
S

E
m

K
a

b

a

A
R
R
A
A

K
C
H
M
P

1

c
o
m
c
a
w
o

C

C

T
a
c
r
o
w
c
S
a

d

0
d

Journal of Power Sources 193 (2009) 575–579

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

hort communication

ffect of operating conditions on carbon corrosion in polymer electrolyte
embrane fuel cells

atie Heeyum Lima, Hyung-Suk Oha, Sang-Eun Janga, Young-Jin Koa, Hyun-Jong Kimb, Hansung Kima,∗

Dept. of Chemical and Biomolecular Engineering, Yonsei University, 134 Shinchon-Dong, Seodaemun-gu, 120-749 Seoul, Republic of Korea
Korea Institute of Industrial Technology (KITECH), Songo-Dong, Yeonsu-Gu, Incheon, Republic of Korea

r t i c l e i n f o

rticle history:
eceived 9 February 2009
eceived in revised form 18 March 2009

a b s t r a c t

The influence of humidity, cell temperature and gas-phase O2 on the electrochemical corrosion of car-
bon in polymer electrolyte membrane fuel cells is investigated by measuring CO2 emission at a constant
potential of 1.4 V for 30 min using on-line mass spectrometry. Carbon corrosion shows a strong positive
ccepted 3 April 2009
vailable online 18 April 2009

eywords:
arbon corrosion
umidification

correlation with humidity and cell temperature. The presence of water is indispensable for electrochemi-
cal carbon corrosion. By contrast, the presence of gas-phase O2 has little effect on electrochemical carbon
corrosion. With increased carbon corrosion, changes in fuel cell electrochemical characteristics become
more prominent and thereby indicate that such corrosion significantly affects fuel cell durability.

© 2009 Elsevier B.V. All rights reserved.
ass spectrometry
olymer electrolyte membrane fuel cells

. Introduction

Attention has been devoted to the electrochemical corrosion of
arbon used as a catalyst support because this is considered to be
ne of the key factors limiting the durability of polymer electrolyte
embrane fuel cells (PEMFCs) [1–3]. The reported mechanism of

arbon corrosion suggests that functional oxygen groups are gener-
ted on the carbon surface above 0.207 V vs. SHE upon contact with
ater (Eq. (1)), and are in turn converted to CO2 (Eq. (2)) at high

verpotential [4]:

+ H2O → C–Oad + 2H+ + 2e−,  00 = 0.207 V (1)

–Oad + H2O → CO2 + 2H+ + 2e− (2)

his implies that the electrochemical kinetics of carbon corrosion
re slow. Thus, no severe carbon corrosion is observed under normal
onditions of PEMFC operation. On the other hand, the rate of cor-
osion accelerates especially during repetitive start-up/shut-down
perations because of the reverse current phenomenon [5,6]. It is
ell known that the air|fuel boundary at the anode increases the

athodic potential to a level higher than the open-circuit voltage.

uch a high potential quickly corrodes the carbon catalyst support
nd results in rapid degradation of fuel cell performance.

In the mechanism of electrochemical carbon corrosion
escribed above, CO2 is a final product and the source of oxygen for

∗ Corresponding author. Tel.: +82 2 2123 5753; fax: +82 2 312 6401.
E-mail address: elchem@yonsei.ac.kr (H. Kim).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.04.006
CO2 formation is water. However, published efforts to explain the
effect of water on carbon corrosion are contradictory. Maass et al. [4]
and Stevens et al. [7] reported that carbon corrosion becomes more
extensive as relative humidity increases. On the other hand, Borup
et al. [8] found that carbon corrosion increases with decreasing rel-
ative humidity. This discrepancy may result from the unreliability
of methods used to estimate the degree of carbon corrosion. They
determined carbon corrosion by weight difference, or by changes
in the ratios of Pt and carbon signals measured by X-ray diffrac-
tion (XRD) before and after corrosion tests. Both these methods
are indirect measurements of carbon corrosion because data are
affected by changes in the amounts of both carbon and platinum.
Cyclic voltammetry (CV) tests are also widely used to investigate
carbon corrosion [9–11]. Using CV, the amounts of surface oxides
generated on a carbon surface are quantified by integrating peak
areas below the curve corresponding to the positive-going scan,
after subtracting the double-layer charge. However, surface oxides
can be oxidized further into carbon dioxide gas, which cannot be
detected by CV at elevated temperature or in the presence of Pt
[12]. Therefore, CV does not quantify the electro-oxidation of carbon
in a systematic manner. With these concerns in mind, mass spec-
trometry [13,14] and non-dispersive infrared spectrometry [4] have
recently been introduced to evaluate carbon corrosion, by measur-
ing CO2 concentration, which is direct evidence of carbon corrosion.

