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1. Introduction

Polymer Electrolyte Membrane Fuel Cells (PEMFCs) are
electrochemical devices which produce electricity at low 
temperature from the electrochemical reaction between 
O2 and H2, i.e. the Oxygen Reduction Reaction (ORR) and 
the Hydrogen Oxidation Reaction (HOR) respectively. These 
two gases can be generated upon water electrolysis, 
through the Hydrogen Evolution Reaction (HER) and Oxy-
gen Evolution Reaction (OER), employing alternatively a 
renewable source.  

According to IUPAC recommendations 2013, Metal-
Organic Frameworks (MOFs) are Coordination Polymers 
(CPs) with organic ligands, extended in two or three dimen-
sions, containing potential voids. The possibility to choose 
the organic ligand or linker and the metal ions, allows tun-
ing the structure, pore size, surface area and multiple func-
tionalities in a rational way. Due to their crystalline struc-
ture, tailorable ligands, presence of pores and metallic 
centers, applications of MOFs have been proposed for 
many applications like: gas storage and separation, drug 
delivery, sensors and catalysis [1-5]. 

Our target is to obtain MOF derived materials to com-
pletely replace Pt-group-metal (PGM) catalysts employed 
in PEM-FCs and electrolyzers. Unfortunately, MOFs and CPs 
do not usually have high electrical conductivity, enough 
stability under harsh pH conditions required in PEMFCs and 
electrolyzers and high catalytic activity towards the ORR, 
HOR, HER or OER. For this reason, derived materials ob-
tained from MOFs upon thermal treatment under con-
trolled atmosphere are employed. Upon thermal treatment 
under O2 atmosphere or in air, nanostructured oxides have 
been obtained. In contrast, pyrolysis of MOFs or CPs under 
inert atmosphere (N2 or Ar) produces porous carbons 
doped with heteroatoms and decorated with metal-
lic/oxide nanoparticles. Organic ligands contribute to the 
carbonaceous matrix and with the heteroatom (N, O, S, P, 
B) doping. Metal ions are reduced to metallic nanoparticles
or, alternatively, they are incorporated as MNxCy moieties
to the carbonaceous structure [1-5].

During the last years we have been working on N-
doped mesoporous carbons derived from two Co-MOFs, 
one linear Co-CP and one Co-complex. The following N-

heterocyclic ligands were employed to synthesize Co pre-
cursor compounds: 2-Methylimidazole (MeIm, for the co-
balt zeolitic-imidazolate framework, ZIF-67), nicotinate 
(Nic), 2,3-pyrazinedicarboxylate ((CO2)2Pz) and pyra-
zinecarboxylate (CO2Pz). In this way, the precursors or sac-
rificial materials identified as ZIF-67, CoNic (MOF), 
Co(CO2)2Pz (linear coordination polymer) and CoCO2Pz 
(complex), respectively, were obtained. Samples were ob-
tained at 700 

o
C and 900 

o
C. Pyrolyzed samples were identi-

fied adding the pyrolysis temperature to the precursor 
name (ex.: Co(CO2)2Pz 700 

o
C) [1-5].

The catalysts thus prepared were characterized 
through Raman, XPS and EDX spectroscopies. Electron mi-
croscopies (TEM & SEM) showed several morphologies as 
sponges, rods, polyhedrons, spheres, etc., depending on 
ligand employed, and pore sizes between 20-100 nm. 
When the pyrazinedicarboxylate ligand was employed (700 
o
C, AL), the following electrokinetic parameters were ob-

tained for the ORR: Eeq = 0.907 V vs RHE (1.0 V for Pt), E1/2 = 

0.720 V (vs RHE), jo = 10 A cm
-2

, Tafel slope = 82 mV dec
-1

,
electron transfer number close to 4.0 and 10 % yield in 
H2O2 (0.5 M H2SO4). The electrochemical results were in-
terpreted in terms of the Nitrogen content (XPS), specific 
surface area on mesopores and pore size distributions. This 
catalysts presented high methanol tolerance and high cy-
clability (3000 cycles) [1].  

The three best catalysts (i.e.: ZIF-67 700 AL, Co(CO2)2Pz 
700 AL and CoNic 700 AL) towards the ORR were employed 
to construct cathodes in a PEM-FC employing Pt 20 % as 
anodic catalyst. It was possible to reach a maximum power 
density of 259 mW cm

-2
, a limiting current of 1.36 A cm

-2
 

and an open cell voltage of 0.86 V [3]. These parameters 
are comparable to those of Pt 20 % on Vulcan (0.34 W cm

-

2
). Employing the catalyst Co(CO2)2Pz 700 AL, the PEM-FC 

was able to operate for 500 hours, without significant 
change of its electrochemical parameters and without leak-
ing Co or Pt [3]. 

These catalysts were tested as catalysts for the HER 
and OER [5] in electrolyzers. The catalyst derived from Co-
balt 2,3-pyrazinedicarboxylate polymer (700 

o
C) had a Tafel 

slope of 90 mV dec
-1

 and 130 mV dec
-1

 for the HER and OER 
respectively, a current density of 10 mA cm

-2
 was reached 

at -0.23 V and 1.56 V vs RHE for the HER and OER respec-
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tively. This catalyst was deposited on both electrodes (car-
bon paper) in an electrolyzer, which could operate during 
10 hours in a short-term durability test without changing 
the electrochemical parameters and the evolved gases 
reached approximately 100 % of Faraday efficiency, clearly 
showing that these materials are bifunctional catalysts 
towards the overall water splitting [5]. 

