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Iron/iron carbide-inserted carbon nanotube/graphite composite (Fe-C) was prepared by pyrolyzing a
mixture of melamine and iron (IIl) chloride to form a support for high loading of Pt nanoparticles as a
direct ethanol fuel cell anode catalyst. The obtained Fe-C was characterized by Raman spectroscopy, X-ray
diffraction, transmission electron microscopy, and X-ray photoelectron spectroscopy. The Fe-C surface
characteristics supported a high (40 wt%) loading of Pt nanoparticles with uniform dispersion and small
particle size. Compared to Vulcan carbon-supported Pt (40 wt%), Fe-C-supported Pt exhibited enhanced
catalytic activity for CO and ethanol oxidation, and high stability due to the effect of the Fe-C support

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) directly con-
vert chemical energy into electricity via electrochemical reactions
occurring on the cathode and anode [1,2]. Currently, Pt or Pt-based
catalysts are regarded as the best anode materials and are widely
used in fuel cells [3-6]. However, the prohibitive cost, scarcity,
and instability of Pt-based catalysts make them unsuitable for
large-scale applications and thus hold back PEMFC commercial-
ization [7,8]. Deposition of Pt and Pt-based alloys on a conductive
carbon support can significantly reduce the cost and improve
electrocatalytic performance. The interaction between the Pt or
Pt alloy nanoparticles and the support improves electrocatalytic
efficiency, reduces catalyst loss, assists in charges transfer, pre-
vents catalyst poisoning, and improves the size distribution of
catalyst particles [9-11]. Therefore, development of effective sup-
port materials for electrocatalysts shows promise for future PEMFC
commercialization.
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Highly conductive carbon blacks with high surface area, such
as Vulcan XC-72, Shawinigan and black Pearl 2000, are commonly
used as supports for Pt electrocatalysts [9]. However, despite the
high surface area and good electrochemcial performance of car-
bon black, for practical applications, PEMFC anode catalysts still
require better performance [11,12]. Recently, some merits of elec-
trocatalysts, such as low Pt loading, high electrocatalytic activity,
and good durability, have been achieved by using carbon supports
doped with nitrogen, which create strong and effective interac-
tion bewteen Pt nanoparticles and support [13-16]. Sun et al.
reported that N-doped carbon nanotubes provide well dispersed Pt
nanoparticles and prevent agglomeration of Pt on the support, thus
enhance electrocatalytic activity of the catalysts [17]. Ma et al. have
demonstrated that Pt deposited on N-doped carbon nanofibers
forms smaller and more uniform sized nanoparticles that exhibit
higher electrocatalytic acitivity towards methanol oxidation than
Pton deposited on non-doped carbon nanowires [ 18]. However, the
synthesis procedures for N-doped carbon nanotubes and carbon
nanofibers are complicated and the treatment may significantly
deteriorate the preferred structure/morphology and thus decrease
the carbon nanotube support effect [19].

In our previous work, we found that a N-containing carbon com-
posite support with an oxide, such as SiO, [20,21], Fe304 [22,23],
ZrO; [9], can significantly enhance the catalytic activity of electro-
catalysts compared to Vulcan carbon; this results from the small
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particle size and/or the synergetic effect between the N atoms,
metal particle, and the oxide. In the work of Sun et al. [24], a
support composite with Sn-doped carbon nanotubes enhanced the
catalytic activity of Pt nanoparticles compared to an ETEK Pt/C cat-
alyst. Furthermore, Deng et al. [25] have reported that Fe inserted
carbon nanotubes have high activity for oxygen reduction reaction
owing to electron transfer from Fe particles to the carbon nano-
tubes, which results in decreased local work function on the carbon
surface. Therefore, the effect of combining metal particles inserted
into N-doped carbon nanotubes holds the possiblilty of combining
previous advantageous features in a single support.

In this study, we synthesized a metal particle-inserted car-
bon nanotube support using an iron salt as catalyst during the
pyrolysis of melamine. Iron, and/or iron carbide-inserted and N-
doped carbon nanotubes were formed, along with the formation of
graphite sheets. The composite was used as a support to disperse
Pt nanopartcles with high metal loadings (i.e. 40 wt%). High and
effective Ptloading is very important for PEMFC commercialization,
which provides significant reductions in diffusion layer thickness,
mass transport resistance, and fabrication cost of the supported
Pt catalyst electrode [26,27]. The ethanol electrooxidation activity
of the catalyst was evaluated and compared to that of a catalyst
prepared on a conventional carbon black support.

