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The electrochemical oxidation and corrosion resistance of differently prepared and post-treated (graphi-
tization, surface oxidation) carbon support materials, whose surface area and composition were
characterized by adsorption measurements and X-ray photoelectron spectroscopy, were investigated
in model studies performed under fuel cell cathode relevant potential conditions. These included also
the abnormal cathode potentials (up to 1.5 VRHE) occurring during start-up and shut-down procedures.
Reversible surface oxidation, leading, e.g., to the formation of quinones/hydroquinones, and irreversible
lectrochemical oxidation
orrosion
tart-up/shut-down
EFC cathode
EMS

oxidation to CO2 were discriminated by combining electrochemical and on-line mass spectrometry
measurements. Oxygenated surface carbon species were found to affect the surface area normalized
electrooxidation activity much more than the surface area and porosity of the material, with graphitized
carbon with low porosity and low oxygen surface content being most resistant towards reversible oxida-
tion and towards irreversible oxidation at high potentials. Trapped CO2, formed upon carbon oxidation at
high potentials, is proposed to be at least partly responsible for CO2 release at low potentials, below the

ctroc
standard potential for ele

. Introduction

The efficiency and power density of polymer electrolyte fuel
ells (PEFCs), which are considered as an alternative to combus-
ion engines in electric vehicles and as small-scale stationary power
upplies for portable electronics, are mainly limited by the kinetics
f the oxygen reduction reaction (ORR) at the cathode side. In order
o increase the catalyst utilization, Pt or Pt-alloy nanoparticles are
ispersed on high surface area carbon supports. This way, high sur-

ace area carbon supported catalysts with high-performance and
ow metal loading have been developed [1–3]. The deterioration
f the catalyst nanoparticles and of the carbon support, however,
an strongly influence the long-term performance and durability of
EFCs, which is one of the crucial factors hindering the large-scale
ommercialization of this technology [2,4–6].

Among the various effects causing PEFC performance losses in
uel cell powered vehicles, catalyst degradation due to the electro-

hemical oxidation (corrosion) of the carbon support is one of the
ost important factors [4,7–10]. In earlier studies, two different

eaction pathways for carbon oxidation have been distinguished,
eversible oxidation to oxygenated surface carbon species such
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hemical carbon oxidation.
© 2009 Elsevier B.V. All rights reserved.

as quinones/hydroquinones, lactones, carboxylates, etc. [11–17],
and irreversible oxidation to CO2 [7,8,10,18,19]. If the carbon is
partly oxidized to oxygenated surface carbon species, the conduc-
tivity at the contact between the carbon support and the catalyst
nanoparticles may decrease [20]. If the carbon is oxidized to CO2,
catalyst nanoparticles may be lost from the support, resulting in
a significant decrease of the catalyst active surface area, which
in turn reduces the performance and operation lifetime of the
PEFC [3,5–7,9,10,19,21–24]. The standard potential for the electro-
chemical oxidation of carbon to carbon dioxide is 0.207 VRHE at
25 ◦C [25]. Therefore, under typical PEFC cathode operation con-
ditions, carbon corrosion is not only thermodynamically feasible
due to the high potentials (0.6–1.2 V) and high O2 concentra-
tions, but also kinetically enhanced by the elevated temperatures
(50–90 ◦C) [9,12]. In addition, a decrease of the active surface
area resulting from agglomeration of the catalyst particles or their
losses due to carbon corrosion, can cause a significant variation
of the oxygen reduction reaction pathways toward an increased
hydrogen peroxide production even at cathode operation poten-
tials [26–29], which can aggressively attack and oxidize carbon
support and Nafion membrane, causing a rapid deterioration of

the MEA.

The carbon corrosion rate can be increased also under abnor-
mal PEFC operating conditions, referred to as “reverse-current
decay mechanism”, which occur during fuel cell start-up and shut-
down [30–33], when the anode compartment is partly filled with

http://www.sciencedirect.com/science/journal/03787753
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ydrogen and air. This leads to the development of a hydrogen-
ir front over the active catalyst area, which can drive the cathode
otential to extreme values where significant carbon-support cor-
osion can occur [31]. The cathode potential can exceed 1.5 V
uring start-up/shut-down [31], which in combination with the
levated PEFC operating temperature (50–90 ◦C), where the carbon
xidation kinetics are much faster than at ambient tempera-
ure [34], causes accelerated carbon corrosion and thus catalyst
nd electrode degradation. During a typical fuel cell automo-
ive stack lifetime of about 5000 h, excursions to high potentials
e.g., 1.2 VRHE) upon start-up/shut-down events are be expected to
ccur approximately 30,000 times [35,36]. Therefore, in order to
educe the degradation of the fuel cell performance, alternative car-
on materials with an improved corrosion resistance need to be
eveloped.

