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Abstract: Metal–organic framework (MOF) materials can be used as precursors to prepare
non-precious metal catalysts (NPMCs) for oxygen reduction reaction (ORR). Herein, we prepared
a novel MOF material (denoted as Co-bpdc) and then combined it with multi-walled carbon
nanotubes (MWCNTs) to form Co-bpdc/MWCNTs composites. After calcination, the cobalt ions
from Co-bpdc were converted into Co nanoparticles, which were distributed in the graphite carbon
layers and MWCNTs to form Co-bpdc/MWCNTs. The prepared catalysts were characterized by TEM
(Transmission electron microscopy), XRD (X-ray diffraction), XPS (X-ray photoelectron spectroscopy),
BET (Brunauer–Emmett–Teller), and Raman spectroscopy. The electrocatalytic activity was measured
by using rotating disk electrode (RDE) voltammetry. The catalysts showed higher ORR catalytic
activity than the commercial Pt/C catalyst in alkaline solution. Co-bpdc/MWCNTs-100 showed the
highest ORR catalytic activity, with an initial reduction potential and half-wave potential reaching
0.99 V and 0.92 V, respectively. The prepared catalysts also showed superior stability and followed
the 4-electron pathway ORR process in alkaline solution.
Keywords: metal–organic framework; non-precious metal catalyst; oxygen reduction reaction;
Co-bpdc; Co-bpdc/MWCNTs composites

1. Introduction
In recent years, as a result of the global energy crisis and environmental pollution, the search
for cheap, efficient, and environmentally friendly alternative energy conversion and storage systems
has aroused huge and sustained interest [1,2]. Hydrogen is a clean energy source, and fuel cells are
the best way to utilize it. Fuel cells are considered one of the most efficient clean power-generating
technologies of the 21st century. However, the high cost of fuel cells limits their commercialization;
the precious metal catalysts make up a large part of the cost. To realize commercialization of the fuel
cells as soon as possible, we urgently need to develop high-efficiency and low-cost non-precious metal
catalysts to replace the high-cost, platinum-based noble metal catalysts [3–7].
Oxygen reduction reaction (ORR) plays a pivotal role in fuel cells and metal–air batteries [8–10].
Among the various non-noble metal ORR catalysts, transition metal–nitrogen–carbon (M/N/C)
complexes or composites have attracted much attention due to their low price, high activity,
long durability, and high resistance to methanol exchange [11,12]. Over the past several decades,
non-noble metal catalysts (mainly Fe or Co) have been the most studied and have made great
progress [13–17]. Jasinski first reported that nitrogen-containing metal macrocyclic compounds were
able to catalyze oxygen reduction reaction, and thus created a new era of non-precious metals and
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non-metallic catalysts [10]. Subsequent studies have found that the activity and stability of the
catalyst can be improved by pyrolyzing the metal salt compound and the nitrogen macrocyclic
compound, which contain transition metal, nitrogen source, and carbon source [17–19]. Furthermore,
the heteroatom-doped carbon material is a kind of promising material that can be used to replace
the noble metal catalyst, and the doping of the carbon material with heteroatoms can effectively
improve electrocatalytic activity and stability [20–22]. Among the heteroatom-doped carbon materials,
nitrogen-doped carbon nanomaterials have been extensively studied because of their low cost,
high electrocatalytic activity, high durability, and good environmental protection [23–25]. Many results
have shown that the introduction of nitrogen atoms can induce the ionization of adjacent carbon
atoms, promote the adsorption of oxygen, and lead to the improvement of catalytic activity.
Nitrogen-doped carbon materials can also work with metal compounds to significantly improve
catalytic efficiency [21,26].
Metal–organic framework (MOF) materials are composed of inorganic metal centers (metal ions or
metal clusters) and bridged organic ligands through self-assembly interconnection, forming a porous
crystalline material with a cyclical network structure [27–30]. MOF materials have a great prospect
in non-precious metal catalysts because MOF materials have many advantages, such as structural
diversity, adjustable aperture, and large specific surface area. These advantages have attracted
the attention of researchers, and make MOF materials widely used in the catalytic field [29,31–33].
Since MOF-derived catalysts have many fully exposed nanostructures, resulting in their excellent
electron transport properties, these catalysts have high electrocatalytic activity in fuel cells, in both
acidic and alkaline electrolytes [29,34]. We can modify a MOF material to make it rich in Fe–N4 or
Co–N4 coordination structure, so that the MOF material contains transition metal, nitrogen source,
and carbon source. Specifically, we can introduce nitrogen atoms to form nitrogen-containing organic
ligands, and then coordinate the modified ligands with the transition metal ions, to form a new kind
of MOF material that contains nitrogen [30,33,34].
2. Results
Herein, we reported a novel MOF material (denoted as Co-bpdc) and the preparation of
Co-bpdc/MWCNTs composites. The Co-bpdc and Co-bpdc/MWCNTs composites were heated
at a high temperature in a N2 atmosphere to form the catalysts. After calcination, the structure of
the Co-bpdc/MWCNTs composites was destroyed, and the organic ligands from the Co-bpdc were
carbonized to the graphite carbon layer. The central cobalt ions from the Co-bpdc were converted
into Co nanoparticles, which were then distributed in the graphite carbon layers and MWCNTs.
The MWCNTs worked as carriers and helped to disperse the cobalt atoms, and the addition of
MWCNTs also improved the conductivity and electrocatalytic activity of the catalysts. For all the
above reasons, the prepared catalysts have a higher ORR catalytic activity than the commercial Pt/C
catalyst in alkaline media.
Formatting of Mathematical Components. The electron transfer number (n) during the oxygen
reduction reaction was calculated from the Koutecky–Levich equation:
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(3)