2. Experimental
2.1. Preparation of catalyst

Iron nanoparticle-inserted carbon nanotube/graphite com-
posite (Fe-C) was synthesized as follows: iron (III) chloride
tetrahydrate (1.350 g) was dissolved in 40 ml ethanol with stirring,
and 1.562 g melamine was added and stirred for 3 h. The suspen-
sion was vacuum-dried using a rotary evaporator, dried for 4h at
60°C, then heated at 800 °C for 1 h under nitrogen atomosphere in
a tube furnace followed by heating in 0.5 mol L-! H,S0,4 at 80 °C for
8 hto remove unstable species. Finally, the sample was centrifuged,
washed 10 times with ultrapure water, and the final product dried
in vacuum oven at 60°C for 4 h.

Pt/Fe-C was synthesized by a modified organic colloid method
in an ethylene glycol (EG) solution as follows: 1.18 ml of H,PtClg
(20mgml~1) was dissolved in the solution containing 30 ml of EG
and 35.3 mg of sodium citrate in a 100 ml flask. The solution was
adjusted to pH 10 using 5 wt% of KOH/EG solution while stirring
vigorously. Fe-C was introduced to the solution under ultrasonic
condition, and the mixture was transferred to an autoclave and
heated at 160 °C for 6 h. The resulting powder was collected by fil-
tration, rinsed with ultrapure water several times, and dried in a
vacuum oven at 60°C for 6 h. Pt/Fe-C with 40 wt% metal loading
was obtained. For comparison, the Pt/C (40 wt% Pt loading) with
Vulcan XC-72 as a support was synthesized using the same method.

2.2. Characterization

X-ray diffraction (XRD) patterns were recorded on a Rigaku
D/Max-2400 (Japan) diffractometer, using Cu Ka radiation oper-
ated at 40kV and 30 mA. Raman spectroscopy was carried out
on a Ft-Raman spectroscopy (RFS 100, BRU-KER) with Nd: YAG
laser wavelength of 1064 nm. Transmission electron microscopy
(TEM) measurements were carried out on a JEM-2010 Elec-
tron Microscope (Japan) with an acceleration voltage of 200 kV.
X-ray photoelectron spectroscopy (XPS) was obtained using a
VGEscalab210 spectrometer fitted with Mg 300 W X-ray source
(England). The composition of the support was analyzed on an
organic elemental analyzer (Thermo Flash 2000). The Pt loading of
two samples were determined using an IRIS advantage inductively
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Fig. 1. Raman spectra of Fe-C and Vulcan carbon.

coupled plasma atomic emission spectroscopy (ICP-AES) system
(Thermo, USA).

Electrochemical experiments were carried out using an Autolab
electrochemical work station (CHI 650D). A conventional three-
electrode cell was used for the electrochemical measurements,
comprising an Ag/AgCl (3 mol L-1 KCl) reference electrode, a car-
bonrod as the counter electrode, and a modified glass carbon (5 mm
in diameter) as the working electrode. The working electrode was
prepared using 5 mg of catalyst dispersed ultrasonically in 1 ml of
Nafion/ethanol (0.25% Nafion). About 8 i1l of the dispersion was
transferred onto the glassy carbon disc using a pipette, and then
dried in the air to form catalyst layer on it. Before each measure-
ment, the solution was purged with high-purity N, or O, gas for at
least 30 min.

3. Results and Discussion

The Raman spectra of Fe-C and Vulcan carbon (Fig. 1) produced
G and D peaks at around 1560 and 1300cm™!, respectively [28].
The D-band arises due to a reduction of symmetry near or at the
crystalline edges, which is ascribed to the finite-sized crystals of
graphite. The G-band is attributed to all sp? bonds of graphitic net-
work [29]. The ratio of the relative intensities of D and G bands is
indicative of the crystallinity of the carbon materials, i.e. the lower
the Ip/Ig, the higher the crystallinity. By measuring the Raman
spectra, the Ip/Ig of Fe-C and Vulcan carbon are 1.12 and 1.30,
respectively. The Ip/Ig of Fe-C is lower than that of Vulcan car-
bon, which indicates that Fe-C has higher crystallinity than Vulcan
carbon.

Fig. 2 shows TEM images of the synthesized Fe-C at different
magnifications. It can be seen in Fig. 2a that the as-prepared carbon
material is composed of carbon nanotubes and graphite fragments,
ranging from about 5 nm to 150 nm. The formation of carbon nano-
tubes is due to the presence of Fe3*, which provides a catalyst for
carbon nanotube growth [29,30]. The coated particles contain Fe
and/or Fe3C (Fe@Fe3C), which would be confirmed by the following
XRD result. As shown in Fig. 2b, the shape of Fe-C nanotubes differs
in having bamboo-like shape, curved shape, and twig-like shapes.
The fine structure of graphite fragments is shown in Fig. 2c. The
Fe@Fe3C particle is completely coated by the graphite layers which
cause the wrinkled and irregular curvature due to the propensity
of incorporated nitrogen to form pentagonal and hexagonal defects
in the graphite layers [12].

