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a b s t r a c t

During the voltammetry of carbon supports for proton exchange membrane fuel cells (PEMFCs), includ-
ing commercial carbon blacks, graphitized carbon black and multi-wall carbon nanotubes (MWNTs),
in deaerated 0.5 M H2SO4 solution results in mass changes as observed by using in situ electrochemical
quartz crystal microbalance (EQCM). The mass change and corrosion onset potential during electrochem-
ical carbon corrosion indicate that oxides are formed and accumulated on the carbon surface, leading to
eywords:
orrosion
lectrochemical quartz crystal
icrobalance

arbon support
arbon black

an increase in mass. A decrease in the mass is associated with carbon loss from the gasification of car-
bon surface oxides into carbon dioxide. High BET surface area carbon blacks ECP600 and ECP 300 have a
carbon loss of 0.0245 ng cm−2 s−1 and 0.0144 ng cm−2 s−1 and as compared to 0.0115 ng cm−2 s−1 for low
surface area support XC-72 and so they are less resistant to corrosion. Graphitized XC-72 and MWNTs,
with higher graphitization have higher carbon corrosion onset potential at 1.65 V and 1.62 V and appear
to be more intrinsically resistant to corrosion.
EMFC
uel cells

. Introduction

Carbon-supported platinum is the most commonly used catalyst
n PEMFCs. Carbon black is widely used as a support material for
ano-sized platinum particles due to its low cost and other favor-
ble properties. It possesses good chemical stability, and when used
s support material, it provides several desired functions, such as
lectronic continuity, a high surface area that enables a uniform
ispersion of Pt nanoparticles, and a porous structure that facili-
ates the mass transportation of reactant and reaction products [1].
owever, recent studies have reported that adverse effects arise

rom oxidation and corrosion of the carbon support in PEMFCs at
he higher potential region near the open circuit voltage. It was
bserved that the surface groups that form during carbon oxida-
ion change the surface properties of the carbon support. This may
ause an increase in surface hydrophilicity, leading to the flooding

ffect, which could impede mass transport within the catalyst layer
2]. Furthermore, such surface oxidation can be accelerated due to
he presence of the Pt catalyst. As a result, the Pt particles attached
o the carbon surface eventually become detached due to loss of
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carbon [3]. Loss of carbon could decrease the electronic continuity
of the catalyst layer, aggravate aggregation of isolated Pt particles
and reduces the electrochemically active surface area of Pt [4–6].
Consequently, carbon support corrosion is considered to be one of
the most serious problems facing the performance and lifetime of
PEMFCs.

From a thermodynamic perspective, carbon can be corroded
to carbon dioxide at a potential above 0.207 V (vs. NHE) [7]. The
electrochemical reaction is shown in Eq. (1).

C + 2H2O = CO2 + 4H+ + 4e−,E0 = 0.207 VNHE (1)

In a PEMFC, the carbon support at the anode is comparatively
more stable than cathode. The cathode side carbon support tends
to corrode due to high oxygen concentration, low pH and a high
operation potential between 0.6 V and 1 V. Some situations, such
as during shutdown and restart, can cause the local potential at the
cathode to be even higher than 1.5 V. These abnormal situations
enhance carbon corrosion [8,9].

Carbon corrosion is generally analyzed by simple cyclic voltam-
metry (CV) measurements. The accumulation of surface oxide can

then be estimated from the CV curves [10]. However, the results
from CV are equivocal because the actual mass loss of carbon dur-
ing corrosion is disregarded [11]. In some cases, studies on carbon
corrosion for PEMFCs involve the use of mass spectrometry [12–14]
or non-dispersive infrared spectroscopy [15] to monitor the gener-

dx.doi.org/10.1016/j.jpowsour.2010.07.015
http://www.sciencedirect.com/science/journal/03787753
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tion of CO2 under electrochemical oxidation conditions. However,
omplicated experimental tools are needed that allow the direct
easurement of the CO2 evolution rate from the membrane-

lectrode-assembly (MEA) sample, which is composed of not only
he carbon support but also carbon cloth/paper.