The electrochemical carbon corrosion rate is not only a function
f the temperature, electrochemical potential, and water partial
ressure, but also the morphology of the carbon material plays
n important role [12,13,37,38]. It has been proposed, that car-
on materials containing more graphitic components exhibit a
etter corrosion resistance [12,13,35]. Furthermore, it is known
hat one can also reduce the corrosion rate of a carbon support
y reducing the relative surface area of the support, e.g., by heat
reatment (graphitization) [12,14,34,37]. Yu and Ziegler had shown
hat MEAs fabricated using catalysts supported on graphitized
arbon are more resistant to carbon corrosion than comparable
amples based on non-graphitized carbon supports, despite sim-
lar kinetic parameters (Tafel slope and activation energy) for the
xygen reduction reaction, and suggested that the morphology of
he carbon mainly determines the carbon corrosion rate [35]. In
ddition to the structural effects, the corrosion behavior may also
e affected by the coverage of oxygenated surface carbon groups
uch as quinones, lactones, carboxylic acids, etc. [12–17]. The sur-
ace of graphitized carbon is composed almost entirely of basal
lanes of carbon crystallites [37]. The basal planes of graphite are
ore resistant to electrochemical oxidation, which is more likely

o occur at the edges of the basal planes [38]. Non-graphitized
arbon materials, in which graphite crystallites are mixed with
morphous carbon, have a higher density of edges and unsatu-
ated carbon bonds and hence can be attacked more easily by acidic
lectrolyte in model studies [12,37,39,40]. Most previous studies
n carbon corrosion were performed in real fuel cells, where the
easurements can be affected also by other problems, e.g., by

nsufficient catalyst utilization, problems with water management
drying of the membrane, flooding of the catalyst layer, etc.) or
ll-defined mass transport. To avoid or reduce these problems, we
nvestigated the corrosion of carbon support materials in model
tudies, where the reaction conditions are much better defined,
nd using close to fuel cell cathode operation potentials, even cov-
ring extreme (start-up/shut-down) conditions. In addition, these
odel studies allow a less time consuming and less costly prelim-

nary evaluation of the electrochemical stability of carbon support
aterials; promising candidates can then be tested in real fuel cell
easurements.
In the following, we will, after a brief description of the exper-

mental procedures and set-up (Section 2) and of the physical
haracteristics of the different carbon materials (Section 3.1),
escribe the results of combined electrochemical and mass spec-
rometric measurements (potentiodynamic and constant potential)
n reversible and irreversible surface oxidation, trying to elucidate
orrelations between the carbon structure and the surface oxygen

ontent on the one hand and the electrochemical oxidation behav-
or on the other hand (Section 3.2). The carbon structure and surface
xygen content was varied by heat treatments and chemical (ther-
al) oxidation. Reversible oxidation to quinones/hydroquinones
as distinguished from irreversible oxidation to CO2 by on-line dif-
er Sources 190 (2009) 14–24 15

ferential electrochemical mass spectroscopy (DEMS), monitoring
the m/z = 44 signal. The electrochemical properties of the different
carbon materials and their tendency towards reversible/irreversible
oxidation as well as the influence of potential excursions to
1.5 VRHE on these properties were characterized by cyclic voltam-
mograms (CVs) recorded before and after a potential excursion to
1.5 VRHE (Section 3.2.1). Next, carbon corrosion under start-up/shut-
down conditions was evaluated by simultaneously monitoring the
Faradaic current and the CO2 formation rates during repetitive
potential steps from 0.85 to 1.5 VRHE and back (Section 3.2.2). Third,
the effect of exposure to start-up/shut-down conditions on the
carbon materials was tested in CVs recorded before and after a
potential excursion to 1.5 VRHE for 60 s, again following the Faradaic
current and the CO2 signal (Section 3.2.3). Finally, the ability of the
selected samples to store CO2 developed upon oxidation at higher
potentials and to release this at lower potentials was investigated
by Faradaic current and CO2 signal transients recorded at 0.06 VRHE,
after exposure to CO2 saturated solution at a potential where carbon
oxidation to CO2 is negligible (1.0 VRHE) (Section 3.2.3).

