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a b s t r a c t
In this study, a series of Fe-based non-noble metal and non-macrocycle catalysts, FeTETA/C, for oxygen
reduction reaction (ORR) have been synthesized by pyrolyzing carbon-supported iron triethylenetetramine chelate at various temperatures in an inert atmosphere. Electrochemical characterization
revealed that heat treatment temperature plays an essential role on improving the catalytic property
of the obtained catalysts for ORR, and the optimal could be achieved at 800 ◦ C with an ORR peak potential of 0.751 V and an electron-transfer number of 3.85. Furthermore, the obtained optimal catalyst has
excellent methanol-tolerance and acceptable acid-resistance. The effects of heat treatment temperature on microstructure of the catalysts as well as the elemental state on the optimal catalyst surface
have been investigated using X-ray diffraction (XRD), transmission electron microscopy (TEM) and X-ray
photoelectron spectroscopy (XPS).
© 2012 Elsevier Ltd. All rights reserved.

1. Introduction
There are two types of electrodes in H2 –O2 proton exchange
membrane fuel cells (PEMFCs): one is the anode for hydrogen oxidation reaction and the other is the cathode for oxygen reduction
reaction (ORR). To achieve practical applications, efﬁcient catalysts
must be used to promote the slow reactions at these electrodes.
So far, the most effective catalysts for these electrodes have been
proved to be Pt and its alloys. Considering the need of higher Pt
loading at the cathode than at the anode because of the sluggish
ORR, along with the high cost and limited resources of Pt, it will be
more advisable to replace Pt-based catalysts by non-precious metal
catalysts at the cathode of PEMFCs [1].
Numerous efforts have been made to develop non-noble metal
catalysts in order to replace the Pt-based catalysts. Since the
discovery of the beneﬁcial effects of heat treatment in inert atmosphere on improving the catalytic activity and chemical stability in
1976 by Jahnke et al. [2], transitional metal macrocycle complexes
(metal-N4 chelates), such as metalloporphyrins and metallophthalocyanines, adsorbed on carbon support and heat-treated in an inert
atmosphere, have been widely studied as promising alternative
catalysts [3–6]. At the same time, the non-noble metal catalysts
obtained from heat treatment of iron tripyridyltriazine complexes
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and cobalt di-quinolyldiamine derivatives, respectively [7,8] or
the heat-treated mixture of transitional metal salts and nitrogencontaining precursors, such as polyacrylonitrile and polypyrrole
[9–12], NH3 and CH3 CN [13,14] have also been paid much attentions in recent years. On the whole, the catalytic activity of these
nitrogen-containing non-noble metal catalysts mainly depends
on: (1) the nature of the metal and its precursor as well as the
nature of the nitrogen precursor, and (2) the pyrolysis temperature. As far as the second point, pyrolysis temperature, is concerned,
worldwide researchers have gained different results when using
different metals and nitrogen precursors. For example, the catalytic
activity of the catalysts prepared from cobalt acetate and tetramethoxyphenylporphyrin (TMPP), reached a maximum at 900 ◦ C [4],
while the maximum activity was obtained after heat treatment at
700 ◦ C when the nitrogen precursor was pyrrole [10].
Recently, we have developed a Co-based non-precious metal
catalyst for the ORR employing triethylenetetramine (TETA), a simple and cheap ligand, as nitrogen resource [15,16]. Furthermore,
we comparatively studied the effects of various 3d transitional
metals on ORR catalytic performance of this type of catalysts,
and found that the 3d transitional metal played an important
role on the catalytic activity [17]. We also investigated the binary
FeCo-based catalyst which displayed an improved catalyst activity [18]. In this paper, we especially focus on the inﬂuence of
heat treatment temperature on the catalytic activity and structure
of the FeTETA/C catalysts. The catalytic activities were demonstrated by cyclic voltammograms (CVs), rotating disk electrode
(RDE) measurements as well as rotating ring-disk electrode (RRDE)
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Fig. 1. Schematic illustration of the proposed reaction of the FeTETA, coordination of a single TETA chain as a ligand is also anticipated.

