
INTRODUCTION

Fuel cells have become the most promising clean energy-
converting devices owing to their excellent properties of high
energy conversion efficiency, abundant fuel sources and low
emissions1. The platinum and its alloys dispersed on the carbons
are considered as the most effective electrocatalyt for the
oxygen reduction reaction until now2. However, their high cost
and scarcity have limited the rapid development and commer-
cial application of full cell technologies. Especially, the methanol
molecule can cross over the proton exchange membrane and
oxidize on the Pt-based catalysts, resulting in losing the
catalytic activity3. The further produced carbon monoxide will
also poison the Pt catalyst, which makes its active sites inacti-
vation. Thus, it is indispensable to design the novel non-
precious metal catalysts (NPMCs) for replacing the Pt catalyst
partially and completely.

Many approaches to enhance the oxygen reduction reaction
activity and stability of the non-precious metal catalysts have
been explored. Remarkably, the non-precious metal catalysts
from heat-treatment of metal-Nx macrocycles, such as Fe- and
Co-macrocycles, have attracted much attention due to their
reasonable catalytic activity and high selectivity towards oxygen
reduction reaction4-7. In addition, the good methanol-tolerant
performance of the non-precious metal catalysts will play an
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reaction-active sites only. Besides, the activated amorphous-carbon is also found.
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important role in direct methanol fuel cells (DMFCs)8. Recently,
several studies have reported that the non-precious metal
catalysts were prepared by using hemoglobin as the precursor
and their oxygen reduction reaction electrocatalytic activity
could compare favorably with the commercial Pt/C catalyst9-13.
A certain protein i.e., hemin, was also used for preparing the
Pt-free catalyst upon the pyrolysis process14-16. These results
indicate that the non-precious metal catalysts prepared with
proteins have superior academic value and practical signi-
ficance, although there is no systematic study on heat-treated
proteins until now.

Therefore, we design a non-noble metal electrocatalyst
(FeEw/C) using the egg-white (Ew) protein as the nitrogen
source. The oxygen reduction reaction catalytic activity, stability
and methanol-tolerant property of the electrocatalyst have been
checked carefully. Our results have indicated that the FeEw/C
catalyst is a promising substitute for the Pt/C.

EXPERIMENTAL

Egg-white protein (Ew) was obtained from Food Testing
Center of Chongqing Bureau of Quality and Technology
Supervision, China. Vulcan XC-72R carbon black (VCB) was
supplied by American Cabot Company and pretreated in the
5 M HNO3 solution at 80 ºC for 12 h. All other chemicals
were of reagent grade.
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Catalysts preparation: Assuring that the atomic ratio of
Fe to N is 1:6, FeCl3·6H2O, egg white protein and VCB were
well mixed with 50 mL deionized water. The obtained suspen-
sion was ultrasonically treated for 0.5 h at room temperature,
dried at 80 ºC for 12 h and then grounded in an agate mortar
for 15 min to obtain the homogeneous precursor. After that,
the precursor (100 mg) was further pyrolyzed at 800 ºC for 2
h in a tube furnace under the flowing N2 atmosphere with a
rate of 0.5 L/min and cooled down to room temperature
naturally. For convenience, the sample achieved at 800 ºC was
labeled as FeEw/C (800). Based on the same conditions, the
binary pre-cursors containing Fe/C, FeEw and Ew/C were
prepared. After heat-treated at 800 ºC, these samples were
labeled as Fe/C (800), FeEw (800) and Ew/C (800), respectively.

Electrochemical measurements: The electrocatalytic
activity toward oxygen reduction reaction and long-term stability
for the prepared catalysts were evaluated by linear sweeping
voltammetry (LSV) and their tolerance to methanol was also
studied by cyclic voltammetry (CV). Electrochemical measure-
ments were carried out on a CHI 660A electrochemical work-
station (CH Instrument, USA) coupled with a traditional three-
electrode system, consisting of a catalytic thin-film working
electrode, a ring-shaped Pt wire counter electrode and a SCE
reference electrode. The working electrode was prepared as
follows: 5 mg of the catalysts sample, 25 µL diluted Nafion
solution (0.5 wt %, with isopropyl alcohol as solvent) and
25 µL deionized water were mixed under ultrasonication for
0.5 h to form a catalyst ink. 10 µL of the catalyst ink was dropped
on a glassy carbon (GC) disk electrode (Φ = 5 mm) by a
pipettor and was naturally dried at room temperature. The LSV
tests were performed from 0.9 to -0.2 V in oxygen- or nitrogen-
saturated 0.5 M H2SO4 solution at 5 mV/s. The CV tests for
methanol-tolerant performance were carried out in oxygen-
saturated 0.5 M H2SO4 solution containing 1.0 M methanol
before and after completing 500 cyclic sweeping in nitrogen-
saturated 0.5 M H2SO4 solution at 50 mV/s.