2. Experimental

2.1. Materials

We investigated six different carbon materials, which were sup-
plied by Evonik Degussa GmbH (Cologne, Germany). They can be
divided into two groups: one set of three materials with low BET
surface areas (set A) and another set with high BET surface area
(set B). Each set included the non-treated raw material, graphitized
material based on the respective raw materials, and graphitized-
plus-oxidized (‘graphitized/oxidized’) material. The non-treated
raw material were classified as A.0 and B.0; the graphitized material
and the graphitized/oxidized material were denoted as A.1, B.1 and
A.2, B.2, respectively (for physical characterization see Section 3.1).
The supporting electrolyte (0.5 M sulfuric acid) was prepared using
Millipore Milli-Q (18.2 M� cm−1) water and ultrapure sulfuric acid
(Merck, suprapur), and purged by high purity Ar (MIT Gase, N6.0)
or saturated with CO2 (MIT Gase, N5.0) in the electrolyte supply
bottle. All measurements were performed at room temperature.

2.2. DEMS set-up

The DEMS set-up consists of a differentially pumped vac-
uum chamber equipped with a quadrupole mass spectrometer
(Pfeiffer Vacuum, QM 422) and a computerized data acquisition
system. It was described in detail elsewhere [41]. A dual thin-
layer flow-through DEMS cell (for details see Refs. [42,43]) allows
simultaneous measurements of the Faradaic current at a thin-film
working electrode (see Section 2.4) and on-line detection of volatile
species via a porous membrane (Scimat, 60 �m thick, 50% poros-
ity and 0.2 �m pore diameter). The electrolyte flow was driven by
the hydrostatic pressure in the supply bottle (electrolyte flow rate
60 �l s−1).

Two Pt wires at the inlet and outlet of the thin-layer cell were
used as the counter electrodes. The reference electrode (saturated
calomel electrode, SCE) was connected to the outlet of the DEMS
cell via a Teflon capillary. All potentials, however, are quoted against
that of the reversible hydrogen electrode (RHE). The potential of the
working electrode was controlled using a potentiostat from Pine
Instruments.
2.3. Characterization of carbon materials

The surface area of the carbon materials was determined
by adsorption measurements, using a TriStar BET surface area
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nd porosity analyzer (Micromeretics). X-ray photoelectron spec-
roscopy (XPS) measurements for determining the surface oxygen
ontents were performed on a PHI 5800 ESCA system (Physical
lectronics), employing monochromatized Al K� radiation for exci-
ation.

.4. Preparation and characterization of electrodes

Thin-film working electrodes for the electrochemical measure-
ents were prepared following the protocol described in Ref. [44].

riefly, an aqueous suspension of the respective carbon material
2 mg ml−1) was extensively ultrasonicated and then 20 �l of the
uspension were pipetted onto the middle part of mirror-polished
lassy carbon disks (9 mm diameter, Sigradur GmbH, Germany).
fter evaporating the resulting water droplet in a N2 stream, a sim-

lar pipetting/drying procedure was performed with an aqueous
afion solution. The accessible geometric surface area of the result-

ng thin-film electrode was defined by a 50 �m thick Kalrez O-ring,
hich served as gasket between electrode and cell body (diameter

bout 6 mm, geometric area 0.28 cm2, carbon loading 142 �g cm−2).
After installing the working electrode into the thin-layer flow

ell, a stable base cyclic voltammogram was obtained by cycling
he potential from 0.06 to 1.0 VRHE in Ar-saturated supporting
lectrolyte (50 mV s−1, 0.5 M H2SO4). For potentiodynamic mea-
urements, the potential scan rate was reduced to 10 mV s−1.
uring the potentiodynamic and potentiostatic measurements,

he Faradaic and the mass spectrometer currents (CO2 current,
/z = 44) were recorded simultaneously.

The CO2 storage capacity of the high surface area carbon
aterials was determined by exposing the carbon electrode to CO2-

aturated 0.5 M H2SO4 solution for 60 s at 1.0 VRHE, then the solution
as exchanged to Ar-saturated supporting electrolyte, and finally

he electrode potential was stepped from 1.0 to 0.06 VRHE to induce
O2 release.

. Results and discussion

.1. Physical characteristics

The surface area of the different carbon materials were deter-
ined by nitrogen adsorption (BET surface area), iodine and cetyl

rimethyl ammonium bromide (CTAB) adsorption, where nitro-
en and iodine adsorption measurements probe the total surface,
ncluding the inner surface of pores [12], while CTAB adsorption
etermines only the outer surface area, i.e., the inner surfaces
f pores and voids are not included. Thus, the difference in sur-
ace areas obtained by nitrogen or iodine adsorption and by CTAB
dsorption, respectively, reflects the inner surface area. These mea-
urements led to the following results: carbon black A.0 is a coarse
article carbon black with a low BET and iodine adsorption surface
rea. The CTAB surface of this material is on the same level as the
ET and iodine adsorption surface area. This means this material has
low porosity. The graphitization did not significantly change the