measurements in oxygen-saturated acidic solution. Thermogravimetry analysis (TGA) was applied to analyze the pyrolyzing
process. The physical characteristics of the catalysts were examined by X-ray diffraction (XRD), transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS).
2. Experimental
2.1. Catalyst preparation
A series of FeTETA/C catalysts were prepared similar to that
described elsewhere [15,16]. Brieﬂy, 0.4840 g iron chloride (FeCl3 )
was dissolved in ethanol at room temperature. Next, 1.0 mL of triethylenetetramine (TETA) was added into the above solution to
form the FeTETA chelate, as shown in Fig. 1. Then, 1.0 g of commercially obtained carbon black (Black Pearl 2000, Cabot Corporation,
USA) was added to the mixture under vigorous stirring. The carbonsupported suspension was stirred for 1 h and then dried to remove
ethanol by rotary evaporator. The resulted powders were divided
into ﬁve equal parts and heat-treated in Ar atmosphere for 90 min
at the temperature of 600 ◦ C, 700 ◦ C, 800 ◦ C, 900 ◦ C and 1000 ◦ C,
respectively. For convenience, the FeTETA/C catalysts heat-treated
at various temperatures are hereafter labeled as HT600, HT700,
HT800, HT900 and HT1000.
The HT800 catalyst was leached in 0.5 M H2 SO4 for 10 days in
an ultrasonic bath. Then, the resulting sample was ﬁltered, washed,
and dried for electrochemical measurements to evaluate the acidresistance ability. The resulted leached HT800 catalyst is hereafter
denoted as HT800-H2 SO4 .
2.2. Physical measurements
TGA experiment was performed on a Netzsch simultaneous
thermal analyzer STA449F3 in Ar atmosphere with the heating rate
of 5 ◦ C min−1 . XRD was performed on an automated Rigaku diffractometer equipped with a Cu K␣ radiation at a tube current of 30 mA
and a tube potential of 40 kV. Data acquisition was recorded in
the scanning angle range of 20–80◦ at a scan rate of 6◦ min−1 . The
PDF (powder diffraction ﬁle database) from the ICDD (International
Center for Diffraction Data) was used as a reference to interpret
peak assignments on the XRD spectra. TEM measurements were
performed at a JEOL JEM-2010 operating at 200 keV. The catalyst
was ultrasonically dispersed in absolute ethanol for 5 min. A drop
of the solution was then deposited onto a carbon-coated copper
grid and left in air to dry. Electronic states of various elements on
the catalyst surface were evaluated with XPS, which was carried
out on a RBD upgraded PHI ESCA 5700 system (Physical Electronics) with Al K␣ radiation (h = 1486.6 eV). The sample was directly
pressed to a self-supported disk (10 mm × 10 mm) and mounted
on a sample holder then transferred into the analyzer chamber.
Binding energies were calibrated by using the containment carbon
(C 1s = 284.5 eV). The data analysis was carried out by using XPSPeak4.1 provided by Raymund W.M. Kwok (The Chinese University
of Hongkong, China).

2.3. Electrochemical measurements
Electrochemical characterizations were carried out in a conventional three-electrode cell ﬁlled with 0.5 M H2 SO4 solution. A
glassy carbon disk (4.0 mm in diameter) was used as the working
electrode. The counter electrode was a Pt wire, and the reference
electrode was a saturated calomel electrode. All potentials reported
in this paper are referred to the standard hydrogen electrode (SHE).
The catalyst ink was prepared by ultrasonically dispersing 5 mg catalyst powder in 0.5 mL high-purity water and 50 L 5 wt% Naﬁon
solution for 5 min. Then 10 L of this ink was deposited onto the
disk electrode and air-dried for use.
CVs and RDE experiments were performed in oxygen-saturated
0.5 M H2 SO4 solution at the potential scanning rate of 5 mV s−1 with
a glassy carbon disk electrode. The CVs were recorded within the
potential range from 1.04 V to 0.04 V, and the current–potential
polarization curves of RDE study were obtained at an electrode
rotating speed of 900 rpm. For RRDE experiments, a Pt ring-Pt disk
electrode was employed, the catalyst ink was dropped onto the
disk only, the ring potential was kept at 1.2 V and the disk potential
was scanned at a rate of 5 mV s−1 . Methanol-tolerance experiments
were carried out in oxygen-saturated 0.5 M H2 SO4 + 1 M CH3 OH
solution at the potential scanning rate of 5 mV s−1 .
All electrochemical measurements were operated using a 750A
biopotentiostat (CHI instrument, USA) along with a 636 RRDE system (Pine instrument, USA) at room temperature. It should be
noticed that all the CVs and polarization curves are given as current
vs. E plots, instead of current density vs. E since the real surface of
the ink-type electrode is uncertain.
3. Results and discussion
The TGA and c-DTA curves obtained from pyrolysis of the catalyst precursor in Ar atmosphere with a heating rate of 5 ◦ C min−1
was presented in Fig. 2. Three steps could be observed. The ﬁrst