Catalysts characterization: The structural properties of
the catalysts were analyzed by the X-ray diffraction (XRD)
using Shimadzu XRD-6000 (Japan) X-ray diffractometer
with CuKα radiation (λ = 1.54178 Å) at the scan rate of 4 º/min.
TG/DTA measurement of the FeEw/C catalyst precursor was
carried out on a Shimadzu differential thermal analyzer (DTG-
60H, Japan) under nitrogen flow. The TG/DTA measurements
were recorded from ambient temperature to 900 ºC with a ramp
rate of 10 ºC/min.

RESULTS AND DISCUSSION

TGA/DTA curves of FeEw/C precursor: Fig. 1 showed
the TG/DTA curves of FeEw/C precursor. The TGA curves of
the FeEw/C precursor show three changes. The first wave starts
from room temperature to 159 ºC. A weight loss of 13.4 %
can be assigned to the elimination of adsorbed water. The
second wave starts at 159 ºC and then reaches a plateau near
480 ºC, which weigh losses of 25.3 % resulting from the
crystallization water in FeCl3·6H2O and decomposition of egg
white protein at 300 ºC. The third wave starts at 480 ºC and
has a weight loss of 15.46 %, which is mainly ascribed to the
high heat-treatment temperature. Anhydrous FeCl3 loses the
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Fig. 1. TG/DTA curves of FeEw/C precursor

Cl element by pyrolysis, which is consistent with the subsequent
XRD pattern of the FeEw/C (800). The phase containing Cl
element consistent was not detected in the XRD pattern.
Moreover, the weight of loss also include C element, which is
accompanied by the reduction of metal Fe. As a result, the
product in the heat treatment above 480 ºC has oxygen
reduction reaction activity.

XRD patterns of the catalysts: Fig. 2 shows the XRD
patterns of Fe/C (800), Ew/C (800), FeEw (800) and FeEw/C
(800). In Ew/C (800), diffraction peaks were observed for
amorphous carbon structure at the curve (d). In Fe/C(800) and
FeEw(800), except for the amorphous carbon peaks can be
observed, other diffraction peaks, which were assigned to the
Fe2O3 and Fe3O4, also appeared at the curve (a) and (b). It can
be found that the Fe/C (800) and FeEw (800) do not show an
enhancing effect on the catalytic activity, indicating the presence
of iron oxides is unuseful to improve the catalytic activity.
Besides, in addition of the characteristic peaks of graphite and
three weak peaks of iron oxides, the FeEw/C(800) also presents
the formation of metal Fe, which could promote its catalytic
activity to a certain degree.
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Fig. 2. XRD patterns of the oxygen reduction reaction catalysts (a)
FeEw(800), (b) Fe/C(800), (c) FeEw/C(800) and (d) Ew/C(800)
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To further determine the role of metal Fe of FeEw/C (800),
the FeEw/C (800) was boiled for 1 h in 0.5 M H2SO4 solution
to remove Fe. It was observed that the colour of the solution
changed to the green of Fe2+ in the boiling process, which
denotes that Fe has been dissolved out. Fig. 3 shows the linear
sweep voltammograms of FeEw/C(800) catalyst before and
after boiling. As can be seen from Fig. 3, the oxygen reduction
reaction onset potential of the catalyst is similar before and
after boiling, which is about 0.50 V, indicating that the catalytic
activity of FeEw/C(800) does not diminish by removing Fe. It
can be concluded that the Fe and iron oxides are not the active
species of the catalyst, but their existence might merely
facilitate the formation of active species, which is in accordance
with our previous reports17.
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Fig. 3. LSV curves of FeEw/C(800) catalyst before and after boiling in 0.5
M H2SO4 solution for 1 h, scanning rate: 5 mV/s

