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A non-precious metal catalyst MnHMTA/C to oxygen reduction reaction was prepared by pyrolyzing a precursor from manganese chloride, hexamethylenetetramine and acetylene black
in nitrogen gas atmosphere. The effect of heat treatment temperature and flowing of nitrogen gas were investigated. A catalyst with the highest activity can be obtained at 700 ◦ C.
Mn(II) ion was changed to MnO in heat treatment, which improved the catalytic activity of
the catalyst. Hexamethylenetetramine takes part in the formation of active site of the catalyst as its decomposed gases. The flowing of protective gas takes the decomposed gases out
of the tube furnace and brings negative effect on the catalytic activity of the MnHMTA/C
catalyst.
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It is comprehensible that most nitrogen-containing
organic compounds would be decomposed at high temperature in heat treatment. The decomposed products
may include some small gas molecules containing nitrogen atom. If the active sites of catalyst were formed in
the reaction between gas molecules and carbon black,
the flowing of the gases would influence the formation of
the active sites. Additionally, the flowing of the reactive
gases can be influenced by the flowing of inert gas which
usually acts as protective gas to avoid the oxidation of
carbon black. So the flowing of protective gas would influence the catalytic activity of the resulted catalyst. In
this work, a nitrogen-doped ORR catalyst was prepared
by heat treating a precursor from manganese chloride
(MnCl2 ), hexamethylenetetramine (HMTA) and acetylene black in nitrogen gas atmosphere by an improved
method proposed in our previous work [21, 22]. The influence of protective gas flowing was also investigated.

I. INTRODUCTION

Platinum-containing catalysts are widely used to accelerate the hydrogen oxidation reaction (HOR) and
oxygen reduction reaction (ORR) in fuel cells. Especially, the ORR is sluggish in kinetics and the reaction
rate is slower than HOR at 6−7 order on the Pt catalyst. It always needs more Pt loading in the ORR
catalyst to get greater current density on the cathode.
However, the limited reserve and high cost of platinum
block the large scale application of the fuel cells based
on platinum catalyst [1–3].
In the past decades, considerable research efforts have
been devoted to the development of non-precious metal
and non-metal electrocatalysts for fuel cell applications
[4–7]. Among them, heat treated carbon based N4 macrocycle compounds, such as phthalocyanine and
porphyrin with transition metal ions (such as Co(II),
Fe(II)), have attracted intensive attentions. This type
of catalyst is widely named as nitrogen-doped carbon
catalyst [8–16]. Now the catalyst can be prepared by
pyrolyzing a solid precursor containing metal ions, carbon black and nitrogen compounds in an inert gas atmosphere. In the heat treating process, the nitrogen
atoms would enter into the structure of carbon black
to form new C−N structures, such as quaternary C−N,
pyridinic C−N, pyrrolic C−N, and graphite C−N, some
of which are viewed as the active sites of the catalyst
[17–20].

II. EXPERIMENTS
A. Preparation of catalyst

The catalyst was synthesized by pyrolyzing a precursor from MnCl2 ·4H2 O, hexamethylenetetramine and
acetylene black with a mass ratio of 1:2:2. For the
preparation of the precursor, MnCl2 was dissolved in
ethanol. Then acetylene black was mixed into the solution to obtain a paste. The paste was pre-dried in
air before moving into an agate mortar and dried at
100 ◦ C for 2 h. By this method, the Mn(II) ions can be
uniformly dispersed on the surface of acetylene black.
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FIG. 1 The SEM imagines of acetylene black and MnHMTA/C catalysts obtained at different heat treating temperatures.
(a) Acetylene black, (b) 500 ◦ C, (c) 600 ◦ C, (d) 700 ◦ C, and (e, f) 800 ◦ C.

Then hexamethylenetetramine was added into the agate
mortar and ground for 30 min to get a precursor. The
precursor was treated in tube furnace using nitrogen as
protective gas. The nitrogen gas was controlled by two
modes in the heat treatment. One mode is that the nitrogen gas keeps flowing through the tube furnace in the
whole heat treatment. The other is that the nitrogen
gas is closed after heat treating temperature reached a
specific value. In the heat treatment, the temperature
was ramped at a rate of 10 ◦ C/min and kept for 2 h at a
set value. Then the tube furnace was naturally cooled.
The resulted catalyst was labeled as CoHMTA/C.

