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a b s t r a c t

The activity and stability of non-precious metal catalysts (NPMCs) for the oxygen reduction reaction
(ORR) in both acid and alkaline electrolytes were studied by the rotating disk electrode technique. The
NPMCs were prepared through the pyrolysis of cobalt–iron–nitrogen chelate followed by combination of
pyrolysis, acid leaching, and re-pyrolysis. In both environments, the catalysts heat-treated at 800–900 ◦C
exhibited relatively high activity. Particularly, an onset potential of 0.92 V and a well-defined limiting
eywords:
on-precious metal catalyst
tability
ctivity
xygen reduction reaction
lkaline electrolyte
uel cell

current plateau for the ORR was observed in alkaline medium. The potential cycling stability test revealed
the poor stability of NPMCs in acid solution with an exponential increase in the performance degradation
as a function of the number of potential cycling. In contrast, the NPMCs demonstrated exceptional stability
in alkaline solution. The numbers of electron transferred during the ORR on the NPMCs in acid and alkaline
electrolytes were 3.65 and 3.92, respectively, and these numbers did not change before and after the
stability test. XPS analysis indicated that the N-containing sites of catalysts are stable before and after

alkal
the stability test when in

. Introduction

In the past four decades, non-precious metal catalysts (NPMCs)
ave been extensively studied as a low-cost catalyst alternative to
t for the oxygen reduction reaction (ORR) in polymer electrolyte
embrane (PEM) fuel cells. Though Jasinski discovered the elec-

rocatalytic activity of Co phthalocyanines for the ORR in alkaline
edia [1], the subsequent studies on the NPMCs as oxygen reduc-

ion catalysts have mainly focused on acid electrolytes. Many efforts
ave been made to improve the activity and stability of the cata-

ysts as well as to clarify the nature of the active sites of NPMCs
or the ORR in acid medium. A heat-treatment at high tempera-
ures under an inert atmosphere was found to be able to improve
oth the activity and stability of carbon-supported metal chelates
or oxygen reduction [2,3]. In 1989, Gupta et al. [4] reported that
PMCs can be prepared by pyrolyzing a mixture of polyacryloni-

rile and cobalt and iron salts instead of the conventional transition

etal macrocycles. Very recently, Lefevre et al. [5] prepared highly

ctive catalysts when a mixture of carbon support, phenanthroline,
nd ferrous acetate was ball-milled and pyrolized in argon and then
mmonia. The best NPMC developed so far has a high initial activity
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ine solution but not in acid solution.
© 2010 Elsevier B.V. All rights reserved.

with turnover frequencies matching those of Pt/C; however, its sta-
bility is still unsatisfactory. The following consensuses have been
reached on the NPMCs [2–5]: (i) the simultaneous presence of tran-
sition metal, carbon, and nitrogen play important role in formation
of active sites of the catalysts; (ii) the nitrogen is crucial component
of the active sites; (iii) the catalysts prepared with Co- and/or Fe-
containing precursors is more active compared to other transition
metal (non-precious metal) precursors.

Poor stability in acid electrolytes is a major problem of non-
precious metal catalysts [5–35]. This is generally attributed to the
oxidative corrosion of the carbon support and active sites of the
catalysts caused by the hydrogen peroxide (H2O2) that is formed
during the two-electron reduction of oxygen [15,16]. Recently, a
protonation reaction model was proposed by our group to explain
the poor stability of the NPMCs in acid electrolytes [28–30]. In
the past six years, we have systematically studied the activity and
the nature of the active sites of NPMCs for the ORR [26–33]. The
highly active NPMCs have been prepared by subjecting carbon-
supported nitrogen-metal chelates or nitrogen-containing organic
compound-modified carbon black to a treatment combination of
pyrolysis, leaching, and re-pyrolysis. According to physical, chem-
ical, and electrochemical investigation [27–30] as well as the

literature [36–40], the pyridinic-N and graphitic-N are believed to
play important roles in the active sites of NPMCs. The pyridinic-N
is a type of nitrogen that bonds to two carbon atoms in the carbon
plane with a basic lone pair of electrons. Since the lone pair of elec-
trons is not delocalized into the aromatic �-system, the pyridinic-N

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:popov@cec.sc.edu
dx.doi.org/10.1016/j.jpowsour.2010.04.019
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an be protonated to form a pyridinic-N–H (a pyridinium) in the
cid electrolyte, which was demonstrated by XPS analysis of the
atalysts before and after the fuel cell stability test. The transition
f pyridinic-N to pyridinic-N–H may be at least partially responsi-
le for the fast performance degradation of NPMC-based fuel cells
28–30].

