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bstract

A novel non-noble electrocatalyst with an average particle size of approximately 4 nm was prepared by heat-treating carbon-supported molyb-
enum tetraphenylporphyrin in a flow NH3 atmosphere. The effects of heating time and temperature on its electrocatalystic properties were
nvestigated. The samples obtained were characterized by X-ray diffraction, transmission electron microscopy, X-ray photoelectron spectroscopy,

nd EDX. The results show that the synthesized catalyst has the same composition as that of MoN. This carbon-supported catalyst displays a strong
ctivity towards oxygen reduction reaction (ORR) and a methanol-tolerant property. The catalyzed ORR proceeds by an approximate four-electron
eduction pathway from O2 directly to H2O.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Proton exchange membrane fuel cells (PEMFCs), including
irect methanol fuel cells (DMFCs), have been recognized as
nvironmentally friendly and highly efficient energy-converting
evices. On the path towards PEMFC commercialization,
MFCs seem to be the first possible real products for low-power-
emanding applications due to their liquid fuel storage and
ransportation advantages, when compared to gaseous hydrogen
uel. However, one of the major challenges in DMFC technol-
gy is catalysis, including catalyst cost and stability [1,2]. At the
urrent stage of technology, the most practical DMFC catalysts

re platinum (Pt)-based catalysts for both anodic methanol oxi-
ation reaction (MOR) and cathodic oxygen reduction reaction
ORR).
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There are some drawbacks for Pt-based catalysts in a DMFC
n addition to their high cost. For example, when a Pt-based
atalyst is used at the cathode, it can also catalyze the chemi-
al oxidation between cathode oxygen and methanol, which has
rossed over from the anode to the cathode through the proton
xchange membrane. This undesired activity towards methanol
xidation not only depresses the cathode oxygen electrode
otential (200–300 mV in a typical DMFC) but also reduces the
uel efficiency. Therefore, the exploration of new DMFC cathode
atalysts, which have methanol tolerance, is equally important to
nodic MOR catalysts. In this paper, our focus is on the cathode
RR catalysis.
In the effort to explore cost-effective and methanol-tolerant

athode catalysts for DMFCs, non-noble or non-Pt catalysts
eem to be the favorites and have been extensively investigated in
ecent years [3]. These non-Pt materials include transition metal

halcogenides [4], heat-treated macrocycles [5], transition metal
xides [6], and transition metal nitrides [7].

Transition metal nitrides are a new kind of non-noble cata-
yst which have been explored for fuel cell applications most
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dx.doi.org/10.1016/j.jpowsour.2007.11.050


er So

r
c
t
[
m
O
c
a
a
s

b
a
r
i
t
o
t
t
h
l
s
r
a

c
o
t
a
e
c
t
h
u

o
m
s
r
e
i
s
t
i
d
h
s

2

2

p
b
r
i

n
a
a
t
r
p
o

2

B
b
t
X
J
o
t

2

e
O
l
t
t
c
2

3

3

XRD is normally useful in determining the presence of
an inorganic phase in the catalyst particles. Fig. 1 shows the
XRD patterns of the catalyst power obtained after heat-treating
MoTPP/C at 700 ◦C in flow NH3 atmosphere for different times
D. Xia et al. / Journal of Pow

ecently. These catalysts, which show a Pt-like behavior for
hemisorptions of hydrogen and oxygen, have been inves-
igated as CO-tolerant anode catalysts. Mazza and Trassatti
8] synthesized a TiN compound using a directly nitriding
ethod and found that TiN exhibited an activity towards
RR in alkaline solutions. Zhong’s group [7] synthesized a

arbon-supported molybdenum nitride catalyst (Mo2N/C) using
pyrolysis method and explored the possibility of this material
s a fuel cell catalyst. In general, the tactic of catalyst synthesis
eems to be the key in obtaining active and stable ORR catalysts.

Regarding the synthesis of new catalysts, heat treatment has
een recognized as an effective and facile method for catalytic
ctivity improvement [5,9]. Heat treatment of a catalyst can
esult in a different composition and structure from those of
ts precursor, and can also affect the fundamental properties of
he catalyst and its carbon support, including the loading level
f the catalyst on the support, the number of catalytic sites,
he acid–base properties of the support, and the distribution of
he catalyst particles on the support. A typical example is the
eat treatment of macrocyclic metal complexes. When the cata-
ysts are pyrolyzed at a desired high temperature, the molecular
tructure of the macrocycle is partially or completely destroyed,
esulting in a new catalyst which has much better catalyst activity
nd stability than does the untreated catalyst.

