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a b s t r a c t

An amorphous Fe-based catalyst supported on polypyrrole-modified carbon nanotubes is synthesized
by a chemical method. The microstructure, surface composition and morphology are characterized by
X-ray diffraction, X-ray photoelectron spectroscopy, and scanning electron microscopy. The synthesized
amorphous Fe-based catalyst is composed of amorphous FeOOH and microcrystalline Fe2O3. Compared
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with a crystalline FeOOH catalyst, the amorphous Fe-based catalyst demonstrates higher electrocatalytic
activity toward the oxygen reduction reaction (ORR), due to its amorphous structure and large specific
surface area. It is considered that amorphization of transition metal compounds could be one of the
methods used to improve their catalytic activity toward the ORR.

© 2010 Elsevier B.V. All rights reserved.

lectrocatalytic activity
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. Introduction

Proton exchange membrane fuel cells (PEMFCs) have been rec-
gnized as the clean power generators with high efficiency for
obile and portable applications due to their high power densi-

ies and low emissions. PEMFCs use Pt as the catalyst where the
ydrogen oxidation reaction (HOR) or the oxygen reduction reac-
ion (ORR) occurs. However, the scarcity of Pt in nature is a big
roblem for PEMFC commercialization. Therefore, development of
lternative materials to Pt is one of the critical issues because cell
erformance is mainly determined by kinetics of the ORR.

Non-precious metals such as Cu [1], Ni [2], Ag [3,4] and Co
5–7], inorganic compounds such as TiO2 [8], vanadium oxides [9],
anthanum manganite [10], MnO2 [11–13], iron nitrides [14], Co
itrides [15] and Co hydroxide [16–18] were attempted to be used
s the cathode catalysts in fuel cells. Macrocyclic compounds such
s metallic porphyrins [19], phthalocyanines [20] and their mod-
fied catalysts [5–7,16–18,21] demonstrated good electrocatalytic
ctivities toward the ORR. Ramos-Sánchez et al. [22] studied the
lectrocatalytic activity of amorphous Ni59Nb40PtxM1−x (M = Ru,

n) toward the ORR. It was found that the amorphous catalysts
howed the high activity toward the ORR via a 4e transfer path-
ay. Incorporation of transition metals in amorphous catalysts
emonstrated a significant improvement on the ORR kinetics. Yang

∗ Corresponding author. Tel.: +86 571 87951977; fax: +86 571 87953149.
E-mail address: zhoupengli@zju.edu.cn (Z.P. Li).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.06.046
and Xu [23] investigated the electrocatalytic activity of an amor-
phous manganese oxide for the ORR in alkaline solutions. They
believed that amorphous materials owned much more structure
distortion and thus yielded more active sites than crystalline ones.
Recent progress in the development of alternative catalysts has
been summarized [24,25]. However, only few studies are related
to amorphous catalysts.

It is considered that Fe3+ ions could be chemically reduced to
form Fe(OH)2 in alkaline borohydride solutions by following reac-
tion:

4Fe3+ + BH4
− + 12OH− = 4Fe(OH)2↓ + BO2

− + 2H2O + 2H2↑ (1)

The formed ultrafine particles of Fe(OH)2 would then be oxidized
to ultrafine FeOOH crystal in air by following reaction [26,27]:

4Fe(OH)2 + O2 = 4FeOOH + 2H2O (2)

In this work, amorphous FeOOH and crystalline FeOOH supported
on polypyrrole-modified carbon nanotubes are synthesized and

characterized to study the effect of the amorphous structure on
the improvement of the electrocatalytic activity toward the ORR.
Their electrocatalytic activities are evaluated by cyclic voltamme-
try (CV) and cell polarization in an alkaline fuel cell using an alkaline
borohydride solution as the fuel.

dx.doi.org/10.1016/j.jpowsour.2010.06.046
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:zhoupengli@zju.edu.cn
dx.doi.org/10.1016/j.jpowsour.2010.06.046
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Table 1
Relative atomic ratio of constituents in the surface layer of the synthesized catalysts.
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Catalyst A (crystalline FeOOH catalyst) 58.0% 27.5% 6.4% 8.2%
Catalyst B (amorphous FeOOH catalyst) 59.2% 26.3% 6.6% 7.8%

. Experimental

.1. Catalyst synthesis

Carbon nanotubes supported Fe-based catalysts were prepared
y following steps:

1) mixing carbon nanotubes (CNTs) (1.1 g) with glacial acetic acid
(2 mL) and de-ionized water (100 mL) in a round-bottom flask
placed in an ice-water bath by stirring for 5 min;

2) adding 0.6 mL of pyrrole, and then stirring for 20 min before
adding a FeCl3 solution containing 0.869 g of FeCl3 and 50 mL
of de-ionized water;

3) stirring for 20 min in a dark environment, and then slowly
adding H2O2 solution (22 mL, 3 wt.% H2O2) during stirring for
90 min;

4) adding an alkaline solution (50 mL containing 3.8 wt.% NaOH,)
or alkaline borohydride solution (52 mL, 3.8 wt.% NaBH4,
3.8 wt.% NaOH), and stirring for 30 min.