Thus, the newer techniques offer advantages in comparison with
previously employed approaches.

The focus of this work is to obtain a further understanding
of electrochemical carbon oxidation in PEMFCs. The influence of
humidification, cell temperature and the presence of gas-phase

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:elchem@yonsei.ac.kr
dx.doi.org/10.1016/j.jpowsour.2009.04.006
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0.1 and 1 kHz and the results are presented in Fig. 4. When
non-humidified or humidified N2 is supplied at 30 ◦C, i.e., under
conditions where no carbon corrosion occurred, no distinct changes
are detected. On the other hand, both resistances measured in
76 K.H. Lim et al. / Journal of Po

xygen is studied systematically using on-line mass spectrometry
nd several electrochemical techniques.

. Experimental

In this study, Pt/C catalysts from Johnson Mathey Co. (40 wt.% Pt)
ere used for both the cathode and the anode. The catalysts were
ltrasonically mixed with 5 wt.% Nafion ionomer in isopropanol and
hen sprayed directly on a Nafion 212 membrane to the prepare

embrane electrode assemblies (MEAs). The cell area was 5 cm2

nd the amount of Pt loaded was 0.4 mg cm−2.
Several electrochemical experiments were carried out before

nd after corrosion tests to examine physical and electrochemi-
al changes associated with carbon corrosion. Polarization curves
ere obtained at a cell temperature of 75 ◦C under ambient pres-

ure, with O2 at the cathode and H2 at the anode. After the corrosion
est, the MEAs were reactivated so that the performance reached the
teady state. Impedance measurements were performed at 0.8 V to
easure the membrane and the charge-transfer resistance. Cyclic

oltammetry was performed in the range of 0.05–1.2 V at a sweep
ate of 50 mV s−1 to determine the electrochemically active Pt sur-
ace area. Prior to CV, the cathode was purged with nitrogen gas for
0 min to remove oxygen. After completion of CV, carbon-corrosion
xperiments were conducted under various conditions. Humidified
2 was supplied to the anode at a flow rate of 20 cm3 and N2 or O2
ases at varying humidity were supplied to the cathode at a flow
ate of 30 cm3. A constant potential of 1.4 V with reference to the
node was applied to the cathode of the fuel cell for 30 min and the
mount of CO2 produced was monitored as a function of time using
n-line mass spectrometry. During the corrosion test, the cathode
ecomes the anode of the externally powered cell and exhibits car-
on corrosion, water oxidation and oxidation of Pt. On the other
and, the anode of the fuel cell behaves as both a counter electrode
nd a reference electrode.

. Results and discussion

.1. Effect of humidity on electrochemical carbon corrosion

To investigate the dependence of electrochemical carbon cor-
osion on humidity, humidified N2 was passed through saturators
t different temperatures and then supplied to the cathode during
orrosion tests. The amount of CO2 emitted was simultaneously
easured using on-line mass spectrometry. As can be seen in

ig. 1, mass spectrometry profiles could not be obtained when
on-humidified or humidified N2 was supplied at 30 ◦C because
o CO2 was detected. This implies that carbon corrosion does not
ccur under these conditions. When the humidifying temperature
ncreased to 60 ◦C, however, CO2 emission was detected as soon as
potential of 1.4 V was applied to the cell. With further increase of

he humidifying temperature to 90 ◦C, the amount of released CO2
ncreased significantly. These observations suggest that the amount
f water provided to the fuel cell system plays a critical role in the
ctivation of electrochemical carbon corrosion.