Although the heat-treatment effect on these metal macrocy-
le properties has been well-documented, a full understanding
f the mechanism of the catalyst reaction during the heat-
reatment process and the resulting improvement in catalytic
ctivity has not yet been achieved. In particular, there is no gen-
ral agreement on the composition and structure of the resulting
atalyst. Therefore, the characterization and identification of
he active catalyst composition and structure formed after the
eat treatment of metal macrocycle seem to be critical to our
nderstanding of the improved ORR catalytic activity.

The objective of this work is to explore new, cost-effective
xygen reduction catalysts for DMFC made by heat-treating
olybdenum tetraphenylporphyrin supported on carbon. In this

ynthesis process, a heat-treatment procedure in an NH3 envi-
onment at different temperatures (from 600 to 1000 ◦C) was
xplored. The obtained catalyst was then characterized phys-
cally through sophisticated instrument methods. The results
how that this catalyst has a composition of MoN/C. The elec-
rocatalytic activity of the MoN/C catalyst towards ORR was
nvestigated by means of cyclic voltammetry (CV) and rotating
isc electrode (RDE). The measurements show that this catalyst
as a comparatively strong electrocatalytic ORR activity and a
trong methanol-tolerant property.

. Experiment

.1. Catalyst preparation

Analytic-grade molybdenum tetraphenylporphyrin was sup-

lied by Beijing Reagent Corp. and was used as received. Carbon
lack (XC-72) was purchased from Cabot Corp. and was used as
eceived. In a typical catalyst synthesis, carbon black was added
nto a tetrahydro furan solution containing 0.0176 M molybde-
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um tetraphenylporphyrin at room temperature. After ultrasonic
gitation for 30 min, the mixture was then evaporated at 60 ◦C
nd dried in air at 80 ◦C overnight. The obtained powder was
ransferred to an NH3 flushed quartz reactor inside a tubular
esistance furnace. The sample was then heated at different tem-
eratures ranging from 600 to 1000 ◦C for different times to
btain the final catalyst powder.

.2. Physical and surface characterization

Powder X-ray diffraction (XRD) data were collected on a
ruker D8 Discover X-ray diffractometer using Cu K� radiation
etween 10 and 90◦ with a step size of 0.02◦. High-resolution
ransmission electron microscopy (TEM) images and dispersive
-ray spectroscopy (EDS) analysis were collected on a JEOL

EM-2010 transmission electron microscope. Surface analysis
f the catalyst was performed by X-ray photoelectron spec-
roscopy (XPS).

.3. Electrochemical test

CV and RDE measurements were conducted using a three-
lectrode electrochemical cell in a 0.5 M H2SO4 solution for
RR at ambient temperature. The working electrode was a thin

ayer of Nafion-bonded catalyst cast on a rotating disk elec-
rode. A standard hydrogen electrode and Pt plate were used as
he reference and the auxiliary electrode, respectively. Electro-
hemical measurements were performed using an EG&G Model
73A potentiostat/galvanostat controlled by M270 software.

. Results and discussion

.1. XRD analyses
ig. 1. XRD patterns of the catalyst synthesized by heating MoTPP/C in a NH3

tmosphere at 700 ◦C for different time periods.
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Table 1
Changes in the binding energy of Mo before and after heat treatment at different temperatures

Heat-treatment temperature Untreated MoTTP/C 600 ◦C 700 ◦C 750 ◦C

Mo6+ 3d5/2 236.07412 236.03588 235.89764 235.99055
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o5+ 3d5/2 234.68602
o4+ 3d5/2 232.96555

s marked at each spectrum. For comparison, the spectrum and
he peak locations and relative intensities for MoN are also plot-
ed in Fig. 1. The peak locations and relative intensities for MoN
re cited from the JCPDS database. It can be seen that the diffrac-
ion peaks for the synthesized catalyst, which can be attributed to
he hexagonal MoN phase (2θ = 31.937, 36.239, 49.066, 65.186)
nd carbon black Vulcan XC-72R (2θ = 25, 43) are the same as
hose for the baseline MoN data, suggesting that the catalyst
btained in this paper is MoN with negligible impurities. This
esult is different from those reported in the literature [10], where
he products were MoN with Mo2N by nitriding of molybdenum.
here is also no visible change in the phase structure with the
hanging heating time, indicating that heat-treatment time has
o significant effect on the phase structure of MoN at 700 ◦C.

