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This study examines the effect of heat-treatment temperature on the electrochemical corrosion of car-
bon nanofibers (CNFs) in polymer electrolyte membrane (PEM) fuel cells. Corrosion is investigated by
monitoring the generation of CO, using an on-line mass spectrometer at a constant potential of 1.4V
for 30 min. The experimental results show that the generation of CO, decreases with increasing heat-
treatment temperature, indicating that less electrochemical carbon corrosion occurs. In particular, when

the heat-treatment temperature is 2400 °C, the change intensifies. X-ray photoelectron spectroscopic
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analysis shows that oxygen functional groups on the carbon surface decrease with increasing heat-
treatment temperature. A reduction in oxygen functional groups increases the hydrophobic nature of
the carbon surface, which is responsible for the increased corrosion resistance of CNFs.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, electrochemical corrosion of carbon in the cat-
alyst layers of polymer electrolyte membrane fuel cells (PEMFCs)
has received much attention because the corrosion process is a crit-
ical factor in limiting cell durability [1-3]. At present, carbon-based
materials are adapted for catalyst supports in PEMFCs, but carbon
is thermodynamically unstable under the normal operating con-
ditions. The equilibrium potential for carbon oxidation to carbon
dioxide is 0.207V vs. SHE at 25°C [4]. Although thermodynami-
cally unstable, slow kinetics allow the use of carbon in PEMFCs;
under normal operating conditions, the extent of carbon corrosion
is small. On the other hand, the corrosion rate increases notably
during iterative abnormal reverse-current conditions [5,6]. When
carbon is corroded, Pt particles aggregate and this results in a
decrease in the active surface area of the Pt catalyst. Thus, using
carbon catalyst supports that are vulnerable to carbon corrosion
leads to rapid degradation of PEMFC performance [7].

Various carbon materials have been tested as supports for Pt cat-
alysts. Typically, carbon black (CB) is the most frequently employed
support material, although it has been reported that CB undergoes
serious intrinsic corrosion under abnormal operating conditions.
The problems intrinsic to the use of CB in PEMFCs have stimulated
a search for alternative carbon supports, such as carbon nanotubes
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(CNTs), carbon nanofibres (CNFs), and carbon nanocages (CNCs),
becauseitis well known that a high degree of graphitization favours
an increase in corrosion resistance [8-11]. Aside from graphitiza-
tion of the carbon support, our previous investigations showed that
the hydrophobicity of a carbon surface also plays an important role
in decreasing carbon corrosion [12,13].

This study explores the benefits of heat treatment on CNF sup-
ports, as a pretreatment process, to suppress carbon corrosion. This
approach is motivated by the fact that heat-treatment appears to
produce hydrophobic carbon surfaces by eliminating oxygen func-
tional groups on the surface. Higher heat-treatment temperatures
can increase processing costs; hence the correlation between the
degree of carbon corrosion and heating temperature is quantified
to find the minimum temperature required to achieve corrosion
resistance. On-line mass spectrometry, which has been introduced
in a previous report, was used to measure the carbon corrosion by
monitoring the quantity of CO, emitted during electrochemical oxi-
dation [7], because the generation of CO, provides direct evidence
of carbon corrosion.

2. Experimental

Pt/CNF catalysts (from Suntel Co. Ltd.) were chosen to study the
effects of heat-treatment temperature. Pt/C catalysts from John-
son Matthey Co. (40 wt.% Pt) were used for the anode, and Pt/CNF
samples for the cathode catalyst, to compare carbon corrosion
behaviour. The CNF samples that were untreated, heat-treated at
1600, 2000, 2400, and 2800°C are denoted as G-raw, G-16, G-
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Fig. 1. Comparison of CO, mass spectra profiles for MEAs at 1.4V for 30 min. (a)
Pt/G-raw, (b) Pt/G-16, (c) Pt/G-20, (d) Pt/G-24, and (e) Pt/G-28.
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Fig. 2. Polarization curves of MEAs before and after corrosion tests with respect to CNF heat-treatment temperatures. (a

(e) Pt/G-28.
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20, G-24 and G-28, respectively. The anode and cathode catalyst
inks were prepared by ultrasonically blending each catalyst with
Nafion solution (5wt.%) and isopropyl alcohol. The catalyst inks
were then sprayed on to a Nafion 212 membrane to prepare mem-
brane electrode assemblies (MEAs). Testing of PEMFC durability
was performed on a fuel cell with a 5cm? active surface area, and
with a catalyst loading 0.4 mg cm~2 at both the anode and the cath-
ode.

