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Abstract Iron—carbonized aerogel nanocomposite was
prepared from highly porous polyacrylonitrile micro-
cellular foams containing a salt of iron, followed by
carbonization. The electrochemical reduction of oxygen
at this material was studied by using the rotating disk
electrode method. In common with Pt/C, iron—carbon-
ized aerogel nanocomposite presented excellent electro-
catalytic activity for the oxygen reduction under
experimental conditions close to those of a fuel cell
cathode, that is, at the catalyst/Nafion interface in acidic
solutions.
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Introduction

Electrocatalysis of the oxygen reduction reaction is of
theoretical and practical interest because of its para-
mount importance in fuel cells and metal/air batteries [1,
2, 3], and in industrial electrolysis. Fuel cells, especially
polymer electrolyte membrane fuel cells (PEMFCs), are
attractive power sources for transportation, portable
and stationary applications, due to their high efficiency,
high power density and very low environmental impact
[1, 2]. PEMFC is an electrochemical power generator
that functions at low pH (PEM is constituted by a
polymer electrolyte such as Nafion, which is a perflu-
oropolymer sulfonic acid with a gross equivalent con-
centration of about 0.1 M H" [4]). Until now only Pt
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and its alloys have been found suitable as catalysts for
the hydrogen oxidation and oxygen reduction reactions
in the commercial prototypes. Platinum is, however, a
very expensive noble metal, and is also subject to a very
limited supply. Thus, there has been an extensive activity
in recent years to reduce the platinum loading while still
meeting performance targets [5, 6], and, to develop
electrocatalysts based on non-noble metals [7, 8, 9, 10,
11, 12]. However, the choice of non-noble metal-based
materials which are suitable for this purpose is severely
limited since the catalyst must not only have a high
activity for the electrochemical reduction of oxygen (or
oxidation of hydrogen), but must also be capable of
withstanding the hostile environment of a fuel cell for a
long period. The most challenging problem in the com-
mercialization of PEMFC remains the search for highly
efficient, stable and low-cost electrode materials. Non-
noble metal-containing macrocycles such as phthlocya-
nines, porphyrins and their derivatives have been used as
electrocatalysts for oxygen reduction for a long time,
and seem to be one of the most promising potential
materials to replace the expensive noble metal catalysts
in PEMFCs [7, 9, 13, 14, 15, 16, 17, 18]. Previous work
has also demonstrated that it is not necessary to use
complex macrocycle precursors to obtain active catalysts
for oxygen reduction by pyrolysis under high tempera-
ture conditions [8, 19, 20, 21, 22, 23, 24, 25]. These
experiments appear to show that only a metal salt, a
nitrogen donor and a carbon support are required to
prepare active catalysts. This provides an attractive and
a much cheaper way to prepare O, reduction catalysts.
Although the source of the catalytic activity in these
materials is not completely understood, the interaction
between the transition metal and the nitrogen is believed
to be an important factor.

Highly porous materials have recently been used
extensively as substrates that provide nucleation sites for
catalytic metal or metal oxide particles [26]. The porous
nature of these materials minimizes the aggregation of
the particles, and imposes an upper limit on their size.
We have recently reported the use of highly porous



carbonized aerogels as a novel support for fuel cell
electrocatalysts [27, 28, 29, 30, 31, 32]. These new plat-
inum—carbonized aerogel nanocomposites show excel-
lent electrocatalytic activity for fuel cell reactions with a
very low platinum loading. Our finding from the previ-
ous work on platinum—carbonized aerogel nanocom-
posites is that there exists a specific interaction between
platinum and the nitrogen species of the carbonized
aerogels and this observation led us to extend the work
to non-noble metals. Very homogeneous Fe— or Co—
carbonized aerogel nanocompostes were obtained, and
were reported in a preliminary communication [33]. In
the work reported in this paper, the electrochemical
reduction of oxygen was studied at iron—carbonized
aerogel nanocomposite by using the rotating disk elec-
trode method. In common with Pt/C, iron—carbonized
aerogel nanocomposite presented excellent electrocata-
lytic activity for the oxygen reduction under experi-
mental conditions closed to those of a fuel cell cathode,
that is, at the catalyst/Nafion interface in acidic solution.