urface areas of the carbon black A.1 compared to A.0, and the same
s true for subsequent oxidation (material A.2). Carbon black B.0 is
very fine particle carbon black. The surface areas of this material
re much higher compared to material A.0. The CTAB surface area
f carbon black B.0 is substantially lower than the BET and iodine
dsorption surface areas, reflecting a high porosity. Graphitization
eads to a strong decrease of the surface areas. Iodine and BET sur-

aces are decreased by about 75%, and the CTAB surface decreases
y about 50% relative to B.0. The decrease in the total surface area
pon heat treatment, as determined by nitrogen or iodine adsorp-
ion, can be caused by thermally induced closing or removing of
he pores [12]. The CTAB surface area of carbon black B.1 is on the
er Sources 190 (2009) 14–24

same level as the BET and iodine adsorption surface area, i.e., the
porosity of the graphitized carbon black B.1 is very low. Similar
to A-type carbon black, subsequent oxidation does not change the
surface areas of the graphitized carbon black B.1, reflecting similar
structural properties in B.1 and B.2.

The surface areas were determined ex situ, prior to the thin-film
preparation and electrochemical measurements, and therefore the
properties in the thin-film electrodes during the electrochemical
measurements in acidic electrolyte (0.5 M H2SO4) may be some-
what different. Nevertheless, the ex situ determined characteristics
are useful to correlate the influence of the structural and surface
chemical properties (oxygen-containing surface groups) with the
corrosion behavior of these carbon materials.

It is known that the heat treatment of carbon involves a displace-
ment and rearrangement of the layer planes and small crystallites
to achieve crystalline layers on the surface [12], which is referred
to as graphitization process (conversion of amorphous carbon to
graphite). The results summarized above suggest that for both
types of carbon materials heat treatment leads to more or less pro-
nounced structural changes, as can be concluded from the overall
surface area (including pores) measured by nitrogen and iodine
adsorption and the outer surface area detected by surface-sensitive
CTAB measurements. Depending on the porosity, reactive species
(or nitrogen, iodine in the adsorption measurements) can enter
the inner regions of the carbon particles. The graphitic character
of the outer and possibly also of the inner surface can influence
the electrochemical reactivity and the corrosion resistance of the
corresponding carbon materials as well, either by encapsulation
(graphitization of the outer layers) of an amorphous and corrosion
sensitive core, or by graphitization of inner and outer surfaces (see
below).

Carbon samples with a highly graphitic character due to sur-
face graphitization, e.g., A.1 and B.1, contain a high fraction of
basal-plane oriented graphite surface, whereas samples with a
high content of amorphous carbon exhibit a much higher frac-
tion of defects, edges and unsaturated carbon bonds (e.g., sample
B.0) [37]. From ethene adsorption isotherms on carbon blacks,
Schröder et al. derived that adsorption sites on the basal-plane (sp2

hybridization) represent low energy adsorption sites compared to
the higher adsorption energies at sp3 hybridized sites [45]. Similar
effects are expected for oxygen adsorption. Because of the cor-
related higher barrier for oxygen dissociation on the basal plane
compared to that at edge sites [46], the sensitivity of the basal-
plane graphite surface towards surface oxidation is much lower
than that of amorphous carbon with many edge sites [12,37,38].
This trend is illustrated by the surface oxygen content of the dif-
ferent carbon materials (Table 1). Comparing the raw materials
A.0 and B.0 with each other, the surface oxygen content increase
with increasing surface area to almost the double value in B.0 com-
pared to A.0. Comparing the raw materials (A0 and B.0) with the
corresponding graphitized samples (A.1 and B.1), the oxygen con-
tent decreases considerably, to about 35–40% of the initial value,
upon increasing the degree of crystalline surface order (graphitic
character) by heat treatment (surface graphitization). Subsequent
oxidation of the graphitized samples leads to the following results:
the BET surface area of the graphitized/oxidized samples (A.2 and
B.2) increases only little compared to the respective graphitized
samples (A.1 and B.1). This may be explained by slow pore for-
mation via complete oxidation to CO2, while simultaneous surface
oxidation to oxygenated surface carbon species does not affect the
specific surface area. On the other hand, the surface oxygen content

increases to more than double of the initial value in the A.0 and
B.0 materials, respectively, reflecting considerable reaction with
oxygen. Considering the little change in surface area, the reaction
leads mainly to partially oxidized surface carbon species (quinones,
lactones, etc.).
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Table 1
Surface oxygen content, and surface area (BET) normalized CO2 charge (DEMS) generated during a potential excursion from 0.85 to 1.5 VRHE during 60 s (transients #1–#3)
on the same carbon electrode on different carbon materials.