In order to further clarify the nature of the active sites of NPMCs,
he electrocatalytic properties of the NPMCs for oxygen reduction in
lkaline electrolyte was investigated by the rotating disk electrode
RDE) technique. For comparison, the performance of the NPMCs
n acid electrolyte was also measured. Specifically, the potential
ycling method was employed to evaluate the stability of NPMCs.
PS analysis was conducted to examine the N species before and
fter the stability test in acid and alkaline electrolytes.

. Experimental

.1. Synthesis of the catalysts

The non-precious metal catalysts (NPMCs) were synthesized
ccording to a revised procedure [28]. Briefly, ethylene diamine
NH2CH2CH2NH2) was added to a Co(NO3)2 and FeSO4 solution,
ollowed by the addition of carbon black. The reaction mixture was
efluxed at 85 ◦C for 4 h and then dried using a rotary evaporator
t 80 ◦C under reduced pressure. The dried sample was heated to
00–1100 ◦C under an argon atmosphere for 10 h. The heat-treated
ample was leached in 0.5 M H2SO4 at 80 ◦C to remove excess
etals on the surface of the catalyst. The resulting samples were

ltered, washed, and then heat-treated again at 800–1100 ◦C under
n argon atmosphere for 10 h. For convenience, the catalysts heat-
reated at different temperatures were denoted as NPMC-800, -900,
950, -1000, and -1100, respectively.

.2. RDE measurements

RDE measurements were performed in a standard three-
ompartment electrochemical cell. A glassy carbon disk (5.61 mm
iameter) was used as the working electrode. Mercury/mercurous
ulfate electrode (Hg/Hg2SO4) and mercury/mercury oxide
Hg/HgO) were used as the reference electrode in acid and alkaline
lectrolyte, respectively, while platinum foil was used as the
ounter electrode. A 0.5 M H2SO4 solution and 0.1 M KOH were
sed as the electrolytes. All potentials in this work are referenced
o a reversible hydrogen electrode (RHE). The catalyst ink was
repared by mixing 8 mg of the catalyst with 1 mL of isopropyl
lcohol. Then 15 �L of the ink was deposited onto the glassy
arbon. After the deposition, 5 �L of a 0.25 wt.% Nafion solution
as applied onto the catalyst layer. The electrode was scanned in
2-saturated electrolyte at a sweep rate of 5 mV s−1 to evaluate

he background capacitance current. Linear sweep voltammo-
rams in O2-saturated electrolyte were measured at 900 rpm.
he oxygen reduction current was determined as the difference
etween currents measured in the nitrogen- and oxygen-saturated
lectrolytes.

The potential cycling test was performed between 0.8 and 1.2 V
n N2-saturated electrolytes with a potential scan rate of 10 mV s−1.
o the best of our knowledge, there is no a standard test protocol to
valuate the stability of the NPMCs. The information on the meth-
ds to measure the stability of the NPMCs is relatively scarce. The
otential range of 0.8–1.2 V for the potential cycling stability test
n this study was based on: (i) catalyst and support accelerated
tress test protocols for PEM fuel cells suggested by DOE [41]. In
his protocol, the electrode is hold at 1.2 V to examine the stabil-
ty of the support. The cycling in the potential range of 0.7–0.9 V
s used to evaluate the stability of catalyst. (ii) Choo et al. [42]
ces 195 (2010) 6373–6378

reported that the cycling in the potential range of 0.8–1.0 V can
effectively corrode the graphite. Moreover, the corrosion reaction
of carbon materials is accelerated by potential cycling compared
with potential holding at a certain potential.

2.3. XPS

XPS measurements were carried out on a Kratos AXIS Ultra DLD
XPS system equipped with a hemispherical energy analyzer and a
monochromatic Al K� source, which was operated at 15 keV and
150 W.