Electrocatalytic behaviour of oxygen reduction: Fig. 4
displays the electrocatalytic activity of all the prepared samples.
The onset potential was used as the most important parameter
to evaluate the catalytic activity for oxygen reduction reaction.
It is observed that the Fe/C(800)and FeEw(800) have little
oxygen reduction reaction catalytic activity, but the onset
potential for the Ew/C(800) is +0.5 V (vs. SCE). It can be seen
that the nitrogen source plays a critical role in the oxygen
reduction reaction activity and may be the essential part of the
electrocatalytically active sites. In addition, the carbon support
has also played a key role in obtaining highly active oxygen
reduction reaction catalyst. However, the FeEw/C (800) exhibits
more active to the oxygen reduction reaction than the Ew/
C(800) catalyst without adding Fe element, combined with a
stronger reduction peak and an oxygen reduction reaction onset
potential at +0.55 V (vs. SCE). Thus, we concluded that the
metal Fe was not a prerequisite for forming the oxygen reduc-
tion reaction-active sites, but it may create a condition for
promoting the oxygen reduction reaction activity.

Stability and methanol-tolerant behaviour of the catalyst:

Even though the catalysts of Ew/C(800) and FeEw/C(800)
showed the excellent catalytic activity for the oxygen reduction
reaction, it was vital that further studies on the methanol-tolerant
performance and long-term stability should be performed.
Fig. 5 shows the stability of Ew/C(800) and FeEw/C(800),
which was measured by CV in 0.5 M H2SO4 solution. Before
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Fig. 4. Linear sweep voltammograms of catalysts (a) Fe/C(800), (b) Ew/
C(800), (c) FeEw(800) and (d) FeEw/C(800) in 0.5 M H2SO4

solution saturated by oxygen and (e) FeEw/C(800) in 0.5 M H2SO4

solution saturated by nitrogen, scanning rate: 5 mV/s
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Fig. 5. LSV curves of (a) Ew/C(800) and (b) FeEw/C(800) in 0.5 M H2SO4

solution saturated by oxygen after continuous potential sweeping
500 cycles in 0.5 M H2SO4 solution saturated by nitrogen, scanning
rate: 50 mV/s

the testing, the two catalysts have undergone 500-cyclic swee-
ping in 0.5 M H2SO4 solution saturated by nitrogen at 50 mV/s.
The onset potential of Ew/C (800) catalyst has changed from
0.50 to 0.32 V in Fig. 5a. It can be known that acid leaching
might lead to a remarkable decrease in the oxygen reduction
reaction activity, which could be due to the loss of metal Fe and
the breakage of several oxygen reduction reaction-active species.
As shown in Fig. 5b, when compared with the Ew/C (800), the
onset potential of the FeEw/C (800) catalyst has not almost been
changed. It implies that the stability of the FeEw/C(800) is much
better than the Ew/C (800) in acid media. However, it must be
pointed out that the metal Fe could facilitate the formation of the
oxygen reduction reaction active sites, but also play an important
role in their maintenance. In other words, it has protected the
active sites from decomposition in an acidic solution.
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The methanol-tolerant properties of Ew/C(800) and FeEw/
C(800) were also tested in O2-saturated 0.5 M H2SO4 with 1 M
methanol before and after they were undergone the cyclic swee-
ping for 500 cycles (Fig. 6). It can be found that the methanol
oxidation reaction is not observed in the negative and positive
potential scanning on the basis of the existence of methanol.
Because of methanol oxidation potential is positive and anodic
polarization is strong, which have made the methanol oxidation
overpotential enhance on the both catalysts. Thus, the catalysts
were used for methanol oxidation, but the oxygen reduction
reaction activity of Ew/C(800) and FeEw/C(800) catalyst had
not been affected obviously. These results indicate that both
Ew/C(800) and FeEw/C(800) have good tolerance to methanol.
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Fig. 6. Cyclic voltammograms of Ew/C(800) and FeEw/C(800) in 0.5 M
H2SO4 solution and in 0.5 M H2SO4 solution containing 1.0 M
methanol saturated by oxygen respectively after continuous potential
sweeping 5000 cycles in 0.5 M H2SO4 solution saturated by nitrogen,
scanning rate: 50 mV/s

Conclusion

In summary, compared to Ew/C(800) catalyst, FeEw/C(800)
catalyst containing metal elemental Fe has significant improve-
ment in the oxygen reduction reaction catalytic activity and
stability and both performed well in methanol-tolerant perfor-
mance. The iron oxides are not the active sites of the FeEw/C

catalyst to oxygen reduction reaction. However, the existence
of Fe facilitates the formation of active sites of the catalyst. It
could be concluded that the catalyst FeEw/C (800) may be a
promising substitute for the commercial Pt/C catalyst. Some
matters including oxygen reduction reaction mechanism and
internal pore size development should be intensively studied
in the near future.
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