Carbon samples Oxygen/atomic% CO2 generation/nC m−2

Transient #1 Transient #2 Transient #3

(A.0) Non-treated carbon 0.44 867.6 804.8 712.4
(A.1) Graphitized carbon 0.17 343.9 229.1 196.5
(A.2) Graphitized/oxidized carbon 1.15 2125.1 1181.3 910.0
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B.0) Non-treated carbon 0.80
B.1) Graphitized carbon 0.28
B.2) Graphitized/oxidized carbon 1.68

.2. Electrochemical characteristics

The electrochemical oxidation of the six carbon materials was
valuated by simultaneous electrochemical and on-line mass spec-
rometry (CO2

+ ion current, m/z = 44) measurements. This way, we
an discriminate between reversible carbon surface oxidation (for-
ation of quinone/hydroquinone redox couples), which is detected

y the Faradaic current only, or irreversible oxidation to CO2, which
hows up both in the Faradaic current and in the m/z = 44 mass
pectrometric current.

.2.1. Cyclic voltammetry characteristics
Figs. 1 (set A) and 2 (set B) show the stable CVs (upper plots: a,

and e) of the corresponding carbon materials before (CV-1) and
fter (CV-2) a series of three potential excursions to 1.5 VRHE. The
xperimental protocol of the potential excursions is given in Sec-
ion 3.2.2 CV-2 was recorded after stepping back to 0.85 VRHE, and
ycling several times between 0.06 and 1.0 VRHE until a stable CV

as obtained. Simultaneously, the CO2 formation was recorded in
ass spectrometric cyclic voltammograms (MSCVs, lower plots: b,
and f).

First of all, we find significant differences in the double layer
apacities of the different materials, which is most clearly evident

ig. 1. Simultaneously recorded stable Faradaic current (a, c and e) and mass spectrome
raphitized/oxidized (A.2) carbon materials before (CV-1) and after (CV-2) a set of three
2SO4 at room temperature (scan rate 10 mV s−1, electrolyte flow rate ca. 60 �l s−1, exper
746.5 739.7 683.5
323.9 245.4 228.3

1712.4 1005.0 801.0

in the currents at ca. 0.2 V. The double layer capacities scale with
the total surface areas of the different samples, with higher values
for the B-type samples than for the A-type sample, and in par-
ticular for the B.0 sample. After excursion to high potential, the
Faradaic currents (CV-2) show for all carbon materials studied an
increase in the double-layer current, which is most significant for
the samples A.0, B.0 and B.1, and the appearance of a pair of anodic
and cathodic peaks, respectively, at about 0.5–0.6 VRHE. The lat-
ter peaks can be assigned to the formation of quinones and their
reduction to hydroquinone, i.e., to the reversible oxidation and
reduction of oxygenated surface carbon species [11,12]. This redox
feature is more pronounced on the raw carbon materials than on the
processed (graphitization and graphitization/oxidation) carbons.
Thus, the increase in the reversible carbon oxidation/reduction cur-
rent depends on the state of the initial carbon surface, including
both structure and chemical composition, before the high-potential
treatment. As discussed above (Section 3.1), the non-treated mate-
rials, in particular the B-type materials, exhibit a higher inner

surface area (porosity) compared to heat treated samples, which
may be accessible to the electrolyte and lead to an increase in
the reversible carbon oxidation. The increase of the total carbon
surface area is reflected also by an increase of the double-layer
capacity. Similar observations were reported also by Paik et al.

tric cyclic voltammograms (b, d and f) of non-treated (A.0), graphitized (A.1) and
potential excursions to 1.5 VRHE (time at 1.5 VRHE 60 s each) in Ar-saturated 0.5 M

imental protocol see text).
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ig. 2. Simultaneously recorded stable Faradaic current (a, c and e) and mass spec
raphitized/oxidized (B.2) carbon materials before (CV-1) and after (CV-2) a series
2SO4 at room temperature (scan rate 10 mV s−1, electrolyte flow rate ca. 60 �l s−1,

47], who equally found an increase in double-layer charge, which
epended on the accumulated exposure time at high potentials,
here the electrochemical oxidation of carbon increases the den-

ity of carbon surface defects. This oxidative treatment also leads
o a higher surface coverage of oxygenated surface species and
hus increases the wettability of the carbon surface [12,15,48]. After
lectrochemical oxidation of the graphitized sample B.1, the shape
f the CV-2 approaches that of the CVs obtained for the graphi-
ized/oxidized B.2 carbon sample (high oxygen content). On the
raphitized/oxidized sample B.2, in contrast, the electrochemical
xidation has a much lower effect. Also on the samples A.1 and A.2
ith their much lower surface area the effect of electrooxidation is
uch less pronounced.
Most astonishing is the observation that prior to the high-

otential treatment the graphitized sample B.1 is essentially inert
gainst reversible oxidation/reduction, while after electrochemical
orrosion it shows reversible oxidation–reduction peaks similar to
hose observed on the other samples. The origin for this behavior
s not yet resolved, but it is not related to differences in the surface
rea or the oxygen content of the initial samples.