3. Results and discussion

Fig. 1a shows the polarization curves for the oxygen reduc-
tion reaction in O2-saturated 0.5 M H2SO4 on the non-precious
metal catalysts (NPMCs) heat-treated at different temperatures.
The measurements were conducted using a potential scan rate
of 5 mV s−1 and an electrode rotation rate of 900 rpm. The cata-
lysts heat-treated at 800 and 900 ◦C exhibit higher catalytic activity
toward the ORR with onset potentials both around 0.88 V. With the
further increase of heat-treatment temperatures, the performance
of the catalysts gradually decreases. Specifically, the onset poten-
tial shows a negative shift from 0.88 to 0.78 V for the catalysts from
NPMC-800 to NPMC-1100. At the current density of 1.6 mA cm−2,
the potential decreases from 0.73 to 0.71, 0.66, 0.6, and 0.52 V for
the catalysts heat-treated at the temperatures ranging from 800 to
1100 ◦C. This trend is in good agreement with the results previously
reported in the literature [7–9,16]. The lower activity of the cata-
lysts heat-treated at higher temperatures may be at least partially
attributed to the decreased nitrogen contents while increasing
heat-treatment temperatures demonstrated by the XPS analy-
sis. The nitrogen surface contents (at.%) decreases in the order:
NPMC-800 (2.11) > NPMC-900 (2.06) > NPMC-950 (1.18) > NPMC-
1000 (0.77) > NPMC-1100 (0.40). This is consistent with the activity
trend observed in Fig. 1a.

Fig. 1b shows the Tafel plots for the oxygen reduction reaction in
O2-saturated 0.5 M H2SO4 on NPMCs heat-treated at different tem-
peratures deduced from Fig. 1a. The polarization curves in Fig. 1a
were corrected for diffusion effects using the equation:

ikin = ili

il − i
(1)

where ikin is the kinetic current density, il is the limiting current
density, and i is the measured current density. As shown in Fig. 1b,
the Tafel slope is about 58 mV dec−1 at low current density. This
value may be ascribed to the transfer of the first electron as a
rate-determining step and the Temkin conditions of intermediate
adsorption [43]. The activity difference of the catalysts as a function
of heat-treatment temperatures can be clearly identified from the
Tafel plot in the low current density region.

Fig. 2a shows the polarization curves for the oxygen reduc-
tion reaction on the non-precious metal catalyst heat-treated at
900 ◦C (NPMC-900) before and after the potential cycling stabil-
ity test in acid solution. The NPMC-900 was selected since it may
be a representative catalyst with both good activity and stability
[28–30,32]. The potential cycling test was carried out between 0.8
and 1.2 V in N2-saturated 0.5 M H2SO4 with a potential scan rate
of 10 mV s−1. The polarization curves were measured before and
after 100, 200, and 700 cycles in O2-saturated 0.5 M H2SO4 using
a potential scan rate of 5 mV s−1 and an electrode rotation rate of

900 rpm. From Fig. 2a, great performance decay is observed after
the first 100 cycles of potential cycling. During the subsequent 600
potential cycles, the extent of activity degradation of catalysts is
much smaller. This result is consistent with those reported for the
long-term fuel cell/RDE stability test [5–35]. Generally, there are
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ig. 1. (a) Polarization curves for the oxygen reduction reaction in O2-saturated 0.
ate: 5 mV s−1; rotation rate: 900 rpm. (b) Tafel plots for the oxygen reduction reacti
emperatures deduced from the polarization curves in a.

wo distinct performance degradation stages for an NPMC with an
nitial higher decay rate and a subsequent lower one. Therefore, the
otential cycling method may be a promising protocol to quickly
valuate the stability of the non-precious metal catalysts.

In order to clearly evaluate the stability properties of
eat-treated NPMCs, the percentage of potential loss Eloss% at
.6 mA cm−2 was calculated and is summarized in Fig. 2b. The Eloss%

s expressed as follows:
loss% = Eini − E

Eini
× 100% (2)

here Eini is the initial potential of oxygen reduction on the cata-
ysts at 1.6 mA cm−2 and E is the potential after a certain number

ig. 2. (a) Polarization curves for the oxygen reduction reaction in O2-saturated 0.5 M H
otential cycling stability test; scan rate: 5 mV s−1; rotation rate: 900 rpm. The potential
etween 0.8 and 1.2 V vs. RHE for 100, 200, and 700 cycles. (b) Percentage of potential lo
2SO4 on non-precious metal catalysts heat-treated at different temperatures as a functi
2SO4 on non-precious metal catalysts heat-treated at different temperatures; scan
O2-saturated 0.5 M H2SO4 on non-precious metal catalysts heat-treated at different

of potential cycling. It can be seen from Fig. 2b that the percent-
age of potential loss, Eloss%, of the ORR on the NPMCs increases
exponentially with increasing numbers of potential cycling. This
may indicate some intrinsic relationship between the active sites
in NPMCs and the kinetics of the ORR; however, further experimen-
tal and modeling research are needed to clarify this relationship. On
the other hand, the relative extent of performance degradation on
the catalysts heat-treated at lower temperatures is smaller com-
pared to those heat-treated at higher temperatures. This may be

at least partially due to the higher initial activity of NPMCs heat-
treated at lower temperatures.