Experimental

The non-noble metal-carbonized PAN aerogel compos-
ites were prepared according to a procedure similar to
that described previously [27, 28, 29, 30, 31, 32, 33].
Briefly, an inorganic salt (e.g., Fe(NOs3);), in a ratio of
1 mmol per gram of PAN, was mixed with PAN
(5 wt.%) in N,N-dimethylformamide (DMF)/water (v/v:
84/16). This mixture became a clear solution as the
temperature increased. At about 120 °C, the solution was
degassed and then poured into a mold. Upon cooling the
solution, a polymer gel containing the metallic com-
pound was obtained by thermally induced phase sepa-
ration. The remaining solvent in the gel was exchanged
with acetone or ethanol, and the latter solvent was re-
moved by CO, supercritical extraction. The dry metal-
containing PAN aerogel was pretreated in a forced-air
convection oven at 220 °C, followed by pyrolysis
at 900 °C under an argon atmosphere. The materials
prepared by this method were denoted as PAN-Fe.

The electrode structure was fabricated as follows: the
ground PAN—-Fe powder was ultrasonically dispersed in
a mixture of pure alcohol/water (v/v=1/1) to produce a
suspension of 7.5 mg/ml. A small amount of the sus-
pension (typically 6 pl) was spread onto a glassy carbon
electrode (diameter 4.0 mm, EG&GQG). After evaporation
of the alcohol/water droplet, another 6 pl was spread on
top of the coating, and this step was repeated again if
higher PAN-Fe loading was needed. 6 pl of a 5 wt.%
Nafion in alcohol-water solution (Aldrich) was put on
top of the dried catalyst powder thereafter. The stability
of the coatings was improved by a heat treatment at
75 °C for 5 min.

For comparison, 1% Pt/Vulcan XC72 fuel cell cata-
lyst (E-TEK) was used to prepare an electrode structure
by the same procedures described above, and was
denoted as Pt/C.
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All chemicals were of analytical grade purity and
were used without further purification. Solutions were
prepared using doubly distilled water. All experiments
were performed at room temperature.

The rotating disk electrode experiments were con-
ducted using a PAR Model 273 potentiostat/galvano-
stat coupled with Model 616 rotating disk electrode. A
conventional H-type glass cell with a platinum foil or
wire spiral counter-electrode was used for all electro-
chemical experiments. An Hg/Hg,SO, electrode was
used as the reference electrode; all potentials in this
paper are referred to the normal hydrogen electrode
(NHE). The sign of a cathodic current was defined as
positive. Before each electrochemical experiment, ultra-
pure Ar (Air Products) was passed through the 0.5-M
H,SO,4 aqueous solution for more than 30 min and
cyclic voltammograms were obtained. Ultra-pure O,
(Air Products) was then passed through the solution
for more than 30 min and was kept bubbling through
the solution during the oxygen reduction measure-
ments. Cyclic voltammograms and polarization curves
are given as current versus E plots, instead of current
density versus E, due to the uncertainty of both the real
and geometric surface area of the ink-type electrode
[15].

Bulk concentration determinations were carried out
by fusion gas technique on a Leco TC-136 System with a
thermoconductivity detector (for oxygen/nitrogen) or a
Leco CS-444 System with an IR detector (for carbon), or
by Optima 4300 DV inductively coupled plasma optical
emission spectrometers (ICP-OES, from Perkin-Elmer).
The measurement precision is within +2%.

Results and discussion
Composition

The composition of PAN-Fe is presented in Table 1.
The iron content in this nanocomposite (10.4 wt%) is
nearly double that in the initial feed (I mmol per 1 g of
PAN, that is, 5.3 wt%). The decomposition of PAN
with the loss of some of the organic mass during car-
bonization is at the origin of the Fe enrichment of the
final nanocomposite. It can also be seen from this table
that the nitrogen content is very low, only 0.9 wt%,
in comparison with 25 wt% in the initial feed. It is
known from literature [34] that iron can catalyze the
denitrification during carbonization of polyacryloni-
trile. It may be the main reason that there is only
0.9 wt% of N remaining in this carbonized PAN-Fe
nanocomposite.

Table 1 The bulk composition of PAN-Fe (in wt%)

C N O Fe

84.4 0.9 4.0 10.4
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Electrochemical behavior on a stationary electrode

The electrocatalytic property of PAN-Fe has been
tested for the reduction of oxygen. Figure 1 shows the
polarization curve of the PAN-Fe electrode in 0.5 M
H,S0, saturated with O,, along with that in 0.5 M
H,SO, saturated with Ar. An enhancement of the
cathodic current in the O,-saturated solution indicates
the electrocatalytic activity of the PAN-Fe for the
reduction of oxygen. By contrast, the absence of large
cathodic current in the oxygen reduction region is ob-
served for the PAN aerogel without any metal [27]. It
means that PAN aerogel without any metal was com-
pletely inactive for oxygen reduction in an acidic solu-
tion under the experimental conditions. Repeat cycling
of the PAN-Fe in the O,-saturated 0.5-M H,SO,4
solution for more than 28 h did not show any change of
the polarization curves. It indicates that the PAN-Fe
material is promising as regards its stability under these
experimental conditions.