The performance of PEMFCs before and after corrosion tests
s shown in Fig. 2. When non-humidified N2 or humidified N2 at
0 ◦C was supplied to the cathode during corrosion tests, the per-
ormance of the system remained essentially unaltered, whereas
ells tested with humidified N2 at 60 or 90 ◦C showed considerable
erformance decays of about 50.7 and 91.3% at 0.6 V, respectively.

hese results are in good agreement with the mass spectrometry
ata in Fig. 1. With increase in humidity, carbon corrosion rises, and

nduces a decrease in the performance of MEAs.
To examine changes in the active surface area of Pt, CV measure-

ents on MEAs were conducted before and after corrosion tests.
Fig. 1. CO2 mass-spectrographic profiles of MEAs. Corrosion tests performed at
1.4 V with non-humidified N2 and humidified N2 delivered to cathode after passing
through saturator at 30, 60 and 90 ◦C.

As shown in Fig. 3, carbon corrosion was responsible for a severe
decrease in the active surface area. With conversion of the carbon
support to CO2 by corrosion, the number of sites for Pt loading falls
and thereby forces Pt nanoparticles to aggregate at relatively stable
sites. The loss of active surface area may occur by dissolution of Pt
[15,16]. A study of Pt dissolution using a quartz crystal microbalance
showed that any mass decrease arising from Pt dissolution is not
immediately detectable because the mass of the Pt electrode ini-
tially increases as a result of oxide layer formation [17]. Under the
present experimental conditions, the carbon-corrosion test is per-
formed for only 30 min, which is insufficient time for Pt dissolution
to become predominant. In addition, the potential of 1.4 V applied
during the corrosion test creates a thick protective oxide layer that
reduces the rate of Pt dissolution [17]. Therefore, it is considered
that coalescence of Pt particles as a result of carbon corrosion is
the principal contributor to the observed decrease in active surface
area.

Impedance analyses were performed to examine the effect of
carbon corrosion on resistance changes in fuel cells. The experi-
ments were performed at 0.8 V in the frequency range between
Fig. 2. Comparison of MEA performances before and after corrosion tests using non-
humidified N2 and humidified N2 at 30, 60 and 90 ◦C.
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ig. 3. Cyclic voltammograms of MEAs before and after corrosion tests at scan rate
f 50 mV s−1. Corrosion tests performed at 1.4 V with non-humidified N2 and humid-
fied N2 delivered to cathode after passing through saturator at 30, 60 and 90 ◦C.

he high- and low-frequency regions increased significantly with
ncrease in the humidifying temperature, presumably because of a
ecrease in the active Pt surface area and an increase in the contact
lectrode resistance [13]. The experimental results associated with
he corrosion tests are summarized in Table 1.

.2. Effect of temperature on electrochemical carbon corrosion

Mass spectrographs recorded during CO2 formation at different
ell temperatures are presented in Fig. 5. During corrosion tests, the
ater level supplied to the cell is assumed to be constant because

he humidifying temperature of N2 is set at 60 ◦C. When CO2 gen-
ration at cell temperatures of 60, 75 and 90 ◦C are compared,
reater carbon corrosion is seen at higher cell temperatures. At a
ell temperature of 60 ◦C, the amount of CO2 at the beginning of
he corrosion test for 15 min is negligible, i.e., less than 25 ppm. By
ontrast MEAs corroding electrochemically at cell temperatures of
5 and 90 ◦C display considerable increases in CO2 generation, i.e.,
45 and 362 ppm, respectively. The MEA performances before and
fter corrosion tests are shown in Fig. 6. As expected from the mass

pectrometry data in Fig. 5, greater falls in MEA performance are
bserved at higher cell temperatures. Note that the performance of
n MEA corroded at a cell temperature of 60 ◦C is almost equivalent
o that of an uncorroded MEA. To confirm the effect of temperature

ig. 4. Nyquist plots of MEAs at 0.8 V before and after corrosion tests using non-
umidified N2 and humidified N2 at 30, 60 and 90 ◦C. Ta
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Fig. 7. Comparison of MEA performances before and after corrosion tests. Corrosion
tests performed at cell temperature of 60 ◦C with humidified N2 delivered to cathode
after passing through saturator at 90 ◦C.