Fig. 3a shows the polarization curves for the oxygen reduction
reaction in O2-saturated 0.1 M KOH on NPMCs heat-treated at dif-

2SO4 on non-precious metal catalysts heat-treated at 900 ◦C before and after the
cycling was performed in N2-saturated 0.5 M H2SO4 with a scan rate of 10 mV s−1

ss, Eloss%, at 1.6 mA cm−2 for the oxygen reduction reaction in O2-saturated 0.5 M
on of the number of potential cycling.
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ig. 3. (a) Polarization curves for the oxygen reduction reaction in O2-saturated 0
ate: 5 mV s−1; rotation rate: 900 rpm. (b) Tafel plots for the oxygen reduction react
emperatures deduced from the polarization curves in a.

erent temperatures. The measurements were conducted using a
otential scan rate of 5 mV s−1 and an electrode rotation rate of
00 rpm. It is evident that the NPMCs exhibit high activity for the
RR with onset potentials as high as 0.92 V and well-defined lim-

ting current plateaus. The catalysts heat-treated at 800–1000 ◦C
how a relatively higher catalytic performance toward the oxygen
eduction, while the performance of NPMC-1100 is lower. Fig. 3b
hows the Tafel plots for the ORR in alkaline solution deduced from
ig. 3a with the correction for diffusion effects. The Tafel slopes are

−1
n the range of 50–65 mV dec for the catalysts from NPMC-1100
o NPMC-800. It is clear that the kinetic current density at a constant
otential decreases from the NPMC-800 to NPMC-1100.

Fig. 4 shows the polarization curves for the oxygen reduc-
ion reaction on the NPMC-900 before and after the potential

ig. 4. Polarization curves for the oxygen reduction reaction in O2-saturated 0.1 M
OH on non-precious metal catalysts heat-treated at 900 ◦C before and after the
otential cycling stability test; scan rate: 5 mV s−1; rotation rate: 900 rpm. The
otential cycling was performed in N2-saturated 0.1 M KOH with a scan rate of
0 mV s−1 between 0.8 and 1.2 V vs. RHE for 100, 200, and 700 cycles.
OH on non-precious metal catalysts heat-treated at different temperatures; scan
O2-saturated 0.1 M KOH on non-precious metal catalysts heat-treated at different

cycling test in 0.1 M KOH. The potential cycling test was carried
out between 0.8 and 1.2 V in N2-saturated 0.1 M KOH with a scan
rate of 10 mV s−1. The polarization curves were measured before
and after 100, 200, and 700 cycles in O2-saturated 0.1 M KOH using
a scan rate of 5 mV s−1 and an electrode rotation rate of 900 rpm.
It is evident that the NPMC-900 catalyst does not show perfor-
mance degradation during 700 potential cycling test, indicating
that the NPMC is much more stable in alkaline solution than in
acid medium.

Fig. 5 shows the Koutecky–Levich plots for the oxygen reduction

reaction at 0.6 V in 0.5 M H2SO4 and 0.1 M KOH on the NPMC-900
before and after the potential cycling stability test. The dotted line
is the theoretical data calculated for the four-electron reduction of
oxygen. The slope of the plots allows us to check the consistency

Fig. 5. Koutecky–Levich plots for the oxygen reduction reaction at 0.6 V vs. RHE in
0.5 M H2SO4 and 0.1 M KOH on non-precious metal catalysts heat-treated at 900 ◦C
before and after the potential cycling stability test. The dotted line is the theoretical
data calculated for the four-electron reduction of oxygen.
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ig. 6. XPS spectra of N 1s of (a) the fresh non-precious metal catalyst and the
atalysts after the potential cycling stability test in (b) 0.5 M H2SO4 and (c) 0.1 M
OH for 700 cycles. The catalyst heat-treated at 900 ◦C was employed here.