Figure 2 shows the cyclic voltammograms of the
PAN-Fe electrodes with different metal loading in
0.5 M H,SO, saturated with O,. These voltammograms
were corrected for background currents by subtracting
the voltammograms in an Ar atmosphere from those in
an O, atmosphere. For comparison, the cyclic voltam-
mogram of the Pt/C electrode with a Pt loading of 1.5 pg
in 0.5 M H,SO, saturated with O, is also shown in
Fig. 2. It is possible to estimate the relative catalytic
effect of materials by the cathodic peak potential at
which the maximum oxygen reduction current occurs. A
value closest to the theoretical reversible potential of
1.2 V for the oxygen reduction at room temperature
indicates a superior catalytic activity. The peak poten-
tials for PAN-Fe and Pt/C materials with different metal
loadings are listed in Table 2. It is illustrated in Table 2
that O, reduction peak potential is, respectively, at
about 0.6 V for PAN-Fe and 0.7 V for Pt/C, and it
shifted positively a little with an increase of metal
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Fig. 1 Cyclic voltammograms of PAN-Fe with a Fe loading of
22.6 pgin 0.5 M H,SOy, saturated with Ar (- - -) and O, (—). Scan
rate: 5 mV/s
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Fig. 2 Cyclic voltammograms of PAN-Fe with different Fe
loadings in 0.5 M H,SO, saturated with O,. Cyclic voltammogram
of Pt/C with a Pt loading of 1.5 ug is also shown here for
comparison. Scan rate: 5 mV/s

Table 2 Oxygen reduction peak potentials (V' versus NHE) of
PAN-Fe and Pt/C with different metal loadings

Metal loading PAN-Fe IV Pt/CV
(ng) (NHE) (NHE)
0.75 0.70
1.5 0.71
7.5 0.58

15 0.59

22.6 0.60

loading for both PAN-Fe and Pt/C. This means that the
reaction overpotentials decrease and the catalytic activ-
ity increases with the metal loading within the range
studied.

Kinetics at a rotating disk electrode

Since the oxygen reduction current depends strongly on
hydrodynamic conditions, a rotating disk electrode was
used to study the kinetics of oxygen reduction at PAN—
Fe electrodes. Figure 3 presents the current-potential
curves for PAN-Fe at rotation rate @ of 2,500 rpm
(revolutions per minute) obtained by scanning the po-
tential from 1.27 to —0.21 V at SmV s ' in 0.5 M
H,S0, saturated with Ar (Fig. 3A) and O, (Fig. 3A).
When the current—potential curve in an Ar atmosphere
was subtracted from that in an oxygen atmosphere, the
actual polarization curve for oxygen reduction was
obtained (Fig. 3B). It can be seen that after correction
for background current, there was no difference be-
tween polarization curves for oxygen reduction in the
negative and positive sweep directions, except that there
was a slight difference in the potential region 0.4-0.6 V.
An w-independent non-zero current value appeared at
0.8 V. Mass transport contributions became significant
at lower potentials. In contrast to the curves for
Pt/C (not shown here), the curves for PAN-Fe do not
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Fig. 3 Current—potential curves 0.10
for PAN-Fe with a loading of
22.6 pg in 0.5 M H,SO, a >
saturated with Ar (A, - - -), O, i I -
(A, —) at 2,500 rpm. Scan rate: 0.00 - L e
5 mV/s. The curve after L =
correction for the background -
current is shown in B
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level off as expected at large overpotentials of O,
reduction. There is no well-defined diffusion-limiting
current plateau at any rotation rate. With increase of
rotation rate, the plateau is more inclined. A similar
shape of polarization curves was noted for O, reduction
on ink-type of electrodes with a thin porous coating
using different supported macrocycles [15, 35, 36]. It
was considered to be an artifact of the porous coating

electrode due to roughness or hydrodynamic flow in
the porous coating caused by the pressure gradient
across the face of the disk [15]. In porous electrodes,
the depth of O, penetration inside the electrode struc-
ture changes with potential. If the electrocatalyst is Pt,
O, reduction is fast enough that at high overpotentials
the reaction is limited only on the outer part of the
porous electrode, and a flat limiting plateau is observed
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as for Pt/C [33]. For other electrocatalysts poorer than
Pt, some of the electrocatalytic particles inside the
electrode might be in contact with O, even at high
overpotentials. Other explanations proposed considered
a distribution of electrocatalytic sites on the electrode
surface as responsible for such behavior. When distri-
bution of active sites is less uniform and reaction is
slower, the plateau is more inclined.