The electrochemical quartz crystal microbalance (EQCM) is a
ensitive instrument that allows measurements of mass changes
n the nanogram range in electrochemical systems [16]. Yadav et
l. [17] used EQCM combined with the CV method to investigate
arbon oxidation of a sputtered carbon electrode. They observed
ass loss during the CV positive scan. Dam et al. [18] used EQCM to

valuate the stability of XC-72 under several potentiostatic condi-
ions at elevated temperatures and suggested that the sharp drop
n mass at potentials higher than 1.15 V (vs. NHE) could be due to
he formation of CO2.

In this work, we investigate the carbon corrosion of various
ypes of carbon support materials for PEMFCs, including the widely
sed commercial carbon blacks, graphitized carbon black and
ulti-wall carbon nanotubes. The EQCM method combined with

V in a three-electrode system was employed to investigate in situ
ass change due to carbon corrosion during a positive CV scan

etween 0 V and 1.2 V. This work also demonstrates the influence of
he BET surface area on carbon loss and on the inhibition of carbon
orrosion at higher graphitization degrees.

. Experimental

.1. Sample preparation

Commercial carbon blacks: Vulcan XC-72 (Cabot), Ketjen black
CP300 (Akzo Nobel Chemicals), Ketjen black ECP600 (Akzo Nobel
hemicals), graphitized XC-72 and MWNTs were used to prepare
arbon film quartz crystal electrodes (C-QCEs) for EQCM measure-
ents. The commercial carbon blacks and MWNTs were used as

eceived. The graphitized XC-72 was prepared by high-temperature
eat treatment in a high-temperature furnace. The XC-72 was
eated from an ambient temperature to 2200 ◦C and held at that
emperature for 60 min. The furnace was purged with dry argon
efore and during the heating process. The carbons were ultrason-

cally mixed in isopropanol (IPA), with a carbon to IPA weight ratio
f 1:200, to form well-dispersed carbon inks. A T-cut 7.995 MHz Au-
oated quartz crystal electrode (Au-QCE) with an area of 0.196 cm2

as used as a working electrode substrate. The C-QCE was prepared
y spray coating a fixed amount of well-dispersed carbon inks to
btain about 10 �g of carbon on the Au-QCE. A Teflon mask that
re-covered the Au-QCE was used for the confined coating area.
fter the coating process, the C-QCE was oven-dried at 65 ◦C for
h.

.2. Electrochemical experiment

Resonance frequencies were measured using an EG&G PAR
odel QCA917 to evaluate the mass change. The relation between

he change in resonance frequency and the mass change on the
uartz crystal electrode was calculated by the Sauerbrey equation:

f = −2nf 2
√

�q�q

�m

A
, (2)

here �f is the measured resonant frequency change (Hz), n is
he fundamental mode of the crystal, f is the resonant frequency
f the fundamental mode of the crystal, �q is the shear modu-

us of quartz (2.947 × 1011 g cm−1 s−2), �q is the density of quartz
2.684 g cm−3), �m is the mass change, and A is the area of the gold
isk coated on the crystal. This equation was used to calculate the
ass change from the frequency change, neglecting the small vis-

ous effects observed. In our measurements, a net change of 1 Hz
Fig. 1. Schematic of the EQCM system.

corresponds to 1.34 ng of mass change on the crystal surface area
of 0.196 cm2. QCE frequencies were measured before and after car-
bon spray coating to record the weight of the deposited carbon.
The amount of deposited carbon was maintained at about 10 �g,
less than 2% of the unloaded quartz crystal, so that the Sauerbrey
equation could be used accurately [19]. The mass change response
from EQCM data in this study was calculated and normalized to the
initial carbon black’s sample mass.

A standard, three-electrode cell, with a C-QCE as the working
electrode, a hydrogen reference electrode and a platinum wire as
the counter electrode, was used in an electrochemical experiment.
The electrodes positioned in a Teflon-made cell were connected
to the EG&G PAR model QCA917 and an EG&G PAR model 263A
potentiostat for the EQCM measurements. The assembly is shown
in Fig. 1. All tests were carried out at room temperature in a 0.5 M
H2SO4 solution that was purged with nitrogen for 30 min to remove
dissolved oxygen. Prior to the EQCM measurements, the C-QCE
working electrode was pre-activated first by immersion in the
deaerated 0.5 M H2SO4 solution for 24 h, and subsequently by elec-
trochemical potential cycling between 0.05 V and 1.2 V at a scan
rate of 50 mV s−1 until the resultant CV curves became stable.

