and TEM [29]. From the TGA, ZIF-
67 MOF exhibited the highest weight after thermal treatment
between 600–900 �C. This could be ascribed to the lack of
carboxylate groups in the ligand, (which are eliminated as gaseous
CO2), and to the tri-dimensional structure, which may confer
additional stability. The 1D polymer, Co(CO2)2Pz, had the second
mass retention after ZIF-67, probably due to the stability associated
to the chelating structure of the (CO2)2Pz ligand. The CoNic MOF
has labile carboxylate groups and no chelating ligands, what
located this compound in the middle of the series. Surprisingly, the
Co(CO2)2bipy compound, a 3D MOF, with the chelating bipyridyl
group, had the second lowest weight retention after pyrolysis.
Finally, the CoCO2Pz complex showed the lowest weight after
pyrolysis. This trend will be discussed in relation with ORR activity.

All the precursors generated powder samples after pyrolysis,
with the exception of CoCO2Pz complex. This compound could
 and 900 �C (b). c,d) SEM images of the 1D-Co(CO2)2Pz derived samples obtained at
at 700 �C (e) and 900 �C (f).



Fig. 2. a,b) TEM images of the 1D-Co(CO2)2Pz derived carbons obtained at 700 �C (a) and 900 �C (b), inset higher magnification image. c) TEM image of the 3D-CoNic derived
catalyst obtained at 900 �C. d) TEM image of the 3D-Co(CO2)2bipy derived sample obtained at 900 �C, inset lower magnification image.

Fig. 3. Raman spectra of selected catalysts.
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afford a monolithic material if the starting compound was pressed
as a cake or pellet before pyrolysis (see Figure SI 4).

Figs. 1 and 2 show SEM and TEM images of selected catalysts
obtained at 700 �C – 900 �C and leached with 0.5 M H2SO4. SEM
images of the precursor compounds and other pyrolyzed samples
are shown in the SI. External morphology of the particles was kept
during the thermal and acid treatment. Macropores of approxi-
mately 100 nm could be observed in most of the materials
pyrolyzed at 900 �C, what made the particles look like sponges (see
Figs. 1b, d and 2). This also held for the 3D-CoNic and 1D-Co
(CO2)2Pz pyrolyzed at 700 �C (2a and SI). However, the 3D-ZIF-67
and 0D-CoCO2Pz derived samples (700 �C) did not show such
features under the magnification employed (Figs. 1e and SI). TEM
images of selected samples exhibited dark particles embedded
within the carbon matrix identified as Co nanoparticles through
the EDX spectra (Fig. 2), in agreement with XRD data (SI). For the
1D-Co(CO2)2Pz derived materials, these nanoparticles had a
diameter of ca 20 nm (700 �C) and 75 nm (900 �C) (see Fig. 2a,
b). Similar picture has been reported for 3D-ZIF-67 derived
catalysts [21,22]. This was also observed for 3D-Co(CO2)2bipy
(900 �C) exhibiting Co particles of approximately 35 nm (Fig. 2d). A
different situation was observed with 3D-CoNic. In this case, large
particles (30 mm, Figure SI 4) were composed of smaller particles
of carbon (ca 50 nm, Fig. 2c) and metallic particles (ca 120 nm,
Fig. 2c) covered or encapsulated by carbon.

XRD studies performed on the pyrolysis products of the Co
compounds leached with 0.5 M H2SO4 (Figure SI 5) revealed the
presence of diffraction peaks assignable to reflections of the (111)
and (200) planes in metallic Co [30]. A shoulder at 42.5� observed
in some samples can be ascribed to the (200) reflection of CoO.
Samples obtained at 900 �C displayed a signal at 26.2� which
corresponds to the (002) reflection in graphite [30]. This signal had
lower intensity in samples obtained at 700

�
C. This last result is

consistent with the lower degree of graphitization observed by
Raman spectroscopy in the 1D-Co(CO2)2Pz 700 �C sample.
Some selected samples were studied through Raman spectros-
copy. The spectra of the pyrolyzed samples (700 and 900 �C,
leached with 0.5 M H2SO4), showed in Fig. 3, are dominated by two
bands at ca 1330 cm�1 and ca 1590 cm�1. The first signal, called D
band, is present in all graphite-like carbons and originates from
structural defects and sp3 carbons [31]. The second signal, called G
band, is assigned to the E2g stretching vibrations in the basal plane
of graphite [31]. The 1D-Co(CO2)2Pz 700 �C sample (compared with