Several electrochemical experiments were carried out before
and after corrosion tests to examine the physical and electro-
chemical changes associated with carbon corrosion. To plot the
polarization curve, the cells were conditioned with 150 ccm flow
rates of Hy(anode) and O;(cathode) at 75°C under atmospheric
pressure. Impedance tests were conducted at 0.8 V to measure the
membrane and charge-transfer resistance. After completion of the
impedance analysis, cyclic voltammetry (CV) experiments were
performed to determine the electrochemically active surface area
of the catalysts. A scan rate of 50mVs~! was used to sweep the
working electrode from 0.05 to 1.2V vs. the anode. To test the cor-
rosion of the carbon support, a constant potential of 1.4V against
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the anode was applied for 30 min. The anode of the fuel cell was
exposed to fully humidified H, at 20 ccm, and the cathode of the
fuel cell was exposed to fully humidified N, at 30 ccm. The cell and
humidifier temperatures were fixed at 90 °C. The cathode was con-
nected to a mass spectrometer, and the amount of CO, produced at
the cathode was monitored with respect to time.

X-ray diffraction (XRD) studies were performed to inspect the
graphitic structure of CNFs and to calculate the Pt particle size. The
ratio and the types of functional group on the surfaces of carbon
supports were characterized by X-ray photoelectron spectroscopy
(XPS). Inductively coupled plasma atomic emission spectroscopy
(ICP-AES) analysis was conducted to estimate the Pt loading over
the carbon support.

The specific surface area of CNFs was measured by means of the
Brunauer, Emmet, Teller (BET) method. The double-layer charge
of CNFs caused by an increase in heat-treatment temperature
was investigated under half-cell conditions using 0.5M H;S04 as
the electrolyte. Cyclic voltammogram (CV) experiments were con-
ducted between 0.04 and 1.04V (vs. SHE) using a bi-potentiostat
(CH instruments). Dispersion of heat-treated CNFs in water was
carried out in order to confirm their hydrophobicity. One milligram
of each CNF was wetted with 15 mL water and dispersed by sonica-
tion. The mixtures were then agitated swiftly by hand and observed
for changes.

3. Result and discussion
3.1. Corrosion investigation of Pt/CNF samples

Corrosion tests were conducted by applying a Pt/CNF catalyst at
the cathode. Fig. 1 shows a mass spectrogram that indicates CO,
formation during the corrosion tests. These tests were conducted
using carbon supports that had each been subjected to differ-
ent heat-treatment temperatures. A comparison of CO, generation
from the five samples shows that G-raw yields the greatest CO,
production. The generation of CO, tends to decrease with increas-
ing heat-treatment temperature, and a considerable decrease is
observed for the G-24 sample. This implies that the heat treatment
of CNF plays a critical role in increasing the resistance to carbon
corrosion, and temperature higher than 2400°C is required for a
noticeable reduction in carbon corrosion.

The performance of the MEAs in fuel cells was evaluated; the
results are shown in Fig. 2. As the heat-treatment temperature
increases, the ratio of performance loss decreases. As shown in
Fig. 1, the MEAs with smaller performance reductions show less
production of CO,. As expected from mass spectrometry, a major
change in performance loss is detected at 2400°C. The untreated
samples (G-raw) experience a 32% decrease in performance at 0.6 V

Table 1
Summary of changes before and after corrosion tests for Pt/CNF catalysts.
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Fig. 3. Nyquist plots of MEAs at 0.8 V before and after corrosion tests. (a) Initial, (b)
Pt/G-raw, (c) Pt/G-16, (d) Pt/G-20, (e) Pt/G-24, and (f) Pt/G-28.

Table 2
BET surface areas of CNFs with different heat-treatment temperatures.

Sample BET surface area (m2g1)
G-raw 75.2100
G-16 541177
G-20 49.4519
G-24 49.2073
G-28 48.8753

whereas G-16, G-20, G-24 and G-28 suffer 27.1, 25.8, 11.5 and 8.4%
decreases, respectively.

