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a b s t r a c t
Polyacrylonitrile (PAN)-based carbon nanoﬁber supported Fe/Co/Ni ternary alloy nanoparticles were
prepared by using the electrospinning technique for potential fuel cell applications. The solution was
prepared by adding pre-solved catalytic precursor into PAN/DMF solution. The effect of PAN and catalyst precursor concentration on solution properties (viscosity and conductivity) and heat stabilization
temperature has been investigated. Electrospun nanoﬁbers were characterized by ﬁeld emission scanning electron microscope, transmission electron microscope, energy dispersive spectrometer and X-ray
diffractometer. It has been found that ternary nanoparticle size is in the range of 5–115 nm (average:
20 nm) and is a crystal alloy of Fe, Co and Ni. Also, TEM results demonstrate that in some regions metal
nanoparticles tend to agglomerate into larger particles mainly due to the non-uniform distribution of
nanoparticles in as-spun condition. PAN-derived carbon nanoﬁber mean diameter was measured as
200 nm by varying from 40 nm to 420 nm.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
One of the key challenges in fuel cell technology is to develop
low-cost non-platinum catalysts with similar activity and performance durability to the currently used Pt-based catalysts. Methods
for preparing carbon-supported catalysts, including the impregnation, colloidal and microemulsion are based on rather complicated
procedures (preparing the colloid solution, colloids formation,
deposition onto the carbon structure and removing the surfactant)
and require a considerable amount of catalyst salt that frequently
results in catalyst agglomeration which in turn, lowers the available surface area and decreases the mass activity of the catalyst
(Liu et al., 2006). Besides, in some cases, the inert surface of the
carbon needs a surface modiﬁcation or pre-treatment before the
deposition of the catalyst in order to improve the catalyst–surface
interaction.
Catalysts by owing the highest cost (∼30%) in manufacturing
fuel cells remain the key component among the other basic components (gas diffusion layer, polymer membrane) in a fuel cell (Stone,
2005). Although an improvement in catalytic activity has been
achieved by using carbon-supported Pt-based binary and ternary
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alloys there is still a search for highly efﬁcient alternative catalysts due to the high cost and limited global supply for platinum.
Moreover, Pt-based cathodes in direct methanol fuel cells (DMFCs)
are sensitive to cross-over methanol. Therefore, supported catalysts based on transition metals particularly Fe, Co and Ni have
been suggested to use in fuel cells (Bert and Bianchini, 2004). Acta,
has developed Fe/Co/Ni binary and ternary catalysts by polymer
templation method which works with hydrogen and hydrocarbon
fuels (Acta, 2009). Also, recently, it has been reported that a direct
ethanol fuel cell with carbon-supported Ni–Co–Fe catalyst as the
cathode is capable of selectively reducing oxygen without oxidation
of ethanol deriving from the anode (Park et al., 2008).
Among the different types of carbon structures (nanobeads,
microspheres and nanotubes) to prepare carbon-supported catalysts, carbon nanoﬁbers is an interesting candidate for an
application in fuel cell electrode by owing a high speciﬁc surface
area and high electrical conductivity (Chai et al., 2005). However,
the traditional methods to prepare carbon nanoﬁbers including
traditional vapor growth and plasma enhanced chemical vapor
deposition involve a complicated process and are high cost methods. However, carbon nanoﬁber supported non-platinum ternary
alloy nanoparticles can be produced by using a simple and cost
effective method so-called “the electrospinning technique” which
was ﬁrst invented and patented by J.F. Cooley in 1902 (Cooley,
1902). This method overcomes the previously mentioned problems
by eliminating; (i) catalyst deposition step, (ii) surface modiﬁcation
step of carbon, and (iii) excessive metal salt usage.
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Fig. 1. Schematic illustration of the homemade electrospinning setup and a video capture image recorded by Sony HDV 1080i camera during processing.