B. Characterization of catalyst and evaluation on activity

The morphologies of the samples were characterized
using scanning electron microscope imagines (SEM)
collected on a TESCAN VEGA 3 at 20 kV. The
phase of manganese in the catalyst was characterized by X-ray diffraction (XRD). XRD patterns were
recorded on a DX-2600 X-ray diffractometer using Cu
Kα (λ=0.15406 nm) radiation and equipped with a
graphite monochromator at a scanning rate of 4◦ /min.
The X-ray tube was operated at 40 kV and 25 mA.
The catalytic activity of the catalyst was evaluated
by ORR onset potential and limit current from linear
sweep voltammetry (LSV) tested in 0.5 mol/L H2 SO4
solution saturated by oxygen. The electrochemical test
was carried out on a CHI760E workstation with a saturated calomel electrode as the reference electrode, a
platinum sheet as the counter electrode. The working electrode was fabricated as follows: 10 mg of the
DOI:10.1063/1674-0068/29/cjcp1506135

catalyst, 1.0 mL of isopropyl alcohol, 1.0 mL of deionized water, and 0.1 mL of 0.5wt% Nafion solutions were
mixed and ultrasonicated for 20 min to form a uniform
ink. Then, 10 µL of the ink was added on the clean
surface of a glassy carbon disk (Φ 5 mm). The coated
electrode was naturally dried for 2 h before test. The
LSV test was conducted at a scan rate of 5 mV/s at
30 ◦ C.

III. RESULTS AND DISCUSSION

A precursor from MnCl2 ·4H2 O, hexamethylenetetramine and acetylene black was heat treated at 500,
600, 700, 800, and 900 ◦ C for 2 h to investigate the
influence of temperature on the catalytic performance.
The protective nitrogen gas kept flowing in the whole
process. Figure 1 shows the SEM images of untreated
acetylene black and MnHMTA/C catalysts obtained at
500, 600, 700, and 800 ◦ C. It can be seen the particle
size of acetylene black is about 50−100 nm and there
are some bigger aggregates about 200 nm in the untreated acetylene black. These aggregates gradually
disappeared after the high temperature heat treating.
But other obvious difference between the five samples
can not be found, even in a greater magnified SEM
(Fig.1(f)). That is to say that the influences of HMTA
and MnCl2 can not be detected by SEM. The reason
is that the HMTA would decompose to gases and the
gases react with acetylene black to form the C−N structures. The reaction does not change the morphology
of the acetylene black. And in the preparation of the
MnHMTA/C catalyst, MnCl2 was dissolved in ethanol
c
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FIG. 3 The LSV curves of MnHMTA/C catalysts obtained at different heat treating temperatures. (a) 500 ◦ C,
(b) 600 ◦ C, (c) 700 ◦ C, (d) 800 ◦ C, and (e) 900 ◦ C.
FIG. 2 The XRD patterns of MnHMTA/C catalysts obtained at different heat treating temperatures.

and then was highly dispersed on the surface of acetylene black, so it is also not be viewed in the SEM images.
The XRD patterns of the catalysts obtained at different temperatures are shown in Fig.2. The wide diffraction peak at 25.6◦ can be attributed to acetylene black
and the other narrow peaks at 35.0◦ , 40.7◦ , 58.9◦ , 70.4◦ ,
and 74.0◦ belong to the diffraction peaks of MnO (PDF
No.07-0230). According to our previous studies, the
Co(II) ions can be reduced to metallic state by carbon
black at a high temperature in an inert atmosphere [21].
But in this work, the obvious diffraction peaks of metallic manganese can not be indexed in the MnHMTA/C
catalysts, which shows that it is difficult to reduce the
Mn(II) ions, or the metallic manganese are prone to be
oxidized by the trace oxygen in the protective gas.
Figure 3 shows the LSV curves of the catalysts, respectively. The ORR onset potential and limit current
can be used to evaluate the catalytic activity of the
catalyst. More positive ORR onset potential and larger
limit current reflect better catalytic activity. The heat
treating temperature has obvious influence on the performance of the MnHMTA/C catalyst. The catalyst
obtained at 500 ◦ C has little activity to ORR. The activity of catalyst obtained at 600 ◦ C shows an obvious
improvement with an onset potential about 0.47 V (vs.
SCE). A best catalyst was prepared at 700 ◦ C with an
onset potential about 0.57 V (vs. SCE) and larger limit
current. By further elevating the temperature to 800
and 900 ◦ C, the ORR onset potential does not change,
but the limit current gradually decreases.
It can be observed that there exists a correlation between MnO and the ORR catalytic activity (Fig.2 and
Fig.3). The diffraction peaks of MnO can not be found
in the XRD pattern of catalyst obtained at 500 ◦ C and
the catalytic activity is worse. In the XRD pattern of
catalyst obtained at 600 ◦ C, the diffraction peaks of
DOI:10.1063/1674-0068/29/cjcp1506135