The initial and final impedances of each sample are presented
in Fig. 3. The membrane resistance shows no distinctive difference
between the samples and does not change after the corrosion test.
By contrast, the charge-transfer resistance decreases with increas-
ing heat-treatment temperature. Similarly, notable differences are
observed at 2400°C. To examine the changes in the active Pt sur-
face area, CV measurements on MEAs were conducted before and
after corrosion tests. As indicated in Table 1, carbon corrosion is
responsible for a severe decrease in the active surface area. A lower
degree of carbon corrosion, as measured by mass spectrometry,
yields smaller changes in the active Pt surface area.

3.2. Characterization of heat-treated carbons

Table 2 shows the BET surface area of five CNF samples treated
at different temperatures. According to BET analysis, the untreated

Condition MEA performance Active surface Membrane Charge-transfer Mass data (L)
at 0.6V (Acm2) area (m?g!) resistance resistance
Before After Before After Before After Before After 30min at 1.4V
(G-raw) Pt/Raw CNF 1.55 1.05 38.7 31 0.0147 0.0148 0.0347 0.0668 53 uL
-32% —20% +0% +92.5%
(G-16)Pt/1600°C heat-treated CNF 1.66 1.21 327 26.7 0.014 0.0142 0.0348 0.0655 38 uL
-27.1% -18.3% +1.4% +88.2%
(G-20)Pt/2000°C heat-treated CNF 1.63 1.21 293 239 0.014 0.014 0.0352 0.0591 40 pL
—25.8% —18.4% 0% +67.9%
(G-24)Pt/2400°C heat-treated CNF 1.56 1.38 274 245 0.0143 0.0143 0.0367 0.0422 10 L
-11.5% -10.6% 0% +15.0%
(G-28)Pt/2800°C heat-treated CNF 1.55 1.42 25.0 23.2 0.0149 0.0149 0.0368 0.0383 7L
-8.4% -7.2% 0% +4.1%
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Fig. 4. Cyclic voltammograms of CNFs obtained in 0.5M H,SO4. CV of untreated
CNF is also displayed for comparison. Voltage scan rate 5mVs~'. (a) Pt/G-raw, (b)
Pt/G-16, (c) Pt/G-20, (d) Pt/G-24, and (e) Pt/G-28.

CNF support has a larger BET surface area than heat-treated CNF. In
general, BET surface area decreases with increasing heat-treatment
temperature. The difference is however, not large.

The CV of each CNF under half-cell conditions is presented in
Fig. 4. The double-layer charge of CNFs tends to decrease as the
heat-treatment temperature increases. This trend is directly corre-
lated to the BET surface area. Because the double-layer charge is
directly proportional to the surface area of the carbon, the largest
change is observed between untreated G-raw and G-16. G-24 and
G-28, which do not have large differences in BET surface area, do
not display much difference in double-layer charge.

Fig. 5 displays the XPS Cl1s spectrum of G-raw, which allows
identification of the oxygen-containing functional groups on the
carbon surface. The binding energies of functional groups are
assigned to the deconvoluted peaks as follows: sp2 C=C of aromatic
graphite on the CNF structure (BE=284.3 eV), sp> C-C of aliphatic
graphite on the CNF structure (BE=285.1eV), C-O (BE=287.6eV),
and C=0 (BE=286.4eV). The position of the main Cls line at
284.3-284.6 eV indicates that carbon is in the form of graphite [14].
Note that the 7m—7* transition loss peak is detected at 290-291 eV
in the XPS spectra of CNF, thus demonstrating the presence of a
graphitic structure [15]. By integrating the areas under the high-
resolution XPS O1s and C1s peaks, followed by corrections using
sensitivity factors, the oxygen and carbon ratio (O:C ratio) for each
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Fig. 5. XPS C1s spectra of untreated CNF (G-raw).