Here, J is the current density, JL and JK are the diffusion- and kinetic-limiting current densities,
respectively, ω is the angular velocity, F is the Faraday constant (96,485 C mol−1 ), C0 is the O2 bulk
concentration (C0 = 1.26 × 10−6 mol cm−3 ), D0 is the diffusion coefficient of the O2 in 0.1 M KOH or
HClO4 (D0 = 1.9 × 10−5 cm s−1 ), υ is the kinematic viscosity of the electrolyte (υ = 0.1 m2 s−1 in 0.1 M
KOH or HClO4 ) [35].
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Figure 4 exhibits the typical morphology of Co-bpdc and Co-bpdc/MWCNTs composites.
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Figure 4. (a) TEM image of Co-bpdc; (b) TEM image of Co-bpdc/MWCNTs-100; (c) TEM image of
Co-bpdc after calcination; (d) TEM image of Co-bpdc/MWCNTs-100 after calcination; (e) particle size
distribution of Co-bpdc/MWCNTs-100; and (f) HRTEM image of Co-bpdc/MWCNTs-100.
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Table 1. The proportion of different atoms in Co-bpdc/MWCNTs composites with different contents
of MWCNTs.
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MWCNTs decreases, compared with Co-bpdc. The main reasons are as follows. During the
From Table 1, we found
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of O,
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the catalysts
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formation of Co-bpdc/MWCNTs
composites,
MWCNTs
incorporated
Co-bpdc,
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Thematerial.
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the formation
Co-bpdc/MWCNTs
composites
becoming
a porous
After
calcination,
Co-bpdc/MWCNTs
of Co‐bpdc/MWCNTs composites, MWCNTs are incorporated into Co‐bpdc, resulting in Co‐
composites were carbonized and the structure of Co-bpdc/MWCNTs composites was destroyed,
bpdc/MWCNTs composites becoming a porous material. After calcination, Co‐bpdc/MWCNTs
resulting in
a substantial
loss of elements
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other
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due
to
the
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occurring
resulting in a substantial loss of elements in the catalysts. The relative contents of O, Co and N in
Co‐
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duringmore
during calcination.
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catalysts first increases, reaching a maximum of 2.02% at 100 mg of MWCNTs, and then drops.
However, the trend of Co elements is opposite to the trend of nitrogen elements.
However, the trend of Co elements is opposite to the trend of nitrogen elements.
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distribution curve shows a wide pore size distribution, ranging from micropores to mesopores,
indicating the mesoporous characteristic of the Co‐bpdc/MWCNTs‐100. This characteristic
indicating contributes
the mesoporous
characteristic of the Co-bpdc/MWCNTs-100. This characteristic contributes
to the diffusion of oxygen onto the catalyst surface [35]. As a comparison, the BET surface
to the diffusion
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activity of the corresponding catalyst.