In the present report, Co, Ni and CoNi precursor com-
pounds were synthesized with the same ligands as de-
scribed above and they were tested as catalysts towards 
the HOR, aiming to obtain anodic catalysts for alkaline ani-
on exchange fuel cells (AAEFCs).  

2. Experimental 

2.1 Synthetic procedure 

Details on the employed chemicals, precursor synthesis, 
pyrolysis technique, ink preparation, were described in 
previous reports [1,3,5]. 

NiCo precursors were synthesized following the same 
procedure as the Co analogues, using half the number of 
moles of Ni

2+
 and half ones of Co

2+
.  

 

2.2 Physical Characterization techniques 

Catalyst morphology and composition (EDX) was char-
acterized by scanning electron microscopy (SEM) on a FEI 
Quanta 400 microscope. 

 
2.3 Electrochemical measurements 

Electrochemical experiments were performed employ-
ing an Autolab PGSTAT302N potentiostat (Echochemie, 
Netherlands). A 0.196 cm

2
 gold disc, a Ag/AgCl (KCl satu-

rated) and large area rolled Platinum wire were used as 
working, reference and counter electrodes, respectively, in 
a three electrodes electrochemical. 0.1 M KOH was used as 
electrolyte, saturated with N2 or H2 depending on the ex-
perimental conditions.  

3. Results 

3.1 2.2 Physical Characterization  

Figure 1 shows the SEM images of the Co,Ni-2-
methylimidazolate precursor (a) and its pyrolysis (700 

o
C, 

N2) derived material (b). This precursor compound shows 

dodecahedral particles of ca. 1 m diameter. The particle 
size and shape were retained after pyrolysis (b), exhibiting 
bright spots consistent with the presence of metallic nano-
particles as previously found [1,2].  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
. 
Figure 1. a) SEM images of the pristine Co,Ni 2-
methylimidazolate precursor compound. b) SEM image of 
the pyrolysis product (700 

o
C, N2). Scale bar corresponds to 

5 m. 
 
3.2 2.3 Electrochemical studies on the HOR 

 

Figure 2 shows the cyclic voltammetry (CV) for the Ni 
imidazolate MOF pyrolyzed at 700 

o
C, in H2- and N2-

saturated 0.1 M solutions. In both of them it is possible to 
observe a steep decrease of the cathodic current at nega-
tive potential values consistent with the HER. However, 
upon H2-saturation the CV curve shifts to higher, more 
positive currents or more anodic values, particularly at a 
100 mV overpotential, where it shows a maximum. A quali-
tatively similar picture was observed with the other Ni 
catalysts (obtained at 700 

o
C), however Ni,Co derived ma-

terials exhibited lower activity towards the HOR. The same 
held for the Co doped carbons.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Cyclic voltammetry of the Ni imidazolate MOF 
pyrolyzed at 700 

o
C supported on a gold disk, in H2- or N2-

saturated (red or blue lines respectively) 0.1 M KOH solu-
tions, 25 

o
C, scan rate 5 mV s

-1
. 

a) 

b) 
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Linear sweep voltammetries were obtained for the Ni cata-
lysts and the Co,Ni 2-methylimidazole derived material.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.  HER/HOR Tafel plot obtained from the Linear sweep 

voltammetry (LSV) for the Ni imidazolate 700
o
C catalyst, obtained 

in H2 saturated 0.1 M KOH solution, 25 
o
C, scan rate 5 mV s

-1
. 

 

 

 

Table 1. Electrokinetic parameters for the HOR on the studied 
catalysts. 

 

 

Tafel analysis afforded the electrokinetic parameters. The equilib-

rium potentials were very close to the ideal value of 0 V vs RHE. 

The exchange current densities (calculated on the basis of the 

geometric electrode area) were approximately 0.1 mA cm
-2

 (see 

table 1), in agreement with previous reports on Ni catalysts [6-8]. 

The Tafel slopes are consistent with the Heyrovsky/Volmer reac-

tions being the rate determining steps.  

 
 
 
 
 

 

 

 

 

 

 

 

4. Conclusions and perspectives 

It was possible to synthesize MOF derived materials 
with catalytic activity towards the HOR. Deeper characteri-
zation will be done in the future. Strategies to improve the 
catalytic activity are: modify the synthetic procedure to 
obtain smaller metallic nanoparticles, inclusion of Mo na-
noparticles and phosphidation. This would allow us to con-
struct AAEM-FC completely free of platinum-group-metals. 
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Catalyst 
Tafel slope 

(mV dec
-1

) 

jo (mA cm
-2

disk) Metal content  

(% w) 

CoNi 2-MeIm 700
o
C 98 0.08 36 

Ni imidazolate 700
o
C 85 0.12 68 

Ni Nic 700
o
C 85 0.13 44 

Ni(CO2)2Pz 700
o
C 97 0.08 56 

NiCO2Pz 700
o
C 97 0.05 49 
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