ith the theoretical values according to the equations:

1
i

= 1
ikin

+ 1
il

(3)

l = Bω1/2 = 0.62nFD2/3
0 v−1/6CO2 ω1/2 (4)

here i is the measured current density, ikin is the kinetic cur-
ent density, il is the diffusion limited current density, B is the
evich slope, n is the number of electron exchanged in ORR, F
s the Faraday constant, CO2 is the bulk concentration of oxygen
1.3 × 10−6 mol cm−3), DO2 is the diffusion coefficient of oxygen in
he bulk solution (1.7 × 10−5 cm2 s−1), ω is the rotation rate in rpm,
nd v is the kinematic viscosity of the solution (0.01 cm2 s−1). As

result, the calculated n values for NPMC-900 in 0.5 M H2SO4 and
.1 M KOH are 3.65 and 3.92, respectively, and are the same before
nd after the potential cycling stability test. This indicates that
PMC-900 in alkaline media catalyzes the ORR via a four-electron
athway to a greater extent than the catalyst in acid solution. The
ces 195 (2010) 6373–6378 6377

amount of H2O2 formed on NPMC-900 in alkaline environments is
lower than in acid media.

Fig. 6 shows the XPS spectra of N 1s for the NPMC-900 before and
after the potential cycling stability test in 0.5 M H2SO4 and 0.1 M
KOH. According to the literature [29,30,44,45], the peaks of N 1s at
398.6 ± 0.3, 401.3 ± 0.3, and 403.3 ± 0.3 eV can be attributed to the
pyridinic-N, graphitic-N, and pyridine-N-oxide, respectively. The
pyridinic-N and graphitic-N are believed to play important roles
in determining the activity of NPMCs [27–30,36–40]. As shown in
Fig. 6, after the potential cycling stability test in alkaline electrolyte,
the profile of the N 1s spectra of NPMC-900 is still similar to those of
fresh catalyst. This may at least partially explain the high stability
of NPMC for oxygen reduction under alkaline environments. In con-
trast, the N 1s spectra change from having three peaks to only one
peak at 403.6 eV after the potential cycling test in acid electrolyte.
According to the literature [29,30,44,45], the remaining peak at
403.6 eV may be assigned to both the graphitic-N and the proto-
nated pyridinic-N formed in the acidic environment. This may be
the reason for the rapid performance degradation of non-precious
metal catalysts under acid conditions.

The high activity and stability of the NPMCs for the ORR in alka-
line electrolyte make them promising catalyst candidates at the
cathode of alkaline fuel cells (AFCs). The AFC was originally used on
space missions to provide power and drinking water to the shut-
tle. Currently, AFCs are used predominantly in niche transportation
applications such as powering forklift trucks, boats and submarines.
To become competitive in mainstream commercial markets, AFCs
have to become more cost effective [46]. Our future work will focus
on the development of NPMC-based H2–O2 anion-exchange mem-
brane fuel cells in collaboration with Tokuyama Corporation, Japan.

4. Conclusions

The electrocatalytic properties of non-precious metal catalysts
(NPMCs) toward oxygen reduction under both acid and alkaline
environments were studied by the rotating disk electrode (RDE)
technique. The NPMCs were prepared through the pyrolysis of
cobalt–iron–nitrogen chelate followed by the treatment combina-
tion of pyrolysis, acid leaching, and re-pyrolysis. A high activity of
NPMCs for oxygen reduction in alkaline solution was demonstrated
by a high onset potential of 0.92 V and a well-defined limiting
current plateau. A potential cycling stability testing protocol was
developed for the NPMCs. In acid solution, the performance degra-
dation of NPMCs exhibits an exponential increase with increasing
number of potential cycling, which is consistent with the long-
term fuel cell stability test. In alkaline solution, the NPMC shows
a much higher stability. The catalysts in alkaline media catalyze
the ORR via four-electron pathway to a greater extent than that
in acid solution. The XPS further demonstrated the excellent sta-
bility of the nitrogen-containing active sites in alkaline electrolyte
when compared to the stability of the same catalyst in acid elec-
trolyte. As suggested in our previous studies [28–30], the results
presented in this work indicated that the observed decreased stabil-
ity in the acid medium results from protonation of the pyridinic-N
to pyridinic-N–H sites which are not active for oxygen reduction.
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