Fig. 4. High resolution XPS spectra corresponding to the N 1s and Co 2p core levels
of the 0D-CoCO2Pz compound pyrolyzed at 700 �C and 900 �C (0.5 M H2SO4

leached), experimental spectra (black bold lines), subspectra (dotted lines, see text)
and total simulations (red line). Co 2P spectrum of [Co(II)(phen)3]Cl2 complex (not
pyrolyzed) is show for comparison.
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the one obtained at 900 �C), displayed a lower relative intensity of
the G band (compared to the D band) consistent with a lower
degree of graphitization at this lower temperature. This is
consistent with the powder XRD results. The D’ band
(1610 cm�1) is also caused by disorder and defects [31]. The 2D
band at 2700 cm�1, a second-order two-phonon process, is typical
of carbon nanotubes or graphene sheets. Nanotube formation has
been directly observed by TEM and SEM in 3D-ZIF-67 pyrolyzed
samples [32]. Other signals at 190 cm�1, 472 cm�1, 515 cm�1,
610 cm�1 and 680 cm�1 were also present in the spectra (Fig. 3).
Based on literature data, they can be assigned to CoO or to a
mixture of CoO/Co3O4 [33,34]. The presence of CoO was also
detected with low intensity in some XRD patterns of the pyrolysis
products (see SI).

Pyrolyzed acid leached samples were studied by EDX spectros-
copy to determine their composition. In Table 1, N and Co contents
(atom %) are summarized (C, O and S data are shown in the SI). Both
parameters decreased at 900 �C compared to 700 �C. The reduction
in Co content could be understood in terms of the dynamics of Co
particle formation, with consequent pore and channel generation
[22]. They must facilitate the acid penetration and particle
dissolution. N content also decreased drastically as the pyrolysis
temperature increased, in agreement with previous results and
XPS data [21,22]. The data for Co content exhibited a much higher
dispersion than the corresponding values for N content, probably
due to the heterogeneity caused by the metallic particles, observed
by SEM and TEM.

The pyrolysis products of the 0D-CoCO2Pz complex obtained at
700 �C and 900 �C (leached with 0.5 M H2SO4) were studied
through XPS. The survey spectra exhibited features assignable to
the C 1s, N 1s, O 1s, Co 2p core levels (See Figure SI 6). The high
resolution N 1s spectra could be deconvoluted into four subspectra
centered at 398.5 eV, 399.6 eV, 401.0 eV and 403.0 eV (see Fig. 4),
which were ascribed, according to literature, to Pydinic N (397–
399 eV), Co coordinated N (399–400 eV), Graphitic N (401- 402 eV),
and Oxidized N (402–405 eV), respectively [35–37]. Pyridinic-N
refers to the nitrogen atom on the edge of a graphite plane with
two adjacent carbon atoms. It has one lone pair of electrons in
addition to the electron donated to the conjugated bond system,
imparting Lewis basicity to the carbon. Co coordinated N also
corresponds to a Pyridinic N atom, but coordinated to Co instead of
being free. Graphitic-N, which is also termed as “Quaternary-N”,
represents the nitrogen atom bonded to three carbon atoms within
a graphite (basal) plane, while Pyrrolic groups (400–401 eV) refer
to nitrogen atoms that contribute to the p system with two p
electron within a five-membered ring. Finally, Oxidized-N
corresponds to N bound to O (N+-O�) [35,36]. From these spectra,
it was not possible to distinguish or resolve Pyrrolic N from
Graphitic N. Upon thermal treatment at 900 �C the intensities of
the total N decreased, Co coordinated N signals were not detected
and the Graphitic N increased its relative intensity compared with
Pyridinic N. These spectra, employing a pyrazine derived ligand,
were very similar to the ones previously found on 3D-ZIF-67
pyrolysis products, with methylimidazole as ligand [21,22,38]. This
result is relevant to ORR since Pyridinic and CoN4 groups have been
postulated as the active sites where O2 reduction takes place [7–
10].