Fig. 2. TG and c-DTA analysis of the catalyst precursor in Ar atmosphere at a heating
rate of 5 ◦ C min−1 .
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Fig. 3. XRD patterns of the FeTETA/C catalysts heat-treated at various temperatures
along with the standard data of metallic Fe.

one starts at 25 ◦ C and reaches a plateau at about 175 ◦ C. It represents a weight loss of 6.11 wt% and a c-DTA at 148.1 ◦ C, which can
be assigned to the detachment of TETA from the surface of carbon.
The second step appears from 175 ◦ C to 524 ◦ C with a weight loss of
30.63 wt%, it might be the release of FeTETA on the carbon surface.
The third step is the decomposition of FeTETA chelate starting from
524 ◦ C to form the catalytic active sites. Therefore, the heat treatment temperatures for synthesizing the FeTETA/C catalysts have
been selected as 600 ◦ C, 700 ◦ C, 800 ◦ C, 900 ◦ C and 1000 ◦ C.
XRD patterns of the obtained catalysts are presented in Fig. 3.
The large broad peaks observed at 2 of about 25◦ for all the
catalysts could be attributed to the diffraction of C(0 0 2). HT600
shows no additional diffraction peaks. HT700 shows only a weak
broad diffraction feature of Fe(1 1 0), while the other catalysts,
including HT800, HT900 and HT1000, reveal the typical characteristic diffraction features of Fe(1 1 0) and Fe(2 2 0). This suggests that
the iron in the catalysts of FeTETA/C pyrolyzed in the temperature
range from 800 ◦ C to 1000 ◦ C is mainly metallic Fe with high crystallization, while the iron in HT700 has not been well crystallized
and 600 ◦ C is probably not high enough to convert trivalent iron
into metal. A visual conﬁrmation of the presence of metallic Fe is
given in Fig. 4, a low-resolution TEM micrograph with the catalyst
of HT800 as an example at different multiple: (a) 100 nm, (b)
50 nm and (c) 20 nm. In this ﬁgure, the gray area is attributed to
the basic macrostructure of amorphous carbon framework and the
dark spots correspond to the metallic Fe crystallites.
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Fig. 5. Cyclic voltammograms of the FeTETA/C catalysts heat-treated at various temperatures in oxygen-saturated 0.5 M H2 SO4 solution. Potential scan rate: 5 mV s−1 .

Fig. 5 shows the CV curves of the FeTETA/C catalysts in oxygensaturated 0.5 M H2 SO4 solution. It is a traditional way to represent
the relative catalytic activity of catalysts with the ORR peak potential where the maximum oxygen reduction current occurs. As
shown in Fig. 5, the ORR peak potential changes with the heat treatment temperature: 0.589 V for HT600, 0.719 V for HT700, 0.751 V
for HT800, 0.725 V for HT900, and 0.664 V for HT1000. On the other
hand, the ORR peak current also changes with the same trend,
0.135 mA for HT600, 0.136 mA for HT700, 0.141 mA for HT800,
0.114 mA for HT900, and 0.098 mA for HT1000. Therefore, it could
be ﬁgured out that heat treatment temperature has signiﬁcant
inﬂuence on ORR catalytic activity of the FeTETA/C catalysts, the
catalytic activity increases with increase in heat treatment temperature and reaches the maximum at 800 ◦ C, then it decreases
with further increase in the heat treatment temperature. Another
signiﬁcant feature is an obvious shift to higher values of the ORR
potential (e.g. 0.751 V for HT800), as compared to the reported
values for PAN-Fe (0.60 V) [9] and the CoTETA/C (0.71 V) [19]. In
addition, an anodic peak could be found at about 0.615 V in the CV
curve of HT600, implying some oxidative reactions other than oxygen reduction. It is probably because of the nonmetallic Fe resulted
from heat treatment at 600 ◦ C as discussed above.
Current–potential curves obtained from RDE experiments for
the FeTETA/C catalysts are depicted in Fig. 6. The catalyst of HT800
demonstrates a higher ORR onset potential than the other studied
catalysts. The activity of the catalysts grows with the increase