Fig. 8. Comparison of MEA performances before and after corrosion tests. Corrosion
ig. 5. CO2 mass-spectrographic profiles of MEAs. Corrosion tests performed at cell
emperatures of 60, 75 and 90 ◦C, with humidified N2 delivered to cathode after
assing through a saturator at 60 ◦C. Potential fixed at 1.4 V.

n carbon corrosion, tests were conducted at a cell temperature of
0 ◦C with humidified N2 supplied at 90 ◦C. A comparison of MEA
erformance before and after the corrosion test is given in Fig. 7
nd shows that there is no drop in performance even with high
ater content and thereby indicates that carbon corrosion is very

emperature-sensitive.

.3. Effect of oxygen gas on electrochemical carbon corrosion

It is well known that the presence of gas-phase O2 contributes
o Pt electrochemical surface oxidation resulting in a decrease
n electrocatalytic oxygen reduction activity [18,19]. Nevertheless,
elatively few studies have explored the influence of gas-phase
xygen on electrochemical carbon corrosion. In this study, non-
umidified or humidified O2 at 60 ◦C is supplied to the cathode.
he cell temperature is held at 90 ◦C. As shown in Fig. 8, when an
EA is supplied with non-humidified O2, the performance does

ot change. Furthermore, the drop in performance on supply of

umidified O2 at 60 ◦C is similar to that when N2 humidified at
he same temperature is supplied which is included in Fig. 8 for
ase of comparison. These results are confirmed by the mass spec-
rometry data given in Fig. 9. When non-humidified O2 is supplied,

ig. 6. Comparison of MEA performances before and after corrosion tests. Corro-
ion tests performed at cell temperatures of 60, 75 and 90 ◦C, with humidified N2

elivered to cathode after passing through saturator at 60 ◦C.

tests performed at cell temperature of 90 ◦C with cathode-delivered non-humidified
O2 or humidified O2 after passing through saturator at 60 ◦C. Performance of MEA
after a corrosion test using humidified N2 passed through saturator at 60 ◦C is shown
for ease of comparison.

Fig. 9. CO2 mass-spectrographic profiles of MEAs. Corrosion tests performed at cell
temperature of 90 ◦C with humidified O2 or N2 delivered to cathode after passing
through saturator at 60 ◦C. Potential fixed at 1.4 V.
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O2 generation is not detected, as is the case when non-humidified
2 is employed. In agreement with the results described above, at
humidifying temperature of 60 ◦C, no atmospheric dependence

N2 vs. O2) can be seen in the mass spectra. By contrast, it has been
eported that the presence of O2 accelerated carbon corrosion [20].
t was concluded that the chemical reactions of some intermediates
xisting on carbon surface with O2 accelerate the electrochemical
orrosion. However, this phenomenon is not observed in the exper-
ments reported here. If hydrogen peroxide can be formed during
n oxygen reduction reaction, it is possible that chemical oxida-
ion of carbon by hydrogen peroxide could form CO2 [4]. From
thermodynamic viewpoint, hydrogen peroxide is not expected

o be generated at 1.4 V under the present experimental condi-
ions. Therefore, CO2 generation by a pathway involving hydrogen
eroxide can be safely excluded. The results make it clear that
lectrochemical corrosion of carbon greatly affects fuel cell dura-
ility, and that the principal causes of electrochemical corrosion
f the carbon support do not include the presence of O2, but are
ather the water content in the catalyst layer and the cell tempera-
ure.

. Conclusions

The influence of humidity, cell temperature and gas-phase O2 on
he electrochemical corrosion of carbon in PEMFC investigated by

easuring CO2 emission using on-line mass spectrometry. Electro-
hemical carbon corrosion is strongly dependent on humidity and

ell temperature, but the presence of gas-phase O2 does not affect
orrosion. Carbon corrosion is accelerated on increasing the humid-
ty and raising the cell temperature. Under humidified conditions,
cell temperature over 60 ◦C is required for electrochemical carbon
orrosion.
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