Stonehart suggested that the removal of oxygenated surface
pecies leads to the formation of micropores, thereby increas-
ng the surface area of the carbon and the probability for further
orrosion [49]. A different mechanism for enhancing the surface
rea was put forward by Thiele [39]. He concluded that sulfuric,
itric, hydrochloric, perchloric and hydrofluoric acids penetrate

nto the interior of the graphite, resulting in graphite swelling and
n a lamellar structure. (Note that graphite swelling is not com-
letely reversible.) This way, the carbon atoms in the internal lattice
lanes become accessible to oxidation. The slight differences in

he peaks of the redox couples (reversible oxidation/reduction to
uinones/hydroquinones and other carbonyls) observed in the CVs
n the different carbon materials could indicate differences in the
ix of the surface functional groups produced after excursion to

igh potentials [50].
tric cyclic voltammograms (b, d and f) of non-treated (B.0), graphitized (B.1) and
ee potential excursion to 1.5 VRHE (time at 1.5 VRHE 60 s each) in Ar-saturated 0.5 M
imental protocol see text).

The corresponding CO2 signals before (CV-1) and after (CV-2)
exposure of the carbon electrodes to high potential are shown in
Figs. 1 and 2 (lower plots: b, d and f, respectively). The major-
ity of the carbon materials studied, except of sample B.0, did not
show significant changes in the amount of generated CO2 after
electrochemical pre-oxidation of the carbon samples at high poten-
tials. In contrast, the sample B.0 (non-treated material) showed an
earlier onset of the CO2 signal at potentials above 0.8 VRHE com-
pared to the other samples. Hence, the porous structure of the high
surface area material B.0 can be modified by the high potential
electrooxidation such that it is more reactive towards oxidation to
CO2 even at potentials where before the electrooxidation treatment
this was not observed. This may be related to the larger number
of reactive defects after high potential electrooxidation, including
structural defects as well as chemical modifications (oxygenated
surface species).

3.2.2. Carbon corrosion rates
Under automotive fuel cell operation conditions, the PEFC cath-

ode undergoes short excursions to high potentials during the
start-up procedures (E > 1.2 VRHE) [35,36]. Therefore, the specific
carbon corrosion rates (i.e., the current density for CO2 forma-
tion, normalized to the BET surface area) of the six different
carbon materials were compared among each other in potential
step measurements to high potential (1.5 VRHE) and back. Faradaic
(Fig. 3a and c) and mass spectrometric (m/z = 44) current tran-
sients (Fig. 3b and d) upon the potential step from 0.85 (the
potential was held for 120 s at this potential, after recording a
CV) to 1.5 VRHE, holding there for 60 s and then stepping back
to 0.85 VRHE, are shown in Fig. 3. This procedure was repeated

3 times (transients #1–#3) on the same electrode and the CO2
charge density (normalized vs. the corresponding BET carbon sur-
face area of the initial material) was determined in each case
(see Table 1). The holding time at 0.85 VRHE was 120 s each
time.
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ig. 3. Chronoamperometric transients of the Faradaic (a and c) and the mass spec
.5 VRHE and back to 0.85 VRHE, reflecting carbon oxidation to CO2 on non-treated (
r-saturated 0.5 M H2SO4 at room temperature (electrolyte flow rate ca. 60 �l s−1). T

Upon stepping the potential to 1.5 VRHE, the Faradaic current
ransients (Fig. 3a and c) exhibit an initial spike, which may
esult from pseudo-capacitive charging, irreversible oxidation of
ure carbon and/or oxygenated surface carbon species to CO2
nd/or reversible formation of the latter species. Subsequently, the
aradaic current decays continuously until reaching an approxi-
ately constant steady-state value. Returning the potential from

.5 to 0.85 VRHE, the electrochemical current also shows a marked
athodic current spike, which may be related both to capacitive
ontributions and to the reduction of surface oxy-species.