2.3. Physical characterization

The graphitization degree of the carbon materials was charac-
terized with a Raman spectrometer (Renishaw system 2000) using
a HeNe laser (632.8 nm excitation wavelength) as the light source.
The specific surface area and pore volume of the carbon support
was measured using a Brunauer–Emmett–Teller (BET) apparatus
(Micromeritics ASAP 2010).

3. Results and discussion

3.1. EQCM measurement of XC-72

EQCM measurements of a bare Au-QCE were performed in
deaerated 0.5 M H2SO4 at 298 K at a scan rate of 10 mV s−1. Fig. 2
presents the CV and corresponding EQCM mass change data for the
bare Au-QCE. Only a small mass change was observed below 0.6 V
during the positive scan from 0.05 V. The notable mass gain at a
potential from 0.6 V to 0.9 V could be attributed to the adsorption
of sulfuric acid anions [17]. The mass increment was minimal at
potentials above 0.9 V. These results were maintained until 1.4 V,
at which point continuous mass gain again occurred. From this
result, it was evident that the influence of mass change from the
Au electrode background was negligible within the potential range
of 1.0–1.4 V. Considering the possibility of oxygen evolution at the
higher potential region and that carbon black may be detached

mechanically from the C-QCE electrode, the upper potential range
was limited to 1.2 V in subsequent CV experiments.

The XC-72 carbon film quartz crystal electrode (C-QCE) was sim-
ilarly characterized by CV and EQCM in deaerated 0.5 M H2SO4 at
a scan rate of 10 mV s−1. Fig. 3 shows the CV and mass change
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ig. 2. The EQCM mass change responses for the bare Au quartz crystal electrode
Au-QCE) recorded simultaneously with the CV in deaerated 0.5 M H2SO4, at a scan
ate of 10 mV s−1 and a temperature of 298 K.

esponse of the XC-72 C-QCE. The CV result for XC-72 C-QCE
hows the typical CV curve of a carbon material, which evidently
as a large current contribution from double layer charging. This
esult shows that the electrochemical experimental signal of the
-QCE was dominated by carbon and that the effect of the back-
round Au electrode is negligible. An obvious redox peak around
.6 V resulted from the formation of the surface oxide group
ydroquinone–quinone (HQ–Q), which underwent redox reactions
n the surface of carbon during carbon corrosion [20–22]. Accord-
ngly, it was confirmed that carbon corrosion occurred under
he above test conditions. From the corresponding mass change
ecorded, it was observed that the mass change of the XC-72 C-
CE was minimal in the range of 0–0.4 V during the positive scan.
bove this potential, an obvious mass gain was observed, and this
ain was accelerated above 0.65 V. The mass increased continu-
usly until around 1.05 V, at which point the mass change reversed
nd sharply decreased until it reached the end of the positive scan
t 1.2 V.

Electrochemical carbon corrosion in acid electrolytes occurs via
three-step process [5,23]:
Step 1: Oxidation of the carbon lattice CSurf → C+
Surf + e−

Step 2: Hydrolysis CSurf + 1/2 H2O → CSurfO + H+

Step 3: Gasification of surface carbon oxides to carbon dioxide:
2CSurfO + H2O → CSurfO + CO2 + 2H+ + 2e−

ig. 3. The EQCM mass change responses for the Vulcan XC-72 carbon film quartz
rystal electrode (C-QCE) recorded simultaneously with the CV in deaerated 0.5 M
2SO4 at a scan rate of 10 mV s−1 and a temperature of 298 K.
Fig. 4. (a) CV and (b) EQCM data for Vulcan XC-72 C-QCE at a scan rate of 10 mV s−1

in deaerated 0.5 M H2SO4 at 298 K after holding at a constant potential of 1.2 V for
0 h, 3 h and 15 h.

The mass change is related to the electrochemical corrosion of
carbon involving the formation of surface oxides (Step 2), followed
by gasification of surface carbon oxides to carbon dioxide (Step 3)
[24]. The formation rate of surface oxides, CSurfO, differed from the
following oxidation to CO2. Therefore, electrochemical carbon cor-
rosion behavior could be observed by the mass change of the EQCM
measurement. At a lower potential (below 1.05 V) in the carbon
corrosion reaction, the carbon surface oxides (hydroxyl, carbonyl
and carboxylic) accumulated on the carbon surface, which led to
an increase in mass. Furthermore, after the HQ–Q redox reaction
(∼0.6 V), the carbon surface became more hydrophilic, and hence,
the mass tended to increase faster with the adsorption of water.
At a higher potential (above 1.05 V), the overvoltage was sufficient
to accelerate the gasification of surface carbon oxides to carbon
dioxide, which led to a drop in mass associated with carbon loss.