XPS analysis was used to investigate the elemental composi-
tion as well as the chemical bonding environment of Fe-C. From
the survey scan of Fe-C shown in Fig. 3a, it can be seen that Fe-C
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Fig. 3. (a) XPS survey spectrum and (b) N 1s spectrum of Fe-C.

contains N. It has been reported that carbon-based materials, such
as coal and char, can contain four types of nitrogen species, namely
pyridinic-N, pyrrolic-N, quaternary-N and pyridinic-N—-0~ [31]. As
shown in Fig. 3b, there are three peaks in the N 1s spectrum of Fe-C.
Pyridinic-N has a pair of electrons in the plane of the carbon matrix
and provides one p electron to the aromatic m system, which is
believed to be responsible for both the wall roughness and wrin-
kled morphology [12]. The relative amounts of the three types of N
species are calculated from the corresponding fitted peaks, and the
amount of each nitrogen species is tabulated in Table 1. The results
show that pyridinic-N and pyrrolic-N are the dominant N species
in the sample. These N atoms might provide the active sites for the
dispersion of Pt nanoparticles. The content of N element in the bulk
of Fe-C determined by an organic elemental analyzer is 3.1 wt%.
Fig. 4 shows the XRD pattern of Fe-C, Pt/Fe-C and Pt/C. In the
case of Fe-C, the strong sharp peak (002) centered at 26 ~ 26.5°
indicates the crystalline nature of carbon nanotube [32]. The sharp
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Fig. 5. TEM images of Pt/C (a) and Pt/Fe-C (b); HRTEM image of Pt/Fe-C (c), and the particle size distribution of Pt nanoparticles on Fe-C (d).

peaks at 26 ~ 44.5° and 65.9° could be related to the reflection from
(031) and (200) planes of Fe [33,34]. The two peaks located at 38.5
and 45.5° are ascribed to the (210) and (031) diffraction peaks of
FesC, and other weak peaks might also be assigned to the forma-
tion of Fe3C [35]. These results indicate there are two species, e.g.
Fe and Fes3C, representing Fe element in the as-prepared carbon
composite. The XRD pattern of Pt/C displays the four peaks at 260
~ 40°, 46°, 68°, and 82°, corresponding to reflections from (111),
(200),(220)and (311) planes of face centered cubic phase Pt [36]. In
the case of Pt/Fe-C, besides the diffraction peaks of graphitic struc-
ture and a-Fe, three peaks related to the Pt (111), (220) and (311)
planes appear, at 26 ~ 40°, 68° and 82°, where the Pt (200) plane
is suppressed by the peaks of a-Fe. The XRD result implies that
the synthesized Pt/Fe-C has similar crystalline structure to that of
Pt/C. It should be noted that the crystallinity of Pt phase in the two
catalysts does not look very good, apparently. The actual Pt load-
ing measured by ICP is 39.7 wt% for Pt/Fe-C and 39.8 wt% for Pt/C,
which are close to that in the precursors.

The TEM images of Pt/C and Pt/Fe-C are shown in Fig. 5. In Fig. 5a,
Pt nanoparticles are dispersed on the surface of Vulcan carbon
with significant aggregation. Generally, the degree of aggregation of
nanosized electrocatalysts is associated with many factors, such as
the surface of the support, the synthetic method of metal particles
and the metal loading. In our previous work [37], Pt/C catalyst with
the metal loading of 20 wt%, (prepared by a similar method to that
in the present work) had uniform dispersion with little aggregation.
Thus, the high loading in the present study caused aggregation of
Pt on Pt/C. In contrast, the uniform dispersion of Pt nanoparticles
on the surface of Fe-C (Fig. 5b) suggests Fe-C can provide more

Table 1
Binding energy and relative amounts of nitrogen species from curve-fitted XPS spec-
trum of Fe-C.