In order to determine the particle size of the catalyst pow-
er, the peak (0 1 4) of MoN was analyzed in detail. Using the
eby–Sherrer relation and taking the resolution of the instru-
ent into account, the average particle size obtained on the

upport is about 4 nm.
The mechanism of metal nitride formation has been proposed

o be the occurrence of a metal cluster during the metal macro-
ycles pyrolysis. In our case, with the presence of NH3, the
ollowing reaction may occur and may provide the source of
ctive nitrogen for the MoN formation at high temperatures:

NH3 = 3H2 + 2[N] (1)
The active nitrogen atom formed in reaction (1) could react
ith the Mo metal cluster to form a MoN phase.
Fig. 2 shows the temperature dependency of the XRD pat-

erns for the catalyst synthesized by heating MoTPP/C in an

ig. 2. XRD patterns of the catalyst synthesized by heating MoTPP/C in a NH3

tmosphere for 3 h at different temperatures.
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234.13359 234.07087 233.89179
232.82067 232.74803 132.41965

H3 atmosphere for 3 h. There are no significant differences in
he peak location of the MoN when the temperature is changed,
ndicating that temperature has no significant effect on the com-
osition of MoN formed from 600 to 1000 ◦C. However, there
s an exception at 1000 ◦C. The XRD spectrum at 1000 ◦C is
ifferent from those at lower temperatures (600–900 ◦C). This
pectrum has narrower and more intensive peaks, and the peak
or the carbon support has disappeared. This could be because
he carbon support was removed by hydrogen reduction reaction
ith carbon at such a high temperature.

.2. XPS analyses

In order to study the change in Mo binding energy before and
fter the heat treatment, XPS spectra were collected at different
emperatures, as shown in Fig. 3. After a conventional curve fit-
ing for peak separation, the binding energies for three different

o species were obtained; these are summarized in Table 1
ogether with those of untreated MoTTP/C for comparison.
ince the oxidation states are consistent with results reported for
ulk MoN [11], one can assume that these Mo species should
elong to a nitride phase. In Fig. 3, the spectra of two possi-
le states of j values (j = 5/2 and 3/2, respectively), observed
etween 224 and 241 eV, should arise from the spin–orbit cou-
ling of the Mo3d subshell. After the sample was heat-treated at
00 ◦C, the doublet peaks of Mo3d(5/2) shifted from the values
f 236.0 eV, 234.6 eV, and 232.9 eV to the values of 235.8 eV,
34.0 eV, and 232.7 eV, respectively. The changes in the bind-
ng energy of Mo3d(5/2) for Mo4+, Mo5+, and Mo6+ species
efore and after heat treatment are 0.2 eV, 0.6 eV, and 0.17 eV,
espectively.

Fig. 4 shows the XPS spectra of the Mo3p and N1s levels for
oN at different temperatures. It can be seen that the N1s peaks

verlap severely with the Mo3p3/2 peaks at all temperatures.
urve fitting shows that the binding energy of N1s in nitrogen
toms shifts from a higher energy level to a lower one after it
ngages in a nitride. The binding energy of N1s at 700 ◦C is the
argest among the different temperatures.

Normally, Mo and its oxides are not catalytically active
owards ORR. In the case of heat-treated MoTPP, after the
ormation of Mo nitride, the interaction between Mo and N
n the nitride could change the profile of binding and adsorp-
ion/desorption energies of O2, resulting in a favorable situation
or electron transfer of oxygen reduction [12].
.3. TEM and EDX characterization

In order to further confirm the formation of a MoN phase
fter the heat treatment of MoTPP/C, TEM and EDX images
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Fig. 3. XPS spectra of Mo3d a

Fig. 4. XPS spectra of Mo3p and N1s
t different temperatures.

levels at different temperatures.
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Fig. 5. TEM micrograph and EDX pattern for the c

ere recorded separately, as shown in Fig. 5. The TEM micro-
raph of MoN/C formed by heat-treating MoTTP/C at 700 ◦C
learly shows that the molybdenum nitride phase with a particle
iameter of 4–5 nm is well dispersed on the carbon and did not
egregate into domains. The EDX pattern shows molybdenum
s present, but the carbon peak is so high that the nitron peak is
estrained.

.4. Electrochemical measurements of the catalysts
owards ORR

Fig. 6 shows the cyclic voltammograms of the glassy carbon
GC) electrode coated with MoTTP/C and heat-treated MoN/C
n the O2- and N2-saturated solutions. The electrode modified by
oTPP/C has no catalytic activity towards ORR. However, after
eat treatment, the resulting MoN/C catalyst displays strong cat-
lytic activity. The ORR onset potentials are about 0.58 V (vs.
HE), which is higher than that of the Mo2N catalyst [7].

s
O
t
g

ig. 6. Cyclic voltammograms of a GC electrode coated with (a) MoTTP and (b) he
ubbled with (a) pure N2 and (b) O2).
t formed by heat treatment of MoTTP/C at 700 ◦C.