MnO appears and the catalyst exhibits obvious activity. With the increase of diffraction peak intensities in
the catalyst obtained at 700 ◦ C, the catalyst shows better activity. However, the diffraction peaks keep strong
in the catalysts obtained at 800 and 900 ◦ C, but both
of their catalytic activities are worse than the catalyst
obtained at 700 ◦ C. These results indicate that there
is a relation between MnO and the formation of active
site of MnHMTA/C catalyst, but MnO itself may not
be the active site of the catalyst.
In order to investigate the function of MnO further,
the catalyst obtained at 700 ◦ C was immersed in 0.5
mol/L H2 SO4 solution for 1 h. Figure 4 shows the XRD
patterns and LSV curves of the catalyst before and after
the immersion. It can be seen that MnO in the catalyst
is leached out after the immersion, but the catalytic
activity of the catalyst doesn’t deteriorate because of
the leaching out of MnO. The result further conforms
MnO is not the active site of the catalyst.
In this work, nitrogen-containing compound hexamethylenetetramine was used as nitrogen source in the
preparation of the MnHMTA/C catalyst. According to
the physical properties of hexamethylenetetramine, it
would sublimate to gas at 263 ◦ C and would decompose
and release HCN gas at 300 ◦ C. Other gases would be
released at higher temperature. So it can be speculated
that hexamethylenetetramine would participate in the
formation of the active site of the catalyst as its decomposed product. In order to conform this idea, several
catalysts were prepared by pyrolyzing the precursor at
700 ◦ C for 2 h. In heat treating process, the protective
nitrogen gas was closed when the temperature was elevated to 300, 400, 500, 600, and 700 ◦ C, respectively.
The LSV curves of the resulted catalysts are shown in
Fig.5. It can be seen that the ORR onset potentials of
different catalysts are equal to each other, but the limit
currents are different. The limit current is larger when
the nitrogen gas was closed at lower temperature.
However, the limit current decreases by closing protective gas at higher temperature or not closing. The
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FIG. 5 The LSV curves of the catalysts prepared by closing
protective nitrogen gas at different temperature.

FIG. 4 (a) XRD patterns of catalyst obtained at 700 ◦ C
before and after acid immersion in 0.5 mol/L H2 SO4 solution
for 1 h. (b) LSV curves of catalyst obtained at 700 ◦ C before
and after acid immersion 0.5 mol/L H2 SO4 solution for 1 h.

result shows the speculation that the hexamethylenetetramine participates in the formation process of the active site of the catalyst as its decomposed product is
true. If the protective gas was closed at a lower temperature, the decomposed gases of hexamethylenetetramine would retain in the tube furnace with a larger
concentration. The larger concentration of reactants ensures that more active sites are formed on the surface of
catalyst in the same duration. In contraries, the protective gas was closed at a higher temperature or not be
closed, part of decomposed gases of hexamethylenetetramine would be taken out of the tube furnace with
the flowing of protective gas, which reduced the effective concentration of gaseous reactants in the formation
process of active site. So the less active site would be
formed on the surface of catalyst and the activity of the
resulted catalyst would also be deteriorated.

IV. CONCLUSION

A non-precious metal catalyst MnHMTA/C to ORR
can be prepared by heat treating a precursor from manganese chloride, hexamethylenetetramine, and acetylene black. The hexamethylenetetramine decomposes
and releases nitrogen-containing gases during the pyDOI:10.1063/1674-0068/29/cjcp1506135

rolysis. These gases can react with acetylene black to
form the active site of the catalyst. The Mn(II) ion was
changed to MnO in the heat treating process. There is a
close correlation between MnO and the catalytic activity of the MnHMTA/C catalyst, but the MnO itself is
not a part of the active site of the catalyst. It is important to control the flowing of protective gas during the
heat treatment. The flowing protective gas takes some
of the decomposed gases of hexamethylenetetramine out
of tube furnace and decreases the effective concentration of gases in the tube furnace. This effect induces
less active site which was formed on the surface of the
catalyst and the catalyst shows worse catalytic activity
to ORR.
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