For a film-coated electrode, the overall measured
current, I, is related to the kinetic current, [, the
boundary-layer diffusion-limited current, /7, and, film
diffusion-limited current, I [37] by:

1 1 1 1
S R 1

I I + I + Ir (m)
Ir represents the film diffusion-limited current controlled
by reactant diffusion in the Nafion layer. It is defined as
a function of the Nafion layer thickness, L, according to

Iy = (nFCDy )L™ (2)

where Dy and Cy represent the diffusion coefficient and
the solubility of the reactant in the Nafion layer,
respectively.

Iy can be expressed as

I, = 0.2nFco,(Do,) v /Sw'/? 3)

where co, is the concentration of dissolved oxygen
(1.1x107° mol cm™?) [38], Do, its diffusion coefficient
(1.4x107°> ecm?s~') [38], v the kinematic viscosity
(0.01 cm? s~ for sulfuric acid) [38], F the Faraday
constant and n the apparent number of electrons trans-
ferred per molecule of O, in the overall reaction. The
constant 0.2 is used when o is expressed in revolutions
per minute [39].
Eq. (1) can be simplified to

I 1 1 1

where
B = 0.2nFco, (Do, ) v/ (5)

Figure 4 shows the current—potential curves for
PAN-Fe (with an iron loading of 22.6 pg cm~?) at dif-
ferent rotation rates obtained by scanning the potential
from 1.27 to —0.21 V at 5mV s ' in 0.5 M H,SO,
saturated with O,. From the data of Fig. 4, the Ko-
utecky—Levich plots (I 'versus @ '?) were drawn
(Fig. 5). At relatively high rotation speeds, a series of
essentially parallel straight lines in the potential range of
mixed kinetic—diffusion control regime is illustrated in
Fig. 5, which indicates that the reaction order for the O,
reduction at a PAN—Fe electrode is unity. Parallelism of
the straight lines in Fig. 5 also indicates that the number
of electrons transferred per O, molecule and active
surface area for the reaction are not changed signifi-
cantly within the potential range studied. The average
slope values of those lines in Fig. 5 are 92 rpm'/? mA. If
the geometric area of the glassy carbon substrate elec-
trode (diameter 4 mm) was used, n=3.3 was obtained by
using Eq. (3) for PAN-Fe. However, it should be noted
that due to the uncertainty of both the real and geo-
metric surface area of the ink-type electrode, the number
of electrons transferred per O, molecule, n, could not be
calculated precisely. The more accurate determination of
n as well as the percentage of peroxide released during
the oxygen reduction reaction can be done by using
rotating ring-disk electrode (RRDE) experiments where
the knowledge of the mass transport limiting current is
not required [18, 40, 41]; such studies could not be done,
however, with the equipment and time available for this
project in our laboratory.

A non-zero intercept of these lines in Fig. 5, even at
very high overpotentials, where 1/ is negligible com-
pared with the other terms in Eq. (4), demonstrates the
effect of the reactant diffusion in the Nafion layer.

e (4) Another effect that can contribute to the non-zero
I L I Bo'/? intercept may be due to the distribution of active sites, as
Fig. 4 Current—potential curves -0.10
for PAN-Fe with a loading of
22.6 pgin 0.5 M H,S0, 0.00 -
saturated with O, at different —0
rotation rates. Scan rate: 0.10 -
5 mV/s. The curves were —100
background corrected 0.20 -
’ —400
I 0.30 { —ggo
% 0.40 1 ——1600
0.50 4 — 2300
—3600
0.60 -
—4900
0.70 -
0-80 T T T T T T T
-0.60 -0.40 -0.20 0.00 0.20 0.40 0.60 0.80 1.00

E (V)



151

EN Slope Int.
m0.27 95 0.829
X 0.22 93 0.802
A0.17 92 0.732
0o0.12 93 0.651
©0.07 90 0.641

20 0.609

Fig. 5 Plots /! versus o~/ for
PAN-Fe at different potentials
(shown in figures). These data 10 1
were obtained from Fig. 4
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discussed above, which makes it impossible to establish
a complete diffusion control.