Finally, the mixture was filtered, washed by de-ionized water,
nd dried overnight at 90 ◦C to obtain the Fe-based compounds
upported on polypyrrole-modified carbon nanotubes. The cata-
ysts synthesized by adding alkaline solutions with and without
orohydride addition were named as “catalyst A” and “catalyst B”,
espectively. Fe content in both samples was about 15 wt.% which
as confirmed by induced coupled plasma spectrum (ICP) mea-

urements.

.2. Catalyst characterization

The microstructure and morphology of polypyrrole-modified
arbon nanotubes supported Fe-based catalysts were characterized
y X-ray diffraction (XRD) with a Rigaku-D/MAX-2550PC diffrac-
ometer using Cu K� radiation (� = 1.5406 Å), and scanning electron

icroscopy (SEM). X-ray photoelectron spectroscopy (XPS) analy-
es using Mg K� radiation with a PHI-5000C ESCA system were
arried out to identify the surface composition and the chemical
tate of Fe and O.

.3. Electrochemical evaluation

The electrocatalytic activity toward the ORR was evaluated by
V technique in a KOH solution (1 M) saturated with O2. A catalyst

nk was prepared by ultrasonically mixing 10 mg of catalyst with
00 �L of Nafion solution (5 wt.%) and 500 �L of anhydrous ethanol
or 30 min. The obtained ink (10 �L) was then dropped onto a glassy
arbon electrode (0.07 cm2). A porous catalyst layer was formed
n a glassy carbon electrode after drying at room temperature in
ir. CV measurements were performed in a three-electrode system
ith a scan rate of 10 mV s−1 at 25 ◦C. A Pt wire was used as the

ounter electrode, and a saturated calomel electrode was used as
he reference electrode connecting to a three-electrode cell with a
Cl salt bridge. Potential values were converted to the values vs.

tandard hydrogen electrode (SHE).

Cell performances were measured by using a fuel cell as
escribed in our previous paper [16]. A cathode was prepared by
oating cathode ink onto a piece of hydrophobic carbon cloth with
catalyst loading of 5 mg cm−2. A cathode ink was prepared by
Fig. 1. XRD patterns of catalyst A (crystalline FeOOH catalyst) and catalyst B (amor-
phous FeOOH catalyst).

mixing catalyst, de-ionized water, Nafion solution (5 wt.%), and
anhydrous ethanol with a mass ratio of 1:3:7:3. The hydrophobic
carbon cloth was prepared by immersing the cloth in polytetraflu-
oroethylene (PTFE) emulsion (20 wt.%) for 3 min and then heating
at 350 ◦C for 1 h. A Co-PPy/C composite was used as the anode cat-
alyst as described in our previous work [7]. An anode was prepared
by pasting an anode ink onto a piece of nickel foam with a catalyst
loading of 5 mg cm−2.

An alkaline NaBH4 solution containing 5 wt.% of NaBH4 and
10 wt.% of NaOH was used as the fuel. Cell performance measure-
ment was carried out at a fuel flow rate of 10 mL min−1 and a
humidified O2 flow rate of 150 mL min−1. Temperature of both fuel
and humidified O2 was controlled to be 80 ◦C.

3. Results and discussion

3.1. Catalyst characterization

Fig. 1 shows the XRD patterns of catalyst A and B. The strong
peak at 26.34◦ in 2� can be assigned to the (1 1 1) plane of carbon
(JCPDS number: 75-0444). The XRD pattern of catalyst A reveals the
FeOOH existence regarding to JCPDS number 70-0714. However,
no crystalline FeOOH except carbon and small amount of micro-
crystalline Fe2O3 is confirmed from the XRD pattern of catalyst B.
Because both samples contain the same amount of Fe according to
the ICP results, the XRD result implies that some amorphous iron
compounds might be formed in catalyst B.

Fig. 2 gives the XPS results of the binding energies of Fe 2p and
O 1s electrons in the synthesized catalysts. It can be seen that the
binding energies of Fe 2p electrons of catalyst A demonstrate a
typical pattern of FeOOH [28], which agrees with the XRD result.
The corresponding Fe 2p peak areas of catalyst A and B as shown
in Fig. 2(a), reveal that they have equivalent amount of iron. The
relative atomic ratio of each constituent in the surface layer is
illustrated in Table 1. Carbon is from CNTs and polypyrrole (PPy).
Nitrogen is from PPy. According to the atomic ratio of Fe in the
surface layer, the Fe contents in the surface layer of catalyst A and
catalyst B are calculated to be 27.2 wt.% and 26.3 wt.%, respectively,
which are larger than those obtained by ICP measurements. The dif-
ference between the XPS and ICP measurements can be attributed
to the fact that XPS gives the catalyst surface composition while the

ICP analysis includes the catalyst support.