The XPS spectra in the region of the Co 2p binding energy of the
0D-CoCO2Pz complex pyrolyzed at 700 �C displayed signals
centered at 780.5, 795.7, 785.3 and 802.8 eV (see Fig. 4). This is
a fingerprint for the presence of Co(II) high spin ions [39–41]. For
the CoO compound, the Co 2p3/2 binding energy is reported to be at
780.0–780.9 eV and its Co 2p1/2 spin orbit coupling component at
796.0–796.5 eV [39–41]. The CoO is characterized by two shake up
satellites reported at 785.3 and 802.6 eV [39–41]. The spectrum of
the 0D-CoCO2Pz complex pyrolyzed at 700 �C closely resembled
that of the [Co(II)(phen)3]Cl2 complex (not pyrolyzed). In this way,
the Co(II) centers could be partially coordinated to Pyridinic-N as
observed in the N 1S spectrum. The absence of a subspectrum
centered at 778 eV indicated that Co metallic particles (detected by
powder X-ray diffraction) must be covered by CoO, or encapsulated
by carbon (as seen by TEM), thus, not detectable by XPS which is
selective to the first atomic layers. Co3O4 shows much weaker
satellite signals, and 2p binding energies at 779.5–780.7 and
794.5–795.3 eV for the 2p3/2 and 2p1/2 core levels respectively [39–
41], with satellites 787.9 and 803.0 eV. Finally, the 0D-CoCO2Pz
pyrolyzed at 900 �C sample, did not show detectable signals of Co,



Fig. 5. Top: N2 adsorption/desorption isotherms at 77 �K for the prepared catalysts. Bottom: Pore size distributions obtained from the BJH Desorption dV/dlog(d) Pore Volume
vs Pore Diameter plots.
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in agreement with its lower metal content detected by EDX and the
absence of Co-N signals in the N 1S XPS.

The surface area and pore size distributions of the prepared
catalysts were investigated through N2 adsorption–desorption
measurements at 77 K. Fig. 5 shows the isotherms for the materials
prepared at 700 �C and 900 �C. They exhibit typical Type IV
isotherms according to IUPAC classification [42]. The steep
increase of N2 uptake at low pressure and hysteresis loop at high
pressure are characteristics of micro- and meso-porous structures
respectively [30,42]. BET surface areas took values between 300–
460 m2 g�1 (see Table 1). In most cases these parameters increased
with pyrolysis temperature, in agreement with previous reports
[22]. Both, pyrolysis and acid leaching have deep effects on the
surface area and pore size distribution. During pyrolysis the
microporous structure of the MOF collapses. On the other hand Co
nanoparticle formation at expenses of smaller ones and Co2+ ions,
leaving empty pores and channels, contributes to the mesopore
formation. These particles are partially dissolved during acid
leaching, generating pores as well. As an example, the 3D-ZIF-67
derived catalysts showed a BET surface area of 447 and 462 m2g�1

(at 700 �C and 900 �C respectively, Table 1), in very good agreement
with the reported value of 501 m2g�1 (900 �C, acid leached) [22]. In
contrast a BET surface area of 285.9 and 258 m2g�1 has been
reported for 3D-ZIF-67 pyrolyzed at 900 and 700 �C respectively,
without acid leaching [22]. The precursor compound (ZIF-67) has a
reported BET surface area of 1512 m2g�1 [21]. On the other hand,
the 1D-Co(CO2)2Pz derived catalysts showed smaller BET surface
area of 394 and 320 m2g�1 (900 and 700 �C respectively).

The area on mesopores (2–50 nm) was approximately 60%
(700 �C) � 70% (900 �C) of the BET surface area, for most of the
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samples (see Table 1). However, for the 3D-ZIF-67 (700 �C) sample,
the area on mesopores was only 23% of the BET area. In contrast, for
the 1D-Co(CO2)2Pz derived catalyst, the area on mesopores
reached 80% (700 �C) and ca 100% (900 �C) of the BET surface
area. The micropore area ranged 40–80 m2g�1 for all the samples,
except for the ZIF-67 700 �C material, which exhibited a much
higher value of 220 m2g�1. A relation between the area on
mesopores and the activity for ORR will be discussed in the last
section.