Further investigation of the carbon corrosion behavior of XC-72
C-QCE using the EQCM method was carried out during the acceler-
ated durability test (ADT) in deaerated 0.5 M H2SO4. This process
involved holding a constant potential of 1.2 V and cycling between
0 V and 1.2 V at scan rate of 50 mV s−1. Fig. 4 shows the measured
EQCM CV curves and the corresponding mass change of the XC-72
C-QCE, before and after holding the potential at 1.2 V for 3 h and
15 h. The CV curve for the freshly prepared XC-72 C-QCE shows a
relatively low background current. No reaction peak is observed.
After holding the potential at 1.2 V, the CV background current
of surface carbon oxides increased, and the reaction peaks asso-

ciated with the HQ–Q redox couple (around 0.6 V) became more
distinguishable. The corresponding EQCM mass change results
revealed a continuous accumulation of various species (includ-
ing surface oxide) on the fresh carbon. The maximum mass gain
that could be achieved during a CV scan decreased after pro-



C.-C. Hung et al. / Journal of Power Sources 196 (2011) 140–146 143

F
m

l
h
c
t
a
o

Q
a
m
p
d
s
d
t
d
s

0
p
7
a

T
B

ig. 5. (a) EQCM mass change (positive CV scan) for 1000 cycles, and (b) maximum
ass gain and mass drop onset potential vs. CV cycles.

onged holding the potential at 1.2 V for 3 h and 15 h, implying
igher coverage of adsorbed species on the carbon surface. A higher
oncentration of adsorbed species on the carbon surface facili-
ated the gasification of surface carbon oxides into carbon dioxide,
nd thus, an apparent mass drop associated with carbon loss was
bserved.

A similar corrosion behavior was observed when the XC-72 C-
CE was exposed to a continuous potential cycling between 0.1 V
nd 1.2 V at a scan rate of 50 mV s−1, as shown in Fig. 5. The EQCM
easurement revealed that carbon loss commenced at a higher

otential in the early potential cycling state. Consistent with the
ecreased maximum mass gain that could be achieved during the
uccessive CV scan, the potential corresponding to the onset of mass
rop decreased and eventually stabilized at 1.04 V due to satura-
ion of adsorbed species on the carbon surface. The corrosion rate
ecreased with time, as has been previously reported in several
tudies [10,25,26].

The carbon corrosion behavior under three fixed potentials,

.4 V, 0.8 V and 1.2 V, respectively, is also investigated. Fig. 6
resents the EQCM mass change as a function of time for the XC-
2 carbon support. The result exhibits minimum mass increment
t 0.4 V and 0.8 V, and this is due to the fact that slow adsorption

able 1
ET data and EQCM results for XC-72, ECP300 and ECP600.

Carbon support Sna (m2 gc
−1) S (m2 gc

−1) Maximum ma
gain (ng)

Vulcan XC-72 254 240 23.8
Ketjenblack ECP300 950 890 81.9
Ketjenblack ECP600 1270 1407 149.0

a Sn is nominal BET value from manufactory.
b The mass drop rate was calculated by mass decrease within 0.1 V after mass drop ons
Fig. 6. EQCM mass change vs. time for the XC 72 carbon support as a function of
specific potentials in deaerated 0.5 M H2SO4 at a temperature of 298 K.

of water, anions and surface oxides at such potentials. At 1.2 V, a
decrease of mass is observed initially and such loss can be attributed
to the CO2 evolution. Afterward, a faster mass gain is seen due to the
accumulation of oxides on the surface being faster than the forma-
tion of CO2. The CO2 formation rate rises initially and then decreases
as a function of time as also reported by Oh et al. [12]. After 25 h of
experiment at 1.2 V, the rate of increase slows down and a certain
degree of oscillation was observed, and this may be due to satu-
ration reached between mass consumption and generation on the
carbon surface leading to a plateau.