Also the mass spectrometric CO2 signals (m/z = 44, Fig. 3b and d),
hich reflect the oxidative formation of CO2 without interference
ith other contributions present in the Faradaic current response

uch as double-layer charging or surface oxidation, resolve clear
pikes when stepping to 1.5 VRHE. These spikes, however, are much
ess pronounced than the Faradaic current spikes. The difference
etween the Faradaic current spike and the CO2 current spike is at

east largely attributed to the dominant capacitive contributions in
he Faradaic current and to the smear out of the CO2 signal due to the
imited time resolution of the thin-layer flow cell (ca. 1s). The spike
n the CO2 signal clearly demonstrates a fast initial CO2 formation,

hich may result either from direct oxidation of carbon or from fur-
her oxidation of pre-formed surface oxy-species to CO2. With time,
he CO2 formation rates approach a steady-state value, which cor-
esponds to the continuous oxidation of carbon and/or oxygenated
arbon surface species to CO2 under these conditions. The BET sur-
ace area normalized CO2 formation rates determined from these
teady-state data show a clear effect of the carbon pre-treatment
rocedure: the rates under steady-state conditions are highest for
he graphitized/oxidized samples, lower for non-treated materials,

nd even slightly lower for the graphitized samples, in agreement
ith recently reported findings of an improved corrosion stability

f graphitized carbon support compared to non-graphized carbon
19]. The situation is similar when comparing the BET surface area
ormalized total amounts of CO2 formed upon 60 s carbon oxida-
tric (b and d) currents recorded simultaneously after a potential step from 0.85 to
d B.0), graphitized (A.1 and B.1) and graphitized/oxidized (A.2 and B.2) carbon in
rent density is normalized to the BET surface area of the respective carbon material.

tion at 1.5 VRHE (Table 1) of the corresponding carbon samples. In
this case, however, the differences are much more pronounced, with
the amount of CO2 formed on the graphitized/oxidized materials
(A.2 and B.2) being about 4–6 times higher than on the graphitized
samples (A.1 and B.1). The decreasing tendency for CO2 formation
correlates well with the amount of surface oxygen on these sam-
ples (see Table 1), while the BET surface areas in each group (A.1
and A.2; B.1 and B.2) are of comparable magnitude. Hence, the pres-
ence of oxygenated surface carbon species increases the tendency
for CO2 formation during a potential excursion to highly anodic
potentials (here 1.5 VRHE). This result agrees well with a proposal
by Giordano et al., who postulated that the oxygen groups present
on the surface of carbon black enhance the corrosion rate [14]. The
small spike present for all catalysts after stepping back the potential
to 0.85 VRHE is attributed to the release of ‘trapped’ CO2, which was
generated at high potential, from the carbon structure (see Section
3.2.3).

Returning to the Faradaic currents in Fig. 3a and c, the apparent
initial electrochemical oxidation rate, given by the maximum cur-
rent density (normalized to the BET surface area), is much higher on
the non-treated carbon sample A.0 than on the post-treated carbon
materials A.1 and A.2, while for the B-type materials these differ-
ence are less pronounced. With time, the oxidation currents decay
rapidly towards a steady-state value. Considering that (i) the ini-
tial spike in the CO2 formation signal and the maximum rate for
surface area normalized CO2 formation are much lower on the A.0
sample than on the A.2 sample, and that (ii) the pseudo-capacitive
effects should scale roughly with the BET surface area, the very high
Faradaic current density spike obtained for the A.0 sample points to
a rapid reaction to oxygenated surface species on that sample, e.g.,

due to specific effects caused by small scale roughness and a highly
defective carbon surface. In contrast, the post-treated samples are
more resistant to the build-up of oxygenated surface species (see
the rather similar redox peaks in the corresponding CV-1/CV-2 pairs
in Figs. 1 and 2). The somewhat higher peak for the initial Faradaic
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urrent density of sample B.1 compared to B.0 is explained by a
igher tendency to form oxygenated surface species, in the same
ay as discussed in the previous section (Fig. 2c).

The charge densities related to carbon dioxide formation during
xposure of the carbon electrodes to 1.5 VRHE during 60 s are sum-
arized in Table 1 (transients #1–#3). With increasing number of

igh-potential excursions, the amount of CO2 formed decreases, a
imilar behavior was observed for all samples. This decrease in CO2
ormation can be explained by a decrease in active carbon sites,
ither structurally dominated active sites such as defects or chem-
cally dominated active sites such as oxygenated surface carbon
pecies for CO2 formation with ongoing oxidation. A similar decay
f the carbon corrosion current with time was also reported by Gior-
ano et al. for carbon black in H3PO4 [14] and by Li et al. for carbon
anotubes in H2SO4 [51,52].