The pore size distributions obtained from the BJH desorption
dA/dlog(d) Pore Area plots showed a narrow peak centered at 3.8–
4.1 nm (see Fig. 5), and the presence of larger pores, depending of
the sample. This was particularly evident for the 1D-Co(CO2)2Pz
and 3D-CoNic derived materials. Remarkably, the 3D-CoNic
samples exhibited the presence of a second maximum in both
distributions plots (see Fig. 5) at 30 nm (700 �C) and 50 nm
(900 �C), i.e. a bimodal, hierarchical pore size distribution. In
contrast the 3D-ZIF-67 derived catalysts showed a very narrow
distribution of pores after both thermal treatments.
Fig. 6. Top: Current–potential curves on the catalysts obtained at 700 and 900 �C in an O
potential curves on the catalysts obtained at 700 and 900 �C in an O2-saturead 0.1 M K
It is worth noting that the surface areas and pore distributions
did not change if the sample was a powder or a monolith, and did
not depend on the grinding of the samples. This evidenced that
these properties were dominated by the micro- or mesoporosity
and not by the external surface in these relatively large particle
samples. For 3D-ZIF-67 (750 �C) samples (not acid leached) the BET
surface areas were reported to be 386 m2g�1 (300 nm), 326 m2g�1

(800 nm), 233 m2g�1 (1.7 mm) and 165 m2g�1 (bulk) [21]. In these
cases the pores were probably occupied by Co/CoO particles.

3.2. Electrochemical characterization

The activity of the Oxygen Reduction Reaction (ORR) was
studied employing linear sweep voltammetry on a rotating ring-
disk electrode (RRDE) in O2–saturated 0.5 M H2SO4 and 0.1 M KOH
solutions. The steady-state polarization curves (I vs V) are shown in
the SI for the different samples under different rotation speeds. The
curves obtained at 2500 rpm are shown in Fig. 6. Tafel plots (0.5 M
H2SO4) afforded the electrokinetic parameters, which are shown in
2-saturead 0.5 M H2SO4 solution on Au disk at 2500 rpm at 25 �C. Bottom: Current–
OH solution on Au disk at 2500 rpm at 25 �C.



Fig. 7. Plot for the disk intensity vs mesopore area occupied by N atoms (% N x area
on mesopores). Area on mesopores corresponds to BJH Adsorption cumulative
volume of pores between 2–50 nm width). Disk intensity (at 0.5 V vs RHE, O2

saturated 0.5 M H2SO4), corresponds to the average of at least four independent
measurements.
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Table 1. The Tafel slope and the equilibrium potential (Eeq) took
approximately the values 80 � 10 mV dec�1 and 900 � 20 V vs RHE
respectively for all the samples. This was consistent with the
presence of similar active sites in all the catalysts. The 3D-ZIF-67
700 �C sample displayed the highest exchange current density (jo)
of 25 mA cm�2, what could be ascribed to both the higher surface
area, and higher Co and N contents (see Table 1). The other samples
exhibit a jo around 9 mA cm�2. However, the current intensities at
lower potentials (< 0.5 V), i.e. limiting currents, were different,
taking particularly lower values for the 0D-CoCO2Pz and 3D-Co
(CO2)2bipy derived samples (at both thermal treatments). A
possible explanation will be offered in the next Section (3.3).

All the samples pyrolyzed at 900 �C showed a significantly
higher % H2O2 yield than the ones obtained at 700 �C. This could be
related to the lower N and Co contents detected in the former
samples, what could support the relevant role of both types of
atoms (most probably as CoN4 species) in the reduction of H2O2, or
O2 directly to H2O. Koutecky-Levich plots are shown in the SI. The
numbers of exchanged electrons (ne-) obtained from these plots
are listed in Table 1 and they had reasonable agreement with the
H2O2 yield, supporting a 4 e� reduction mechanism. Although the
proposed mechanisms for ORR include several steps, they follow
basically two routes: a direct reduction of O2 to H2O (4 e�) or a
reduction of O2 to H2O2 (2 e�) [43]. Eventually, H2O2 can be further
reduced to H2O, can dismutate, or can be released to the solution as
by product, with consequent reduction in power generation and
corrosive effects towards different parts of the PEM-FC. Many
different species are present on the surface of Fe- or Co-N-doped
carbons and several of them have been proposed as active sites [7–
10]. An electrochemical and spectroscopic study performed by
Artyushkova et al., concluded that Pyrrolic N catalyzes the first step
of O2 reduction to H2O2 [7,10]. Pyridinic N serves as a second step of
H2O2 reduction to water. Metal coordinated to N catalyzes the 4e�

direct reduction of O2 to water and/or the second step of H2O2

reduction similarly to the Pyridinic N [7,10]. In agreement with
these findings, samples obtained at 700 �C with higher Co and N
content, particularly Co-coordinated N (as detected in 0D-CoCO2Pz
700 �C by XPS) exhibited significantly lower H2O2 yields and
number of exchanged electros closer to 4 (see Table 1).