6. Nitrogen
adsorption–desorption
isothermofofCo-bpdc/MWCNTs-100.
Co‐bpdc/MWCNTs‐100.
Figure 6.Figure
Nitrogen
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The electrocatalytic activities of the as-prepared catalysts toward oxygen reduction reaction
(ORR) were measured by cyclic voltammetry (CV) and linear sweep voltammetry (LSV) with a
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The electrocatalytic activities of the as‐prepared catalysts toward oxygen reduction reaction
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KOH solution.
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in
an
O
2‐saturated solution indicates that the
catalysts have good oxygen reduction electrocatalytic activity [19]. The polarization curves of the
catalysts have good oxygen reduction electrocatalytic activity [19]. The polarization curves of the
prepared catalysts and the commercial Pt/C catalyst are shown in Figure 7b. Of all the prepared
prepared catalysts and the commercial Pt/C catalyst are shown in Figure 7b. Of all the prepared
catalysts,catalysts,
Co-bpdc/MWCNTs-100
exhibits
thethe
best
activity
toward
ORR,
and
its initial
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respectively.
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catalysts. On the other hand, Co‐bpdc/MWCNTs‐0 exhibits the worst electrocatalytic activity, and its
On the other
hand, Co-bpdc/MWCNTs-0 exhibits the worst electrocatalytic activity, and its initial
initial reduction potential and half‐wave potential reaches 0.90 V and 0.87 V, respectively, indicating
reduction potential and half-wave potential reaches 0.90 V and 0.87 V, respectively, indicating that the
that the introduction of MWCNTs can enhance the electrocatalytic activity. This result confirms that
introduction
of MWCNTs
can enhance
electrocatalytic
the higher
specific areas
of catalyststhe
mean
higher catalyticactivity.
activity. This result confirms that the higher
specific areas of catalysts mean higher catalytic activity.
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indication that the cobalt atoms in the catalyst affect the oxygen reduction reaction. In addition, based
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on the ORR polarization curves of Co‐bpdc/MWCNTs‐100 and commercial Pt/C catalyst, the
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be 99.6 mV dec−1 , which is close to commercial Pt/C catalyst (96.6 mV dec−1 ), indicating a similar
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to the commercial Pt/C catalyst [41].
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It can be deduced that the nitrogen content is not the only factor that can affect the electrocatalytic
activity of the prepared catalysts. The addition of MWCNTs allows the cobalt nanoparticles to
distribute more uniformly, thus allowing the transmission of oxygen and electrolytes to the catalyst
surface, thereby increasing the electrocatalytic activity towards the oxygen reduction reaction.
To further understand the reaction mechanism toward ORR in alkaline solution, the polarization
curves of Co‐bpdc/MWCNTs‐100 at different rotating speeds are plotted in Figure 9a, and the
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These results indicate that the catalysts we prepared favor the 4-electron ORR process.
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The RRDE measurements are shown in Figure 10.
The measured H2 O2 yields of
The RRDE measurements are shown in Figure 10. The measured H2O2 yields of Co‐
Co-bpdc/MWCNTs-100 are below ~5% over the potential range of 0.15 V–1.0 V, and the electron
bpdc/MWCNTs‐100 are below ~5% over the potential range of 0.15 V–1.0 V, and the electron transfer
transfer numbers are close to 4.0, consistent with the results calculated from the Koutecky–Levich
numbers are close to 4.0, consistent with the results calculated from the Koutecky–Levich equation
equation based on the RDE measurements. The above results indicate that the prepared catalysts
based on the RDE measurements. The above results indicate that the prepared catalysts mainly favor
mainly
favor7, the
Catalysts 2017,
364 4-electron ORR process.
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the 4‐electron ORR process.
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and (b) electron transfer number and peroxide yield obtained at various potentials from RRDE curves.

The specific surface activity (SSA) values of Co‐bpdc/MWCNTs‐100 in the alkaline solution are
obtained by the following equation:
SSA

.