Even though, research and development related to the electrospinning process has increased in recent years, its application in
fuel cell technology is quite new. It has been used generally to produce ﬁbrous membrane for fuel cells (Sutto and McGrady, 2004; Li
et al., 2006). Although, it has been reported that the electrospinning
technique can also be used to produce carbon nanoﬁber supported
catalyst (Shao-Horn et al., 2007), there are limited work published on electrospinning of carbon nanoﬁber supported Fe/Co/Ni
ternary alloy nanoparticles. Therefore, by concerning the remarkable advantages of the electrospinning technique it is of interest
to investigate the electrospinning of carbon nanoﬁber supported
non-platinum ternary alloy nanoparticles for potential fuel cell
applications.
2. Experimental procedure
Catalytic material precursors (cobalt(III) acetylacetonate,
iron(III) acetylacetonate, nickel(III) acetylacetonate) (each 5 wt.%)
were dissolved in dimethylformamide (DMF) prior to adding
15 wt.% PAN/DMF solution. The prepared solution was magnetically stirred for 24 h to obtain a homogenous solution. Prior
the processing of nanoﬁbers, the effect of PAN concentration on
solution properties was determined by measuring the viscosity
and conductivity of as-prepared solutions at room temperature
(∼25 ◦ C) by using a viscometer (AND, SV-10) and conductivity
meter (Mettler Toledo, Sevengo), respectively. Also, the prepared
solution was subjected to differential thermal analysis (DTA) with
a heating rate of 2 ◦ C/min in air up to 400 ◦ C in order to determine
the heat treatment conditions.
Electrospinning was performed at room temperature (∼25 ◦ C)
and below 30% relative humidity. A high voltage power supply
(Gamma High Voltage Research, ES30P-5W) was used to charge the
solution by applying high voltage ranging from 15 kV to 30 kV at a
needle-to-collector distance of 10–30 cm. The solution was ﬁlled
in a 10 ml syringe equipped with a 22-gauge needle. The solution
was fed (0.1–0.5 mL/m) with a syringe pump (KD scientiﬁc, Model
220) during the electrospinning. The schematic illustration of the
electrospinning process is given in Fig. 1. The resulting electrospun
nanoﬁber web was dried at 120 ◦ C for 8 h in air. The as-spun PAN
nanoﬁbers were later converted into carbon nanoﬁbers by stabilizing at 250 ◦ C for 16 h in air (5 ◦ C/min) and carbonizing at 1100 ◦ C
for 2 h in nitrogen (2 ◦ C/min) where the nucleation and growth of
catalysts on carbon nanoﬁbers take place as well.
Electrospun nanoﬁbers were characterized after electrospinning (as-spun), drying, heat stabilizing and carbonizing steps by
Hitachi S-5000 ﬁeld emission scanning electron microscope (FE-

SEM), Jeol JEM2100F transmission electron microscope (TEM),
attached with a Jeol JED-2300T energy dispersive spectrometer
(EDS) and Rigaku RTP-300 X-ray diffractometer (XRD) with Co K␣
radiation. Over 100 measures were taken to for the determination
of nanoﬁber diameter and catalyst size.
3. Results and discussion
Fig. 2 shows the variation of solution viscosity and conductivity
as a function of PAN concentration. The conductivity of the solution
increases up to the concentration of about 16 wt.% PAN/DMF, where
it shows a maximum and remains constant with further increase
in the concentration, whereas the viscosity increases approximately exponentially by raising the PAN concentration. It has been
reported that with increasing the concentration or viscosity of the
solution, the tendency for bead formation decreases due to the
increase in the relaxation time, thus reducing the viscoelastic relaxation (Sutasinpromprae et al., 2006). Therefore, in this study, in
order to achieve uniform nanoﬁbers 15 wt.% PAN/DMF concentration was used where relatively high viscosity and conductivity was
achieved.
An important intermediate step in the conversion of PAN
nanoﬁbers to high-performance carbon nanoﬁbers is the heat stabilization step which is normally carried out at 180–300 ◦ C in air or
in an oxygen containing atmosphere for 1–24 h (Dalton et al., 1999).
This step is necessary to cross-link PAN chains and prepare a thermally stable structure that can withstand at high temperatures. The

Fig. 2. The variation of solution viscosity and conductivity as a function of PAN
concentration.
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Fig. 4. XRD patterns of carbon nanoﬁber supported Fe/Co/Ni catalysts at various
stages.

Fig. 3. DTA curves of PAN and Fe–Co–Ni/PAN solutions.

quality of the resulting carbon nanoﬁbers depends strongly upon
the degree of stabilization (Rahaman et al., 2007). Therefore, in
order to carefully determine the heat stabilization temperature, asprepared solutions were subjected to DTA analyses. In addition to
the endothermic peak obtained due to solvent evaporation, chemical reactions involve in the stabilization step are highly exothermic
(marked with arrows) as observed in DTA results (Fig. 3). It is
obvious that Fe/Co/Ni catalyst precursor addition to PAN solution
decreases the stabilization peak temperature from 266 ◦ C to 218 ◦ C.
Based on these results, drying and heat stabilizing temperatures of
as-spun carbon nanoﬁber supported Fe/Co/Ni catalysts were chosen as the ﬁnish temperatures of the endothermic peak (∼120 ◦ C)
and exothermic peak (∼250 ◦ C).
Fig. 4 shows the XRD patterns of carbon nanoﬁber supported
Fe/Co/Ni catalysts at various stages (as-spun, dried, heat stabilized
and carbonized). It is obvious that the strongest diffraction peak
from the PAN nanoﬁbers occurs at around 2 = 17◦ , which corresponds to a planar spacing d = 5.240 Å and can be indexed to the
(1 0 0) plane of a hexagonal structure (Yu et al., 2007). Note that
the peak intensity decreases gradually and markedly after the drying and stabilizing steps, which depicts the gradual amorphization
of crystallites. Also, the TEM image of heat stabilized nanoﬁber
demonstrates that the structure is completely amorphous (Fig. 5).
After the carbonization step sample exhibits a wide peak at the
carbon (0 0 2) plane around 2 = 24◦ . It is of interest to note that
the carbonization of PAN nanoﬁbers was performed at relatively
low temperature (1100 ◦ C). In addition its effect on the stabilization
temperature, the introduction of metal catalyst precursor promotes
the formation of crystalline domains during carbonization of the
nanoﬁbers and the electrical conductivity of the carbon nanoﬁbers
increases with increasing the content of the catalyst (Park et al.,
2005).