Finally, these catalysts were studied in alkaline medium (0.1 M
KOH) (see Fig. 6, bottom). Non Platinum group catalysts usually
exhibit better performance in this medium [12,18]. In our case,
voltammograms closely resembled those obtained in acidic
medium but with potential shifted towards more positive
potentials. Particularly half wave potentials (E1/2) and diffusion
limiting currents were close to those of Pt 20% supported on
carbon. The limiting currents were further improved upon thermal
treatment at 900 �C. Differences in the performances in acid and
basic media can be ascribed to differences in the optimal active
sites in both electrolytes. FeNx and CoNx are more active in acid
medium, while Pyridinic N and Graphitic N are apparently more
active in basic solution [10,11].

A preliminary test was performed with the 1D-Co(CO2)2Pz
700 �C derived catalyst as cathode in single-cell acidic PEM fuel
cell. This measurement will be improved in the near future and is
shown in Figure SI 14. It exhibited a peak power of 60 mW cm�2.
This sample showed higher methanol tolerance than Pt 20% (0.05
M methanol, 0.5 M H2SO4 see Fig. 8). Finally, the same catalyst did
not show any detectable change in ORR activity after 3000 cycles
between 0.25–1.15 V vs RHE (O2 saturated 0.5 M H2SO4, see Fig. 8).

3.3. Activity vs structure correlation

Although all the samples showed a similar jo around 9 mA cm�2

(0.5 M H2SO4, except 3D-ZIF-67 700 �C, jo = 25 mA cm�2), their
current intensities at lower potentials (< 0.5 V), i.e. the diffusion
limited currents, were different (see Fig. 6). A possible explanation
can be met if the surface on mesopores is analyzed (Table 1). Fig. 7
shows a plot of the disk intensity (ID, at 0.5 V vs RHE, 0.5 M H2SO4)
vs the mesopore area occupied by N atoms (% N x surface on
mesopores). Although with high dispersion, a correlation can be
observed between both parameters for all the data. The analogous
plot for Co is shown in the SI. The 3D-ZIF-67 700 �C sample had the
highest nitrogen content (6.1%), highest BET surface area
(447 m2g�1) and highest micropore area (220 m2g�1) as well.
On the other hand, the 1D-Co(CO2)2Pz 700 �C catalyst had one of
the lowest BET surface area (320 m2g�1) and 3.3% N content (see
Table 1). However, their linear sweep voltammograms were very
similar (see Fig. 6). In contrast, the 3D-ZIF-67 700 �C material held
the lowest surface on mesopores (2–50 nm) (see Table 1,
100 m2g�1), while for the 1D-Co(CO2)2Pz 700 �C sample this
parameter took the value 230 m2g�1. This would compensate, at
least partially, the higher surface area and N content of the first
compound. Based on experimental and geometrical consider-
ations, micropores (< 2 nm) have been proposed as crucial for
catalytic activity, since the distance between two micropore walls
should have an exact value (1–2 nm) for the active site M-Nx to be
formed [44,45]. However, micropores are less accessible to solvent,
and may control the diffusion process when the electron transfer
reaction is faster, at lower redox potentials (diffusion limiting
regime). Macro- and mesopores are needed for fast mass transport
especially at high current rates [18,32,46,47]. A proper combina-
tion of both micropores and mesopores is necessary for a good
performance of the catalysts [48]. The plot ID vs % Co x surface on
mesopores is shown in the SI. No correlation or trend could be
observed. This could be attributed to the presence of significant
amounts of Co metallic particles encapsulated within the carbon
matrix, which are not active for ORR, but detected by EDX. Co
species were not detected by XPS in the 0D-CoCO2Pz 900 �C
sample, however, it still showed ORR activity (with high H2O2

yield). This means that other species, like Pyridinic N are also
responsible for the ORR, in addition to Co-N4, which was detected
in the sample pyrolized at 700 �C [7].