The binding energies of O 1s electrons of the catalysts reveal
that the binding situations of OH− and O2− with Fe in catalyst B are
similar to that in catalyst A as shown in Fig. 2(b). Calculated from the
XPS peak area of O 1s, the oxygen content on the surface of catalyst
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Fig. 2. Binding energies of Fe 2p electrons (a) and O 1s electrons (b) in syn

(Fe/O = 1/3.37) is equivalent to that of catalyst A (Fe/O = 1/3.35)
s shown in Table 1. In order to identify the portions of OH− and
2− in the surface layer of the catalysts, curve fitting of the binding
nergy of O 1s electron was conducted as shown in Fig. 2(c). It is
lear that both catalysts contain the same content of OH−. From
hese results, it can be concluded that catalyst B is composed of
morphous FeOOH. Here for convenience, catalyst A and catalyst B
re nominated as crystalline FeOOH catalyst and amorphous FeOOH
atalyst, respectively.

As shown in Fig. 2(a), the presence of Fe 2p3/2 satellite peak
ocated at 719 eV indicates the existence of Fe2O3 in amorphous
eOOH catalyst as satellite peak at 719 eV is the characteristic peak
f Fe2O3 [29]. O 1s electrons of the amorphous FeOOH catalyst and
he crystalline FeOOH catalyst exist in two chemical states with
inding energy of 529.6 eV and 531.7 eV, respectively. It is known
hat O 1s peaks located at 529.6 eV and 531.7 eV can be referred to
1s electron emissions from O2− and OH−, respectively [28,30].

he higher content of O2− in the amorphous FeOOH catalyst can
e attributed to the fact that no OH− but only O2− exists in Fe2O3.
herefore, it can be concluded that the amorphous FeOOH catalyst

s composed of amorphous FeOOH and microcrystalline Fe2O3.

Because of the magnetism of Fe-based catalysts, it is techni-
ally difficult to perform TEM (transmission electron microscopy)
bservations. Fig. 3 gives SEM images of the synthesized catalysts.
t can be seen that either amorphous or crystalline FeOOH has been

Fig. 3. SEM images of CNTs (a), crystalline FeOOH ca
ed catalysts, curve fitting of O 1s with Shirley background subtraction (c).

loaded on carbon nanotubes. The crystalline FeOOH is larger than
the amorphous FeOOH in size.

3.2. Electrochemical evaluation

Fig. 4 presents cyclic voltammograms of the glassy carbon (GC)
electrodes modified by the CNTs supported crystalline FeOOH cata-
lyst and the CNTs supported amorphous FeOOH catalyst in 1 M KOH
solution saturated with argon or oxygen at 25 ◦C with a scan rate of
10 mV s−1. In the 1 M KOH solution saturated with oxygen, the elec-
trode using amorphous FeOOH catalyst exhibits a larger reduction
current than that using the crystalline FeOOH catalyst as shown in
Fig. 4(b). Fig. 5 gives a cell performance comparison of correspond-
ing testing cells using amorphous and crystalline FeOOH as the
cathode catalyst. It can be seen that the cell using the amorphous
FeOOH catalyst exhibits lower polarization and higher performance
than that using the crystalline FeOOH catalyst. According to the
results as shown above, it can be concluded that the amorphous
FeOOH catalyst has higher electrocatalytic activity toward the ORR
than the crystalline FeOOH catalyst. It is considered that the amor-

phous structure may play an important role in the cell performance
improvement, as Ramos-Sánchez suggested [22].

In the alkaline solution saturated with argon, a typical charge
and discharge loop of a capacitor is demonstrated whether the GC
electrode is modified by the CNTs supported crystalline FeOOH

talyst (b), and amorphous FeOOH catalyst (c).



K.N. Zhu et al. / Journal of Power S

Fig. 4. CV curves of amorphous FeOOH catalyst and crystalline FeOOH catalyst in
1 M KOH solution saturated with argon (a) or oxygen (b) with a scan rate of 10 mV s−1

at 25 ◦C.
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y the amorphous FeOOH catalyst exhibits higher charge and dis-
harge currents comparing with that modified by the crystalline

eOOH catalyst. This result reveals that the electrode modified by
he amorphous FeOOH catalyst has larger capacitance than that

odified by the crystalline FeOOH catalyst. This result implies that
he specific surface area of the amorphous FeOOH catalyst is larger
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proportional to specific surface area in a porous electrode. This
deduction agrees with the SEM observation. Therefore, the large
specific surface area is another factor to improve the electrocat-
alytic activity of the amorphous FeOOH catalyst.

4. Conclusions

An amorphous Fe-based catalyst supported on polypyrrole-
modified CNTs is synthesized by a chemical method. The
synthesized amorphous catalyst is composed of amorphous FeOOH
and microcrystalline Fe2O3, exhibiting higher electrocatalytic
activity toward the ORR than the crystalline FeOOH catalyst. The
good electrocatalytic activity of the amorphous FeOOH catalyst can
be attributed to its amorphous structure and large specific surface
area.
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