Morphology and diameter distribution of as-spun nanoﬁbers
are studied using ﬁeld emission scanning electron microscope (FESEM). Even tough the electrospinning of nanoﬁbers was performed
with relatively high viscous PAN solution (1600 mPa s), spindletype beads were rarely observed (Fig. 6b) which suggest that the
surface tension has still a greater inﬂuence than the viscoelastic
force. Also, it has been reported that spindle-like beads can form
due to the extension causing by the electrostatic stress (Gu et al.,
2005). As-spun nanoﬁber mean diameter was measured as 200 nm
and varied from 40 nm to 420 nm (Fig. 7).
Fig. 8 shows the TEM images of nanoﬁber supported Fe/Co/Ni
catalysts after carbonization at 1100 ◦ C for 2 h in nitrogen atmosphere. The nanoparticle size distribution is not uniform and varied
from 5 nm to 115 nm with an average size of 20 nm (Fig. 9). It is
obvious that in some regions partial agglomeration of Fe, Co and Ni
nanoparticles took place and results in relatively large nanoparticles (agglomerates). Because of the large surface area and high total
surface energy associated with the nanoparticles, agglomeration
is very common (Grimes et al., 2007). However, the agglomerated nanoparticles observed after the drying step of nanoﬁbers

Fig. 5. TEM picture of heat stabilized nanoﬁber supported Fe/Co/Ni catalysts (arrow
indicates the longitudinal direction of the nanoﬁber).
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Fig. 6. FE-SEM pictures of as-spun carbon nanoﬁber supported Fe/Co/Ni catalysts at various magniﬁcations.

Fig. 7. As-spun nanoﬁber diameter distribution.

(Fig. 10) suggests that agglomeration occurs prior the heat stabilization and carbonization steps. In other words, it seems that
the non-uniform distribution of metal nanoparticles is the main
reason for the formation of relatively large nanoparticles. Moreover, the uniform particle distribution at higher particle content
(>15–20 wt.%) still remains as a challenge to be solved in the further research. Agglomeration can lead to a reduction in the number
of atoms at the surface with a reduction in surface energy, therefore, it is believed that controlling the size and composition of these
nanoparticles would increase the catalytic activity thus the performance of the fuel cell. However, Park et al., have demonstrated
that carbon-supported Ni–Co–Fe nano-alloy particles with a similar size range (10–200 nm) is less prone to ethanol cross-over and
has potential as cathode catalyst in direct ethanol fuel cells (Park
et al., 2008).

Fig. 8. TEM picture of nanoﬁber supported Fe/Co/Ni catalysts after carbonization.
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The EDX pattern of electrospun carbon nanoﬁber supported
Fe/Co/Ni catalysts depicts that the nanoparticles are a crystal alloy
of Fe, Co and Ni (Fig. 11). The oxygen with a relatively low intensity
peak might have been formed during the heat stabilization process
of PAN nanoﬁbers. Also, X-ray emission from the Cu grid of the sample holder is also evident. The resulting composition of the ternary
alloy nanoparticle is assumed to be similar as the starting precursor
concentration.
4. Conclusions

Fig. 9. Fe/Co/Ni nanoparticle size distribution.

In this study, it has been demonstrated that PAN-based carbon nanoﬁbers supported with Fe/Co/Ni ternary alloy nanoparticles
with an average diameter and size of 200 nm and 20 nm, respectively can be produced by using the electrospinning technique. It
has been observed that PAN and catalyst precursor concentration
strongly affects the solution properties (viscosity, conductivity) and
heat treatment conditions, respectively. Also, partial agglomeration of Fe, Co and Ni nanoparticles which results in the formation
of relatively large nanoparticles has been observed mainly due to
the non-uniform distribution of catalyst precursor materials during the electrospinning process. Although controlling the size and
distribution of the nanoparticles remains as a future research, the
applicability of this method for the preparation of carbon nanoﬁber
supported non-platinum ternary alloy nanoparticles is important
to investigate due to the simplicity and inexpensiveness of the process.
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