Fig. 4. TEM images of the catalyst HT800 with diverse multiples: 100 nm (a), 50 nm (b) and 20 nm (c).
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Fig. 6. Current–potential curves for the ORR on the FeTETA/C catalysts heat-treated
at various temperatures in oxygen-saturated 0.5 M H2 SO4 solution. Scan rate:
5 mV s−1 . Electrode rotation rate: 900 rpm.

of the heat treatment temperature, and then decays from 800 ◦ C
where the best performance is achieved. This agrees very well with
the results of CV experiments. Compared with our previous studies
on CoTETA/C catalyst [15,16], the mass transport contributions is
less signiﬁcant at lower potentials. However, a similar shape of
the polarization curves has been reported elsewhere for carbonsupported metallic macrocycles and other non-precious metal
catalysts [2,3,7,11,15,16,20,21]. The feature that all of the catalysts
prepared here have no well-deﬁned diffusion-limiting current
plateau means non-uniform distribution of active sites and slow
oxygen reduction rate on these catalysts [20,21]. In addition, only a
current peak could be observed for the catalyst of HT600 at approximately 0.65 V. The probable reason could be elucidated with the
following facts. As discussed above with the XRD results, 600 ◦ C
is probably not high enough to convert trivalent iron into metallic
iron, leading to less catalytic active sites toward ORR in the catalyst
and a less porous electrode limiting the oxygen transportation at
the electrode/electrolyte boundary and the oxygen penetration in
the electrode. For the other catalysts, however, trivalent iron in the
precursor of FeCl3 has been reduced into nanometallic iron, which
plays important role for enhancing the catalytic activity, leading to
more porous structure in the corresponding catalyst and electrode
favorable to smooth and fast oxygen diffusion.
According to the above discussion on CVs and RDE results, it
could be concluded that the FeTETA/C catalyst prepared at 800 ◦ C
has the best ORR catalytic performance. Therefore, the HT800 catalyst is chosen for further detailed study in the following sections
on surface elemental state, ORR mechanism, and methanol and acid
tolerance.
Fig. 7 shows the electronic states of various elements on the surface of the optimal catalyst HT800 obtained from XPS. In Fig. 7(a),
it clearly shows a predominant C 1s peak at about 285 eV, a weak O
1s peak at 532 eV and a much weaker N 1s peak at 400 eV. It could
be found in the high-resolution C 1s spectra (Fig. 7(b)) that the
C 1s peak shifted to a higher binding energy of 284.8 eV as compared to the reported value of 284.5 eV for a number of carbon
supports such as Norit SX Ultra [22] and Vulcan XC-72R [23]. This
could be attributed to the adulteration of nitrogen atoms and oxygen species on the carbon support. In addition, close observation
of Fig. 7(b) reveals three peak components at 284.8 eV, 285.4 eV
and 288.3 eV, which could be assigned to the carbon component in
C C, C O and O C O, respectively. Several types of N coordination
with close binding energies have been reported in literatures [24]:

(1) pyridinic N at 398.3–399.5 eV; (2) pyrrolic N at 399.9–400.7 eV;
and (3) graphitic N at 401–403 eV. However, the XPS of N 1s in
the HT800, displayed in Fig. 7(c), can only be deconvoluted into
pyridinic N and pyrrolic N with the contributions of 68% and 32%,
respectively. According to Sidik et al.’s study on cluster models of
graphite sheets containing substitutional N toward oxygen reduction reaction in acidic media [25], pyridinic N has one lone pair
of electrons in addition to the one electron donated to the conjugated  bond system, imparting a Lewis basicity to the carbon, and
it is capable of facilitating the reductive adsorption reaction of O2
without the irreversible formation of oxygen functionalities, due
to an increased electron-donor property of carbon. Similar to the
investigation on Co-based cathode catalyst by Subramanian et al.’s
[26,27], the XPS O 1s narrow-scan spectra presented in Fig. 7(d)
can be divided into two components: OA at a binding energy of
531.8 eV assigned to C O (aldehydes, ketones and lactones) and OB
at 533.3 eV assigned to the C OH and/or C O C groups. Moreover,
the fact that OA content is obviously larger than that of OB implies
more C O functional group than C OH and/or C O C groups on
the HT800 surface.
Fig. 8 gives (a) the RRDE experimental data of the HT800 in
oxygen-saturated H2 SO4 solution at an electrode rotating speed
of 900 rpm and (b) the calculated number of electrons transferred
per oxygen molecule (n) and the corresponding hydrogen peroxide
yield (%H2 O2 ) with the following equations [20,21]:
n=

4Id
Id + Ir /N

(1)

%H2 O2 =

100 × (4 − n)
2

(2)

%H2 O2 =

100 × (2Ir /N)
Id + Ir /N

(3)

Here, Ir is the current on the ring electrode, Id is the current
on the disk electrode, and N is the collection efﬁciency of the RRDE.
Considering that the values of Id and Ir are too small when potential
is larger than 0.6 V leading to huge error [28], the valid potential
range is usually chosen from 0.1 V to 0.6 V. In this potential range, it
can be found that the number of transferred-electron is about 3.85,
and the H2 O2 yield is about 8%. This implies that the catalyzed ORR
by HT800 proceeds by both two-electron-transfer reduction and
four-electron-transfer reduction but the latter predominates.
Methanol crossover is a main issue of direct methanol fuel cell
(DMFC), which is a member of PEMFCs. During the working of
DMFC, there is not only the occurrence of ORR at the cathode,
but also simultaneous oxidation of the methanol transferred from
the anode through the membrane. The latter is found to seriously
reduce the operating voltage and power output of DMFC. Therefore, an efﬁcient cathode catalyst should be methanol tolerant in
addition to high ORR catalytic activity. Fig. 9 shows the CVs (a)
and the RDE polarization curves (b) of oxygen reduction on the
HT800 catalyst in both oxygen-saturated 0.5 M H2 SO4 solution
and 0.5 M H2 SO4 + 1.0 M CH3 OH solution, respectively. No apparent difference could be found in the ORR peak potential and peak
current in CV curves, indicating that the presence of methanol does
not obviously affect the catalytic activity of HT800. Similarly, the
RDE data in the oxygen-saturated 0.5 M H2 SO4 solution and 0.5 M
H2 SO4 + 1.0 M CH3 OH solution are almost the same. So, it could
be ﬁgured out that the HT800 catalyst has excellent methanoltolerance ability in addition to its high ORR activity, and it can be
used as the efﬁcient cathode catalyst in DMFC.
Stability is a very important characteristic for fuel cell catalysts.
Considering the acidic environment in PEMFCs, the catalytic activity of HT800 before and after leaching in 0.5 M H2 SO4 for 10 days
has been comparatively studied in this work, the results are shown
in Fig. 10. There is no notable change in the ORR peak potential
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Fig. 7. XPS of the catalyst HT800: (a) the survey spectrum, (b) C 1s, (c) N 1s and (d) O 1s.

and peak current for the catalysts of HT800-H2 SO4 and HT800:
713 mV and 0.116 mA for HT800-H2 SO4 , and 717 mV and 0.122 mA
for HT800. However, the current of the HT800-H2 SO4 catalyst is
slightly lower than that of the HT800 catalyst in the potential
region lower than 600 mV. Therefore, it could be considered that
the optimal HT800 catalyst exhibits acceptable acid-resistance and
stability.
In order to accelerate the future development of the FeTETA/C
catalyst, it is essential to well understand and elucidate the
mechanism of the catalyzed oxygen reduction reaction. In the
published literatures, the nature of the active sites in the Fe-based

nitrogen-containing non-noble metal catalysts (Fe-N/C) toward
ORR remains intricate, many controversial opinions have been
presented. For example, Chung et al.’s research [29] on cyanamidederived Fe-N/C catalysts revealed that although nitrogen content
has been previously correlated positively with ORR activity [30], no
such trend was observed in their work for any type of nitrogen type,
while the combined effects of nitrogen and sulfur incorporation
into the carbon may account for the high activity. Lefèvre et al.’s
study on Fe-N/C catalysts showed that two different catalytic
sites, namely FeN4 /C and FeN2 /C, exist simultaneously in all the
catalysts made with the Fe salt or the Fe porphyrin, and the FeN2 /C