Table 3

The O:C atomic ratios of CNF surfaces obtained by XPS analysis.
Sample %0 % C
G-raw 2.73 97.27
G-16 1.81 98.19
G-20 1.71 98.29
G-24 1.36 98.64
G-28 0.97 99.03

CNF is calculated [16]. The results listed in Table 3 shows that the
amount of oxygen on the carbon surface decreases with increasing
heat-treatment temperature, with the effect being particularly pro-
nounced at 1600 and 2400 °C. Based on XPS analysis, it is expected
that increasing the heat-treatment temperature results in more
hydrophobic CNF surfaces due to a decrease in the oxygen ratio on
the carbon surface [17]. This is confirmed by observing dispersions
of CNFsin deionized water, as shown in Fig. 6. Initially, the CNF sam-
ples are uniformly dispersed in water using an ultrasonic bath. After
24 h, the CNF heat-treated at temperatures higher than 2400 °C sed-
iments by forming large aggregates, where as the CNFs heat-treated
at temperatures below 2000 °C are relatively stable. These results
demonstrate that heat treatment above 2400 °C changes the carbon
surface from hydrophilic to hydrophobic. According to the reported
mechanism of carbon corrosion, functional oxygen groups are gen-
erated on the carbon surface upon contact with water (Eq. (1)), and
are, in turn, converted into CO, (Eq. (2)) at a high overpotential
[18]:

C + Hy0 — C-0,4+2H* +2e~ 1)
C-0,4 +Hy0 — CO, +2H* +2e- 2)

It was confirmed in our previous studies that water facilitates
electrochemical carbon corrosion in fuel cell systems [12]. Hence,
inducing hydrophobic carbon surface by heat treatment may be
responsible for enhancing the corrosion resistance of carbon sup-
ports.

Fig.6. Dispersion of carbon supports in water atinitial time and after 24 h. (a) G-raw,
(b) G-16, (c) G-20, (d) G-24, and (e) G-28.
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Table 4
Pt content and particle size of Pt supported by different CNFs.

Sample ICP (wt.%) Particle size in XRD (nm)
(G-raw)Pt/Raw CNF 36.5 2.9
(G-16)Pt/1600°C heat-treated CNF 37.2 3.0
(G-20)Pt/2000°C heat-treated CNF ~ 37.2 3.0
(G-24)Pt/2400°C heat-treated CNF ~ 37.9 3.2
(G-28)Pt/2800°C heat-treated CNF ~ 37.4 33
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Fig.7. XRD patterns of Pt particles on CNF that has been subjected to different heat-
treatment temperatures. (a) Pt/G-raw, (b) Pt/G-16, (c) Pt/G-20, (d) Pt/G-24, and (e)
Pt/G-28.

3.3. Characterization of Pt/CNF samples

Table 4 presents the physical properties of Pt-supported CNF
samples. According to ICP analysis, the wt.% of platinum in the five
samples is similar. The particle size of platinum and the degree
of graphitization of the CNFs are confirmed by the XRD patterns
shown in Fig. 7. The mean particle sizes are calculated from Scher-
rer’s formula based on the Pt (2 2 0) peak. As the CNF heat-treatment
temperature is increased, the size of the Pt particles loaded on CNF
increases. A strong and narrow diffraction peak (00 2) is observed
at 20 =26.2°. This peak is attributed to the graphitic structure of
the CNF supports. From this (002) peak, the crystallite thickness
(Lc value) and the interlayer spacing (dgg» value) are calculated
using Scherrer’s formula and Bragg’s law. A higher L. value for the
(002) peak and a lower dgg» number imply increased graphitiza-
tion [19-21]. However, the XRD patterns show that a significant
shift of the (002) peak is not detected in the heat-treated CNF
samples. This indicates that an increase in heat-treatment temper-
ature does not significantly influence the degree of graphitization.
Thus, an increase in resistance to electrochemical carbon corrosion
does not originate from an increase of graphitization, but from an
increase in the hydrophobicity of the carbon surfaces.

4. Conclusions

An evaluation has been made of the electrochemical carbon
corrosion of Pt/CNF, in which the CNFs were treated at different
temperatures. The BET surface area decreases as the heat-treatment
temperature is increased, leading to an increase in the size of the
particles. An increase in heat-treatment temperature endows CNFs
with more resistance to electrochemical carbon corrosion. In par-
ticular, when the heat-treatment temperature reaches 2400 °C, the
change becomes noticeable. As the heat-treatment temperature is
increased, the oxygen ratio on the carbon surface decreases, while
the degree of graphitization on CNF does not change significantly.
Therefore, an increase in hydrophobicity, arising from a decreased
ratio of surface-bound oxygen produced by the heat-treatment pro-
cess, is considered to be responsible for the increase in corrosion
resistance.
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