It is worth to noting that the result between constant potential
and cyclic voltammetry has distinct characteristic. The difference
may be attributed to the difference in the carbon corrosion rate
between potentiostatic and potentiodyanmic conditions. Shao et
al. indicated that cycling of the oxidation/reduction of oxygen-
containing species can enhance the carbon corrosion rate [27].
Maass et al. reported that the carbon corrosion rate at constant
potential is much slower than in the potentiodyanmic mode due to
insufficient activation energy [15], because the carbon corrosion is
faster during potential cycling than the potentiostatic condition.
In addition, potential cycling is also more closely related to the
drive cycle operation of PEMFC on vehicle application. In this work
we have employed the cyclic voltammetry method combing with
EQCM to investigate carbon support corrosion.

3.2. Investigation of commercial carbon blacks

The commercial carbon blacks such as Vulcan XC-72, Ketjen-
black ECP 300 and ECP 600, have been widely studied as carbon
supports for PEMFCs. Although these carbon blacks have a simi-
lar structure and similar characteristics, there are some differences
between them such as specific surface area, porosity and electrical
conductivity. The carbon corrosion behaviors of these commer-

cial fuel cell carbon supports were investigated in this study using
EQCM measurements. Fig. 7 shows the corresponding mass change
during the EQCM CV scan. A higher mass gain is observed on the
ECP600 and ECP300 carbon electrodes, demonstrating higher BET

ss Max mass gain per
area (ng cm−2)

Mass drop
onset (V)

Mass drop rateb

(ng cm−2 s−1)

0.993 1.05 0.0115
0.920 1 0.0144
1.059 0.9 0.0245

et.
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the graphitized carbon. Hence, the mass drop onset potential of
graphitized XC-72 occurred at a much higher potential (1.65 V)
compared to the as-received XC-72 (1.05 V). The above results
verify that the highly graphitized XC-72 shows excellent resis-
tance to corrosion. The corrosion-resistance of the commercial

Table 2
ig. 7. EQCM mass change (positive CV scan) of (a) the original, and (b) normalized
y the BET surface area for XC-72, ECP300 and ECP600 in deaerated 0.5 M H2SO4 at
scan rate of 10 mV s−1 and a temperature of 298 K.

urface area that could support more adsorbed species. As shown
n Table 1, the maximum mass gains of the respective carbon
upport materials were as follows: ECP600 > ECP300 > XC-72, con-
istent with the BET values. The result listed in Table 1 is calculated
rom Fig. 7a, as the maximum mass per area is the maximum mass
ain divided into the BET surface area. The mass drop rate is cal-
ulated as a decrease of mass within 0.1 V after the onset of the
ass dropping. For example, the maximum mass gain of ECP600 is

49 ng, which is observed from the change of mass for the EQCM
ata from Fig. 7a. The BET surface area of ECP600 is 1407 m2 gc

−1

nd the weight of carbon is 10 �g. Given this, the maximum mass
ain per area (ng cm−2) can be calculated, and the mass drop rate
f ECP600 can be calculated as (1.059–0.82 ng cm−2)/10 s.

The mass gain reversed and decreased in the high potential
ange, which is associated with carbon loss due to gasification
f carbon surface oxides into carbon dioxide. The mass drop rate
as also observed to follow the order of ECP600 > ECP300 > XC-72.

his result revealed that higher amounts of adsorbed species in
he carbon might enhance carbon corrosion during electrochemi-
al oxidation. This result is consistent with that reported by Ball et
l. [5], who reported that an increased wt% of carbon corroded with
ncreasing BET surface area.

The carbon black materials exhibited a near maximum mass
hange when normalized by the respective BET surface area, imply-
ng a similar adsorption concentration on the specific surface

rea. However, the mass drop onset at 1.05 V, 1.0 V and 0.9 V was
bserved in the Vulcan XC-72, ECP300 and ECP600 samples, respec-
ively. This potential corresponded to the onset of the mass drop
ecrease, suggesting a lower overvoltage for the gasification of sur-
ace carbon oxides. These results revealed that the high surface
Fig. 8. Raman spectra of XC-72 and graphitized XC-72.

area of ECP300 and ECP600 carbon showed lower carbon corrosion-
resistance than XC-72.