(7)
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The specific surface activity (SSA) values of Co-bpdc/MWCNTs-100 in the alkaline solution are
obtained by the following equation:
SSA =

jk
m EC − A BET

(7)

Here, jk is the ORR kinetic current obtained on K–L plots at 0.90 V vs. RHE. mEC is
the Co-bpdc/MWCNTs-100 mass deposited on the RRDE tip and the ABET is the BET area
of Co-bpdc/MWCNTs-100 [42]. It was calculated that jk is 0.511 mA cm−2 and mEC of
Co-bpdc/MWCNTs-100 is 0.408 mg cm−2 . The SSA of Co-bpdc/MWCNTs-100 is 0.57 µg cm−2 .
The SSA of Co-bpdc/MWCNTs-100 is almost three orders of magnitude lower than the Pt/C
Refs. [42,43].
The probable intrinsic performance of the active sites is as follows: the ORR process
in the alkaline solution can be rationalized considering that (a) O2 is absorbed on the Co
nanoparticles; (b) O2 is absorbed on the surface of Co-bpdc/MWCNTs-100. At the low ORR
overpotentials, (b) the process is inhibited and (a) the process takes place on the Co nanoparticles
of Co-bpdc/MWCNTs-100, which favor the 4-electron ORR process. When the ORR overpotentials
exceed 9.0 V, Co-bpdc/MWCNTs-100 favor the 4-electron ORR process and 2-electron ORR process
simultaneously, which could produce the H2 O2 . Finally, H2 O2 is reduced to water on the surface of
Co-bpdc/MWCNTs-100.
The electrocatalytic stability of Co-bpdc/MWCNTs-100 was assessed by the repetitive cycles in the
range 0.5–1.5 V (at a scan rate of 100 mV s−1 ). The polarization curve of Co-bpdc/MWCNTs-100 after
5000 cycles and the initial polarization curve of Co-bpdc/MWCNTs-100 are shown in Figure 11.
The initial reduction potential does not decrease significantly and the half-wave potential of
Co-bpdc/MWCNTs-100 shows only a negative shift of 5 mV. In addition, in the potential range
of 0.4–0.7 V, the polarization curve after 5000 cycles shows an even higher current density than the
initial polarization curve. These results indicate that Co-bpdc/MWCNTs-100 has a good ORR stability.
The outstanding catalytic activity and stability of Co-bpdc/MWCNT composites make it a promising
Catalysts 2017, 7, 364
11 of 15
ORR electrocatalyst.

Figure
Figure11.
11.ORR
ORRpolarization
polarizationcurves
curvesatat00and
and5000
5000cycles
cyclesfor
forCo-bpdc/MWCNTs-100.
Co‐bpdc/MWCNTs‐100.