N-Species N 1s Binding Peak Half Relative
Energy (eV) Width (eV) Concentration (%)
Pyridinic-N 398.4 225 11.8
Pyrrolic-N 400.0 3.79 66.6
Graphitic-N 401.7 2.10 21.6

initial nucleation sites for anchoring small Pt nanoparticles avoid-
ing coalescence of Pt at high metal loading. While, it can be observed
that Pt particles shows spherical shape, and some spheres formed
into short-wires. The high resolution TEM (HRTEM) image of Pt/Fe-
Cis shown in Fig. 5¢. It can be seen that there are two phase; one is
the Pt particles are confirmed by the contrast and the lattice plane
such as the particle indicated by the red circle. The other is the Fe-
C support indicated by the red arrows. As we seen, the Pt particles
are mainly in spherical shape. The particle size distribution (Fig. 5d)
ranges from ca. 2 to 5 nm with the mean particle size of ca. 3.0 nm.
These results show that different supports affect the distribution of
the metal nanoparticles.

The effect of the supports on chemical state of Pt was investi-
gated by XPS (shown in Fig. 6). For the two catalysts, two peaks are
observed at the Pt 4f binding energy attributed to 4f;, and 4fs,
of Pt respectively. For Pt/Fe-C, the binding energies of 4f;;, and
4fsp, are 71.5 and 74.8 eV respectively, which are higher than that

72 52

Intensity (a.u.)

68 70 7‘2 7‘4 7.6 7I8 80
Binding energy (eV)

Fig. 6. Pt 4f XPS spectra of Pt/C and Pt/Fe-C.
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Fig. 7. Cyclic voltammograms of Pt/Fe-C and Pt/C catalysts in 0.5molL~' H,SO4
solution saturated with N.

of Pt/C at 71.1 and 74.3eV. Compared to Pt/C, the positive shift
in the binding energies of Pt/Fe-C is likely due to the following
two factors. Firstly, the effect of small Pt nanoparticles deposited
on a support cause a positive shift in the binding energy due to
extra atomic relaxation effect [38,39]. Secondly, strong interaction
between Pt nanoparticles and Fe-C can be inferred from previous
literature on metal-doping and N-doping respectively [15,40]. So,
which factor mainly influence the positive shift of Pt 4f XPS? If the
Pt particles of Pt/Fe-C is obviously increased, how about the bind-
ing energy of Pt 4f XPS? Then, Pt/Fe-C were heat-treated at 300°C
for 3h in order to obtain the aggregated Pt particles, which would
have large size. As we expected, the aggregation occurs, which can
be confirmed by TEM image (See Supporting Information). The Pt
4f binding energy of Pt/Fe-C with heat-treatment is shown as the
vertical dot line in Fig. 6. It can be observed that the binding ener-
gies of Pt 4f XPS of Pt/Fe-C before heat-treatment is similar to that
after heat-treatment, which is positive compared to that of Pt/C.
The result implies that the positive shift in the Pt 4f binding energy
of Pt/Fe-C is related to the strong interaction between Pt nanopar-
ticles and Fe-C. The positive shift of binding energy of Pt implys
that the d-band centre has a low energy value. The Pt surface with
low d-band centre value tends to bind adsorbents such as CO more
weakly, which would change the rate of ethanol oxidation [41,42].

The electrocatalytic activity of Pt/Fe-C was characterized by
cyclic voltammetry (CV). Fig. 7 shows CVs of Pt/Fe-C measured
in 0.5M solution saturated with N, at room temperature. In the
postive scan, both catalysts exhibit the characteristic features of
polycrystalline Pt, i.e. examining the hydrogen desorption region
ranged from -0.2 to 0.1V, the double-layer region between 0.1
and 0.55V, and the surface oxide (OH,q,) started at 0.55V. Accord-
ingly, in the backward scan, the surface oxide stripping peak around
0.53V, the doule-layer region, and the absorption the hydrogen
adsorption appear. In additon, in the case of Pt/Fe-C, a small oxi-
dation peak at ca. 0.48 V appears, which relate to the oxidation of
Fe species [23]. The electrochemical surface area (ECSA) of the cat-
alysts was estimated from the integrated charge of the hydrogen
adsorption/desorption region of the CV. The ECSA of Pt/Fe-Cis 19.8
m?2 g~ 1p;, which is slightly larger than that of Pt/C (18.5 m% g~ 1py),
indicated that Pt/Fe-C provides more active sites for methanol oxi-
dation.