In order to optimize the heat-treatment temperature and inves-
igate the kinetics of the ORR catalyzed by the MoN/C catalyst,
DE measurements were carried out. The MoN/C catalyst for

he sample treated at 700 ◦C exhibits a relatively large limiting
iffusion current. Fig. 7(a) shows the ORR curves at different
otating rates from 400 to 3000 rad/mits. Typically, the reaction
ppears to be under a combined kinetic-diffusion control; the
lectrode rotation has an effect on the reaction rate at very high
verpotentials for the ORR.

The Koutecky–Levich equation for O2 reduction was used to
etermine the electron transfer number of the catalyzed ORR.
he plots of the reciprocal of current density versus the recip-

ocal square root of rotating rate, shown in Fig. 7(b), can give a
lope of 0.62nFADo2

2/3 ν−1/6CO, where F is the Faraday con-

tant, n is the number of electrons transferred per molecule of
2, A is the geometric area of the disk electrode, Do2 and CO are

he diffusion coefficient and the concentration of dissolved oxy-
en in 0.5 M H2SO4, respectively, ν is the kinematic viscosity

at-treated MoTTP/C at 700 ◦C, recorded in a 0.5 M H2SO4 (the solution was
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ig. 7. (a) Polarization curves for ORR at a GC electrode coated by MoN/C cata
olution saturated by O2; (b) Levich–Koutecky plots, data from (a) (lines from

alue (0.0095 cm2 s−1). The electron transfer number obtained
ased on the measured slope value was 3.8, which is close to
. This result suggests that the catalyzed ORR by MoN/C is a
our-electron process from O2 to water.

.5. Methanol-tolerant property of synthesized MoN/C
atalyst

Fig. 8 shows typical cyclic voltammograms recorded on a
C electrode coated with a synthesized MoN/C catalyst in
.5 M H2SO4 solution and 0.5 M H2SO4 + 5.0 M CH3OH. The
athodic waves starting from 0.58 V (vs. NHE) are the cat-
lyzed ORR responses. When 5.0 M methanol was added to
he solution, the magnitude of the cyclic voltammogram wave

as almost unchanged, with methanol present even after sev-

ral potential–current cycles. This result clearly indicates that
he MoN/C catalyst has a strong electrochemical resistance
o methanol oxidation. As mentioned in the introduction, it

ig. 8. Cyclic voltammograms of a GC electrode coated with MoN/C catalyst
obtained with 700 ◦C heat treatment) in (a) 0.5 M H2SO4 solution saturated by

2, (b) 0.5 M H2SO4 solution saturated by O2, and (c) 0.5 M H2SO4 + 5.0 M
ethanol solution saturated by O2. Potential scan rate: 20 mV s−1.
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obtained with 700 ◦C heat treatment) at different rotation rates in 0.5 M H2SO4

to up: 0.04 V, 0.045 V, 0.1 V, 0.145 V, 0.2 V, respectively).

s highly desirable to use a cathode catalyst that has no cat-
lytic activity towards methanol oxidation. It is believed that
his MoN/C could eliminate the negative effect of the methanol
rossover when used as a cathode catalyst for DMFCs. Unfor-
unately, due to the fact that the onset potential is somewhat
ow, it may be feasible to use such a catalyst only in a low
urrent density range. More work is underway towards optimiz-
ng the catalytic activity with a focus on increasing the onset
otential.

.6. Stability test

To examine the long-term stability of the synthesized MoN/C
lectrocatalyst, chronoamperometry tests were conducted at
.40 V versus NHE in a solution containing 0.5 M sulfuric
cid. At such an electrode potential, a current density of
.15 mA cm−2 was obtained. After more than 10 h of testing at
his potential, no significant current decay could be observed.
his preliminary result shows that the nanoparticles MoN/C
lectrocatalyst has long-term stability, which is valuable for
ractical performance. More detailed work on stability char-
cterization and further improvement is going on.

. Conclusion

Heat treatment of MoTTP/C in a flow NH3 atmosphere can
enerate an ORR electrocatalyst with an average particle size of
pproximately 4 nm. The effects of heating time and temperature
n the catalyst composition were investigated. The results show
hat the heating time has almost no effect on the synthesized
atalyst. The catalyst was characterized by XRD, XPS, TEM,
nd EDX; the results show that this catalyst can be attributed
o the hexagonal MoN phase. With respect to the ORR activity,
his catalyst was also examined in an acidic solution containing

aturated oxygen by CV and RDE methods. The measurements
ndicate that this catalyst has strong ORR activity, proceeding
ia an approximate four-electron pathway, through which the
olecular oxygen is directly reduced to H2O.
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