4. Materials and Methods
4.1. Catalyst Preparation
Preparation of H2bpdc. Phenanthroline (8 g), potassium permanganate (19 g) and sodium
hydroxide (3.2 g) were added into 300 mL of deionized water in a flask. The mixture was heated at
98 °C for 3 h to obtain a purple black turbid liquid and a dark brown precipitate. A dark yellow
transparent liquid was obtained by filtration. The filtrate was concentrated by evaporation to 150 mL
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4. Materials and Methods
4.1. Catalyst Preparation
Preparation of H2 bpdc. Phenanthroline (8 g), potassium permanganate (19 g) and sodium
hydroxide (3.2 g) were added into 300 mL of deionized water in a flask. The mixture was heated
at 98 ◦ C for 3 h to obtain a purple black turbid liquid and a dark brown precipitate. A dark yellow
transparent liquid was obtained by filtration. The filtrate was concentrated by evaporation to 150 mL
and hydrochloric acid was added to adjust the pH to 2.0–2.5, resulting in a large amount of white
precipitate after 24 h. Finally, the precipitate was collected by filtration and washed with deionized
water to give the organic ligand (H2 bpdc).
Preparation of Co-bpdc. Co(NO3 )2 .6H2 O (0.291 g) and H2 bpdc (0.244 g) were ultrasonically
dissolved in 40 mL of a solution of ethanol (V water :V ethanol = 2:1), NaOH was added to adjust the pH
to 6, and the mixture was heated and stirred for 5 h. The resulting orange crystals were collected by
filtration, washed with deionized water, and dried in a dryer.
Preparation of Co-bpdc/MWCNTs composites. Co(NO3 )2 ·6H2 O (0.291 g) and H2 bpdc (0.244 g)
were ultrasonically dissolved in 40 mL of a solution of ethanol in water (V water :V ethanol = 2:1), and then
a NaOH solution was added to adjust the pH to 6. Different amounts of acid-treated MWCNTs (20, 40,
60, 80, 100, and 120 mg) were added the mixture solution, heated, and stirred for 5 h. The resulting
crystals were collected by filtration, washed with deionized water, and dried in a dryer.
Preparation of catalysts. The above prepared Co-bpdc and Co-bpdc/MWCNTs composites were
transferred into a tube furnace and exposed to a flow of nitrogen for 30 min. The furnace was heated to
600 ◦ C at a rate of 4 ◦ C min−1 for 4 h and then cooled down to room temperature. Finally, the catalysts
were ground and sealed.
4.2. Materials Characterization
X-ray diffraction (XRD) was performed on a Bruker D8 Advanced diffractometer
(BrukerAXSGmbH, Karlsruhe, Germany) with Cu Kα radiation (λ = 1.5406 Å) to obtain the crystalline
structures of catalysts. Raman spectra were obtained on a Raman Spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with a Leica DMLM microscope and a 514 nm Ar+ ion laser
as an excitation source. The microstructure and morphology of the catalysts were observed under
a JEOL JEM-3010HR and a JEM-2100 microscope (Japan electronics Co., Ltd., Tokyo, Japan). X-ray
photoelectron spectroscopy (XPS) was performed on a Thermo Fisher Scientific ESCALAB 250 imaging
photoelectron spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The specific surface area
and the pore size distribution are measured by the BET model and Barrette–Joynere–Halenda (BJH)
model, respectively, on an ASAP 2460 instrument (Quantachrome, South San Francisco, CA, USA).
4.3. Electrochemical Test
The electrochemical measurements were obtained at room temperature on an IM6ex
electrochemical workstation manufactured by ZAHNER ENNIUM (Kronach, Germany) with a
standard three-electrode system. The glassy carbon rotating disk electrode (5 mm in diameter) was
used as the working electrode. A platinum electrode and an Hg/HgSO4 electrode with saturated KCl
solution were used as the counter and reference electrodes, respectively. All the potentials measured
were converted to reversible hydrogen electrode (RHE) scale. Cyclic voltammetry (CV) and linear
sweeping voltammetry (LSV) were performed with a rotating disk electrode (RDE) and a rotating
ring disk electrode (RRDE) on samples in 0.1 M KOH solution saturated with N2 or O2 (versus RHE).
The preparation process of catalyst ink is as follows: 4 mg of the catalysts and 10 µL of 0.5 wt %
Nafion solution were dispersed in 1 mL of isopropanol solution (V isopropanol :V H2O = 2:3) ultrasonically.
We took 20 µL of the catalyst ink (containing 80 µg of catalysts) and dropped it on the surface of the
glassy carbon electrode, and then the catalyst ink was naturally dried at room temperature before
the measurement.
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5. Conclusions
We have synthesized a novel MOF material (named as Co-bpdc) and applied it to a series
of non-precious metal catalysts for fuel cells. The prepared catalysts show higher ORR catalytic
activity than the commercial Pt/C catalyst in alkaline solution, and Co-bpdc/MWCNTs-100 shows the
highest ORR catalytic activity of the series, with its initial reduction potential and half-wave potential
reaching 0.99 V and 0.92 V, respectively, in 0.1 M KOH solution. Moreover, the catalysts favor the
4-electron ORR process in alkaline solution, and exhibit higher stability in alkaline solution than
the commercial Pt/C catalyst. The addition of MWCNTs can enhance the electrocatalytic activity.
In addition, this work provides a novel idea for the synthesis of MOF materials as precursors to prepare
ORR electrocatalysts. Our results indicate that MOF materials have great potential in non-precious
catalysts for full cell applications.
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