Fig. 8. (a) RRDE data of the catalyst HT800 in oxygen-saturated 0.5 M H2 SO4 solution at a potential scan rate of 5 mV s−1 and an electrode rotating rate of 900 rpm and (b)
the calculated data of hydrogen peroxide yield %H2 O2 and the electron-transfer number n in per oxygen molecule.
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Fig. 9. (a) Cyclic voltammograms and (b) RDE polarization curves of the ORR on HT800 in oxygen-saturated 0.5 M H2 SO4 solution and 0.5 M H2 SO4 + 1 M CH3 OH solution.

is more electrocatalytically active than the FeN4 /C [13]. Faubert
et al.’s investigations on phthalocyanine and tetraphenylporphyrin
derived Fe-N/C catalysts exhibited that the catalytic activity in the
catalysts pyrolyzed in the temperature range of 500–700 ◦ C originates from the well dispersed Fe-N4 moiety or from fragments of
the original molecule still containing the metal bound to nitrogen,
while there is no Fe N bond anymore in the catalysts heat-treated
at higher temperatures and the metallic Fe surrounded in graphitic
envelope works as the active sites [31,32]. Faubert et al.’s study on
acetonitrile-based Fe-N/C catalysts showed that either Fe is present
in the active site in a high oxidation state unleachable under the
form of FeCl3 , or that Fe is not a constituent of the active site and
its role would be limited to catalyzing the formation of the carbon
and nitrogen based active site [23]. Similarly, Oh et al.’s research
on polypyrrole/ethylenediamine-based Fe-N/C catalysts indicated
that the transition metal itself does not behave as an active site
for ORR, but it serves to catalyze the formation of active nitrogen
functional groups for the ORR by doping nitrogen into carbon
[33]. Kobayashi et al. reported that light elements such as C and
N are components of the ORR active sites in the phthalocyaninebased Fe-N/C catalysts pyrolyzed at high temperatures where the
metal-N4 structures in the macrocycles are mostly decomposed,
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4. Conclusions
A class of non-noble metal catalysts, FeTETA/C, for oxygen
reduction have been prepared from pyrolyzing carbon-supported
iron triethylenetetramine chelate in Ar atmosphere at diverse temperatures. A powerful inﬂuence of heat treatment temperature on
catalytic activity of the FeTETA/C catalysts toward ORR have been
observed, the ORR catalytic performance increases with increase in
heat treatment temperature and reaches the maximum at 800 ◦ C,
then it deteriorates with further increase in the temperature. The
ORR catalyzed by the optimal catalyst HT800 proceeds through
both four-electron-transfer reduction and two-electron-transfer
reduction but the former predominates. The optimal catalyst HT800
has excellent methanol-tolerance and acceptable stability. Iron
exists mainly as nanoparticulate Fe with excellent crystallization
on surface of the FeTETA/C catalysts synthesized in the temperature range from 800 ◦ C to 1000 ◦ C, while lower heat treatment
temperature leads to poor Fe crystallization. Both pyridinic N
and pyrrolic N could be found in the optimal catalyst, HT800,
with more pyridinic type, and oxygen in HT800 is involved in
C O, C OH and/or C O C structures with much more content
of C O.
Acknowledgments
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and the residual Fe itself does not seem to contribute directly
to the ORR activity [34]. The great discrepancy in the reported
active sites is probably, at least in part, resulted from the different
preparation of the catalysts, different metal precursors and the
different carbon and nitrogen sources used. As for the active site
in the FeTETA/C catalysts studied in the present work, we cannot
well understand it now. However, according to the results as
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catalyst.
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