The capability of a catalyst to oxidize chemisorbed CO is a key
parameter of performance and is measured by CO stripping voltam-
mograms. Fig. 8 shows the CO stripping voltammograms on Pt/Fe-C
and Pt/C electrodes in N,-staturated 0.5 mol L~ H,SO, solution at
a scan rate of 50mV s~!. A peak current at ca. 0.65V associated
with CO oxidation appears for both catalysts in the first scan and
disappears in the next scan, indicating that the chemisorbed CO is
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Fig. 8. CO stripping voltammograms for on Pt/Fe-C and Pt/C catalysts in 0.5 mol L~!
H,S04 solution saturated with N,.

completely oxidized in the first positive potential forward scan. The
onset potential and peak potential of the CO oxidation on Pt/Fe-C
are 0.54 and 0.64V respectively and are slightly shifted to nega-
tive region compared to that on Pt/C electrode (0.59 and 0.65V);
this indicates that Pt/Fe-C is more active than Pt/C in CO oxidation.
Therefore, the surface of Pt nanoparticles supported on Fe-C with
low d-band centre value most likely bind CO more weakly, resulting
in an increased rate of CO oxidation.

Fig. 9 shows the CV scans of Pt/Fe-C and Pt/C in N,-staturated
0.5molL~1 H,S04 +0.5 mol L-! C;H50H in the potential range from
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Fig. 9. Cyclic voltammograms for ethanol oxidation on Pt/Fe-C and Pt/C electrodes
in Ny-staturated 0.5 mol L' H,SO4 +0.5mol L-! C;H50H at a scan rate of 50mV s,
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-0.2 to 1.0V. The current was normalized to the Pt loading (Fig. 9a)
and the ECSA (Fig. 9b) respectively. The mass-normalized current is
indicative of the catalytic activity per equivalent amount of loaded
metal catalysts, and the area-normalized current represents the
intrinsic activity of the active sites in the catalyst particles [43].
It can be observed in Fig. 9 that the onset potential on Pt/Fe-C elec-
trode is 0.08V, negative shift of 32 mV compared to that on Pt/C
(0.112V). Fig. 9a, shows the mass activity of Pt/Fe-C for ethanol
oxidation, e.g. the current density of the oxidation peak in the pos-
itive scan, which is 224 mAmg~1p at 0.728 V and higher than that
of Pt/C (172mAmg!p; at 0.719V). However, the specific activity
of Pt/Fe-C for ethanol oxidation in Fig. 9b reaches 1.03 mAcm~2,
which is slightly larger than that of Pt/C at 0.93 mA cm~2. This result
indicates that the enhancement in catalytic activity of Pt/Fe-C cat-
alyst is the result of interactions between Pt particles and Fe-C
support.

Here, several types of supports are also compared to our results.
Zhang et al. [44] reported that SnO, flower-like cystal supported Pt
particles exhibited the onset potential of 0.1V vs. Ag/AgCl and peak
current density of 154.3 mA mgp,~! for ethanol oxidation, indicat-
ing that the catalytic activity of their catalyst is poor compared to
Pt/Fe-C. When Pt particles supported ordered mesoporous carbon
[45], the onset potential of ethanol oxidation on itis atca.0.30V vs.
RHE, manifesting a positive shift of ca. 20 mV wih respect to that on
Fe-C. Pt particles supported on maganese oxide-carbon nanotubes
[46] display high catalytic activity for ethanol oxidation, e.g.-0.15V
vs. Hg/Hg,S0,4 of the onset potential and 1141.4 mAmgp,~! of the
forward peak current density, which is better than that of Pt/Fe-C.
These results indicate that Fe-C is a promising support in electro-
catalysis and the catalytic activity of Pt/Fe-C should be improved in
the future work.

For practical PEMFC operation, catalyst stability is very impor-
tant. This was next evaluated by monitoring the peak current loss
with the cycle number (Fig. 10). After 600 cycles, the peak cur-
rent for ethanol oxidation on Pt/Fe-C was 59.3% relative to the
initial peak current. In contrast, the peak current on Pt/C electrode
only retains 52.5% of the original value. Therefore, the rate of Pt/C
degradation was higher than that of Pt/Fe-C, showing that Pt/Fe-C
is more stable than Pt/C due to the strong interaction between Pt
nanoparticles and Fe/C.

4. Conclusions

An iron nanoparticle-inserted carbon nanotube/graphite com-
posite was synthesized and evaluated as a support for a Pt
nanoparticle PEMFC anode catalyst. Compared to Vulcan carbon,

its unique morphology and N-containing active surface sites enable
Fe-C to support a high (40 wt%) loading of Pt nanoparticles with
small particle size and uniform dispersion. Pt/Fe-C catalyst had
enhanced catalytic activity for ethanol oxidation compared to Pt/C
(40 wt%). Furthermore, Pt/Fe-C had greater stability in EOR than
Pt/C due to the strong interaction between Pt nanoparticles and Fe-
C support. Therefore, the Fe-C support provides a promising model
for the preparation of other high loading Pt-based alloy fuel cell
catalysts.
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