3.3. Influence of graphitization

Further improvement of carbon stability is needed to meet MEA
performance and durability targets. Several studies have reported
that using graphitized carbon supports is a material approach that
achieves better corrosion stability [15,25,28]. In this study, we
demonstrated the influence of graphitization on carbon support
corrosion using the EQCM method.

Fig. 8 shows the Raman spectrum of the as-received XC-72 and
the graphitized XC-72. The graphitization degree of carbon materi-
als can be quantified from the Raman spectrum. The peak intensity
ID at ∼1350 cm−1 (D-band) is an attribute of the defect structure of
graphitic carbon. The peak intensity IG at ∼1580 cm−1 (G-band) is
ascribed to the normal graphite structure [29]. Therefore, a lower
value of ID/IG indicates better graphitization of the carbon mate-
rials. The graphitization and BET values of the XC-72 samples are
presented in Table 2. The results showed that the as-received XC-72
acquired a notable increase in graphitization and strong decrease
of the BET surface areas after graphitization treatment. The sur-
face chemistry of the XC-72 before and after heat treatment was
analyzed by using the XPS as shown in Fig. 9. The result shows
that the O/C atomic ratio of XC-72 was decreased after heat treat.
Accordingly, it is expected that the surface of graphitized carbon
has became more hydrophobic.

As evident in Fig. 10, showing the EQCM result during the CV
scan, the corresponding mass change was extremely low in the
graphitized XC-72 carbon electrode. This result was attributed to
the low BET surface area of the graphitized carbon. When tak-
ing into account the mass change normalized by the BET surface
area, it was observed that the mass gain rate of graphitized XC-
72 was still lower than that of the as-received XC-72. The mass
gain of graphitized XC-72 occurred slowly, which was attributed
to the hydrophobic surface and higher corrosion-resistance of
The ID/IG and BET data for XC-72 and graphitized XC-72.

Carbon support ID/IG S (m2gc
−1)

As-received XC-72 2.0 240
Graphitized XC-72 0.9 80
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Fig. 9. XPS spectra of XC-72 before and after heat treatment.

arbon black support can be highly increased after graphitization
reatment.

Multi-wall carbon nanotubes (MWNTs), with a unique cylinder
raphitic structure, exhibit better properties than do most widely
sed commercial carbon supports, such as high electronic conduc-
ivity, a high specific surface area, excellent electronic conductivity
nd better electrochemical stability. These unique characteristics
ake MWNTs a potential alternative choice as a carbon support

aterial in fuel cells. The carbon corrosion behavior of MWNTs was

lso investigated by EQCM in the present study. The ID/IG value
f MWNTs is ∼1.2, which is lower than that of as-received car-
on black XC-72 (ID/IG = 2.0), indicating that MWNTs have a higher

ig. 10. EQCM mass change (positive CV scan) of (a) the original, and (b) normalized
y the BET surface area for XC-72 and graphitized XC-72 in deaerated 0.5 M H2SO4

t a scan rate of 10 mV s−1 and a temperature of 298 K.

[
[
[

Fig. 11. EQCM mass change (positive CV scan) for MWNTs in deaerated 0.5 M H2SO4

at a scan rate of 10 mV s−1 and a temperature of 298 K.

degree of graphitization as compared to XC-72. The EQCM mea-
surement results shown in Fig. 11 demonstrate that the mass drop
onset potential of the MWNTs is ∼1.62 V, which is similar to that
of graphitized XC-72. This result further evidences that a highly
ordered graphitic structure carbon such as graphitized XC-72 and
MWNTs, possesses high corrosion-resistance in electrochemical
environments.

4. Conclusions

1. Our study suggests that EQCM can be a simple and time-effective
screening tool for evaluating the corrosion behavior of carbon
supports in PEMFCs.

2. Carbon corrosion onset potential is observed at 1.04 V on Vulcan
XC-72, 1.65 V on graphitized XC-72, 1.0 V on ECP300, 0.9 V on
ECP600 and 1.62 V on MWNTs.

3. High amounts of surface carbon black show lower corrosion-
resistance due to higher concentrations of adsorbed species on
the carbon surface, which facilitates the gasification of surface
carbon oxides into carbon dioxide.

4. The corrosion-resistance of XC-72 is improved after graphitiza-
tion treatment.

5. MWNTs with highly ordered graphitic structures possess high
corrosion-resistance.
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