Tafel behavior

From Egs. (3) and (4), the (net) kinetic current, Ik, can
be derived:

0.02

0.04 0.06 0.08 0.1

(@/rpm)™?

where 1 /(I —1) is the mass transfer correction. Figure 6
shows the mass transfer-corrected Tafel plots (£ versus
log II; /[I; —1]) for O, reduction at the PAN-Fe elec-
trode (with a metal loading of 22.6 pg) in 0.5 M H,SO,.
Within the experimental error, this Tafel behavior is
independent of w that covers the range of rotation
speeds from 400 to 4,900 rpm in the linear region of
Fig. 6. Tafel slope of —57 mV decade™' was obtained
from the linear portion spanning about two decades of
current density (Fig. 6). For heat-treated iron(IIl) tet-
ramethoxyphenyl porphyrin chloride supported on
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Fig. 6 Mass transfer-corrected 1.0
Tafel plots for a PAN-Fe
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Black Pearls carbon (FeTMMP-CI1/BP) as well as on Pt,
a Tafel slope of —58 mV decade ™' was obtained, where
this was ascribed to the transfer of the first electron as a
rate-determining step and Temkin conditions of inter-
mediate adsorption [36, 42]. At high currents, the slope
changed with o especially when o is smaller than
400 rpm. The average of the Tafel slope values with w
higher than 400 rpm was —500 mV decade™'. A similar
Tafel slope for FeTMMP-CI/BP has been obtained by
Gojkvic et al. [36]. This value of the Tafel slope is
anomalous in comparison with the results obtained from
the rotating disk platinum electrode, which gave
<—120 mV decade ™' [38, 43]. This value could be caused
by mass transfer limitation. The inner pore diffusion
control has been invoked to account for the doubling of
the Tafel slope [44]. Perry et al. [45], using their flooded-
agglomerate, liquid-electrolyte model, also predicted a
doubled Tafel slope when the oxygen reduction reaction
is controlled by kinetics and ionic transport or the dif-
fusion of dissolved O». In the case of kinetic, diffusion
and ionic transport control, this model predicts a qua-
drupled Tafel slope. The Tafel slope estimated in the
present work is approximately the quadruple of
—120 mV decade™! that can be expected for oxygen
reduction at high current [38, 43].

We also previously described the anomalous Tafel
slope using a very simple quantitative description [28]
with the following equation:

B(E — Ef)nF}

RT (7)

i = constant X exp {—

where E is the total applied potential, and E; the fraction
of E that may operate across the inner pores.
In general, it might be assumed that E; would be
some fraction of E, thus:
B(E — E)nF
—_ 8
2.3RT (8)
On rearrangement and differentiation of Eq. (8), the
Tafel slope is obtained as:
OE 2.3RT
dlogi  pnF(1 — OE;/OE)

log i = constant —

©)

In the absence of inner pores and with the usual
values of f (=0.5) and n (=1), the Tafel slope would be
—120 mV decade ' at room temperature, as expected
from theory. However, if 76% of the total applied po-
tential operates across the inner pores, i.e., if E=0.76F,
the value of the Tafel slope from Eq. (9) would be
—500 mV decade™ ' at room temperature, which is what
is obtained from Fig. 6. It should be mentioned that the
argument contained in Egs. (7) to (9) here was originally
proposed in the context in which E; represented the
potential drop across a surface oxide film [46, 47].

It should also be noted that the dependence of cur-
rents on the rotation rate of the electrode may not allow
us to correctly characterize the polarization curves at
E<0.6 V as Tafel plots. The ill-defined limiting current

plateau is also a possible reason for the uncommon
“Tafel behavior” at high currents.

Conclusions

Iron—carbonized aerogel nanocomposite was prepared
for use as a fuel cell catalyst. This non-noble metal-based
material presents unexpectedly high electrocatalytic
activity for the oxygen reduction in acidic solutions. The
cathodic peak potential at which the maximum oxygen
reduction current occurs is 0.60 V for PAN-Fe, whereas
for 1% Pt/C it is at 0.71 V. For PAN-Fe, the O,
reduction potential shifted positively a little with the
increase of metal loading, the same as for 1% Pt/C.
From the RDE experiments, the number of electrons
transferred per O, molecule, n, was determined to be 3.3.
A Tafel slope of —57 mV decade™' was obtained from
the linear portion spanning about two decades of cur-
rent density at low currents. An anomalous ‘Tafel
slope” of —500 mV decade™' was obtained at high
currents.
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