Fig. 8. Top: Methanol-tolerance measurement from the ORR polarization curves of
Pt 20% and 1D-Co(CO2)2Pz 700 �C, measured at 25 �C in O2 saturated 0.5 M H2SO4

solution on a gold disk. Methanol final concentration: 0.05 M. Rotation speed: 2500
rpm. Bottom: Accelerated durability test from the ORR polarization curve of the 1D-
Co(CO2)2Pz 700 �C catalyst before and after 3000 cycles. (0.25–1.15 V vs RHE, sweep
rate of 50 mV s�1, O2 saturated 0.5 M H2SO4, rotation speed of 2500 rpm).
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From other point of view, both the ORR activity (i.e. E1/2, limiting
current in acidic medium), and the N content of the samples
(700 �C) followed approximately the same trend as the weight
retention (TGA, see Figure SI 2).

The ORR activity trend also followed the initial N content in the
precursor compound, i.e. 3D-ZIF-67 > 0D-CoCO2Pz > 1D-Co
(CO2)2Pz > 3D-CoNic = 3D-Co(CO2)2bipy. The 0D-CoCO2Pz complex
did not follow this last trend, probably due to the lack of stability
conferred by a polymeric structure.

Table 1 also shows data on related compounds previously
published. High activities were reported using Fe ions as metal
source, evidencing that Fe-Nx sites have higher activity for ORR
than Co-Nx [12,18,49,50]. However the iron imidazolate MOF
pyrolized at 900 �C exhibited a E1/2 = 0.68 V [51]. Catalysts have
been further improved using Zn2+ MOFs, particularly ZIF-8, loaded
with Fe salts, complexes or even mixed with Fe or Co MOFs. During
pyrolysis, usually performed at 900 �C or higher, Zn0 is volatilized
leaving empty pores and generating carbons with remarkably high
specific area (up to 1563 m2g�1, see Table 1), mesopores, and Fe
centers very uniformly dispersed, avoiding the formation of
metallic particles [52,53]. In this line, recently, pyrolysis at
950 �C of ZIF67@ZIF8 core-shell nanocrystals generated high
ORR activity carbons with a hierarchically micro/mesoporous
structure, leading to sufficient exposure and accessibility of the
active sites and efficient transport pathways [54,55].

4. Conclusions and Perspectives

Three metal organic frameworks (MOFs), one linear coordina-
tion polymer and one complex were synthesized using N-
heterocyclic ligands, characterized by different physical and
electrochemical techniques. These studies of the samples afforded
the following conclusions:

(1) Pyrolysis at 900 �C produced samples with lower Co and N
content, and significantly higher H2O2 formation during ORR.
This evidences the role of CoNx and Pyridinic N in the reduction
of H2O2.

(2) ORR activity and N content followed the same trend as the
weight retention after pyrolysis. Polymers, and particularly
MOFs, are stable compounds that keep or generate a porous
structure during pyrolysis and retain N atoms. This is also
useful to generate CoNx (or FeNx) moieties uniformly
distributed on the catalyst, and to avoid formation of metallic
particles. For this reason, the 0D-CoCO2Pz complex (not a
polymer) exhibited the poorest ORR catalytic activity.

(3) Ligands with highest N content produced the catalyst with
highest activity. This is in line with the concept that the active
sites are located on N atoms, particularly Pyrdinic N, CoNx (or
FeNx). However, the 0D-CoCO2Pz complex escapes away from
this trend.

(4) The specific area on mesopores plays a key role, since it
provides accessibility to the active sites. In this way, catalysts
derived from the 1D-Co(CO2)2 Pz polymer (and also the 3D-
CoNic MOF) displayed high ORR activity, comparable to that of
3D-ZIF-67 derived carbons, although the former ones had
significantly lower N content and BET surface area. Pyrolysis of
the ZIF-8 MOF, loaded with Fe compounds has been a
successful strategy to produce highly active catalysts. The
employ of templates and other related techniques may be
useful to generate mesoporous M-N-dopped carbons with high
ORR activity.

These results confirm the large number of variables and
parameters that influence the activity of a catalyst. They further
support efforts to synthesize new materials, not only with small
particle size and large surface area, but also with adequate pore
distribution and large surface on mesopores.

These new materials might be useful in other devices for energy
conversion or storage, like supercapacitors, electrolyzer or Li
batteries, where fast transport to active sites is required, exploiting
their large surface area on mesopores. In this way, preliminary
galvanostatic charge/discharge experiments have shown a specific
capacitance of 550 F g�1 (2 A g�1) for the 1D-Co(CO2)2Pz (900 �C)
catalyst (6 M KOH). Finally, the 0D-CoCO2Pz derived materials
obtained as monoliths can be useful to build sensors or electrodes.
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