The data in Table 1 demonstrate that for both sets of carbon
aterials studied (sets A and B), the graphitization (samples A.1

nd B.1) leads to a decrease of corrosive CO2 formation compared to
hat for the non-treated materials (cf. samples A.1 → A.0, B1 → B.0).
omparing this with the changes in surface area upon heat treat-
ent, which are pronounced for the B-type materials (B.0 → B.1),

ut essentially absent in A-type materials (A.0 → A.1), the surface
rea has little effect on the surface area normalized amount of cor-
osive CO2 formation. (The surface area normalized CO2 formation
harge is used to discriminate between effects purely related to a
igher surface area and effects related to a change in the inher-
nt activity of the surface.) A better correlation is found between
urface area normalized CO2 formation and the surface oxygen con-
ent. For both sets of samples, the oxygen content decreases after
he heat treatment, and increases sharply upon subsequent ther-

al oxidation, which parallels the trends in surface area normalized
O2 formation (Table 1). Hence, the oxygen content plays an impor-
ant role for the electrochemical carbon corrosion activity, and the
xygen-containing species on the carbon surface can be consid-
red as active centers for further electrochemical oxidation to CO2.
he oxidation treatment is also known as “burn-off” or “activa-
ion” process, leading to oxidized carbon (“activated carbon”) [12].
f graphitized (A.1 and B.1) and graphitized/oxidized (A.2 and B.2)
amples of the respective sets are compared with each other, the
ffect of the oxygen content (related to the activated carbon area) on
he corrosion rates is again recognized. In both cases (A.2 vs. A.1 and
.2 vs. B.1), the BET carbon surface areas are quite similar, but the
xygen content increases significantly after activation (oxidation)
f the graphitized sample. The latter agrees well with the distinct
ncrease in CO2 formation for the graphitized/oxidized samples
see Table 1). It should be noted, however, that strictly speak-
ng this correlation between corrosion activity and surface oxygen
ontent is possible only for the first potential step to 1.5 VRHE,
hile in the subsequent potential excursions the content of surface

xy-species is not known, due to the undefined amount of oxy-
enated surface carbon species formed in the preceding potential
xcursion(s).

.2.3. CO2 generation at low potentials
After the electrochemical oxidation of the carbon samples at

igh potentials (1.5 VRHE) in potential step experiments (see Fig. 3),
e detected an increased CO2 generation when stepping back to

ower potential (0.85 VRHE). The intensity of this peak depends on
he carbon material. Recently, several groups observed the gener-
tion of CO2 at low potentials even below the standard potential
or carbon (E = 0.207 VRHE [25]) during potentiodynamic, potentio-

tatic and start-up/shut-down experiments on pure carbon and on
arbon supported Pt catalysts [18,33,53,54]. They proposed that the
O2 generated at low potentials can result (i) from chemical carbon
xidation by hydrogen peroxide [18,53,53], which is produced by
xygen reduction on hydroquinone modified carbon [12,55,56] or
er Sources 190 (2009) 14–24

by direct oxygen reduction on Pt at low potentials [27,28,57,58],
and (ii) by release of adsorbed or trapped CO2 upon reduction of
the oxygenated surface carbon species [18].

The possibility of CO2 storage in the carbon material, during
oxidative CO2 formation at high potentials and its subsequent
potential induced release was explored in a set of potentiodynamic
and transient experiments. In the first set, following the above
potential step experiments (Fig. 3 and Table 1), the potential was
held at 0.85 VRHE for 120 s after the last potential excursion (tran-
sient #3), then scanned from 0.85 to 0.06 VRHE and back (2 cycles)
and finally between 0.06 and 1.0 VRHE in order to compare with the
initial CVs. During the potentiodynamic measurements, the CO2
generation was simultaneously followed by on-line mass spectrom-
etry. The results of these experiments are shown in Figs. 4 and 5 for
the samples from sets A and B, respectively. The upper plots (a, c
and e) correspond to the Faradaic current, the lower plots (b, d and
f) to the mass spectrometric m/z = 44 ion current.

Figs. 4a, c and e and 5a, c and e, respectively, show the first cyclic
voltammogram immediately after the potential step experiments
(CV-1) and the stable cycle after three following cycles (CV-2). In the
first negative-going scan in CV-1, we observed an increasing reduc-
tion current for all carbon materials for potentials <0.8 VRHE, and
then, after passing though a maximum, a more or less pronounced
current decrease of the reduction current. The reduction current is
attributed to the electrochemical reduction of part of the oxygen-
containing species formed on the carbon surface while keeping it at
high potential [18]. The exact shape of the current response in the
negative-going scan depends on the carbon material. The reduction
current is most pronounced for the non-treated carbon samples
A.0 and B.0 (Figs. 4a and 5a, respectively) and less pronounced
for the graphitized samples A.1 and B.1 (Figs. 4c and 5c) and the
graphitized/oxidized samples A.2 and B.2 (Figs. 4e and 5e). In the
subsequent cycles, the reduction current decreases and approaches
a reproducible CV when not exceeding the positive potential limit
of 1.0 VRHE (grey lines in Figs. 4a, c and e and 5a, c and e).

The lower plots in Figs. 4 and 5 show the CO2 generation dur-
ing the respective potential cycles. In general, the CO2 generation
is more pronounced on the B-type samples than on A-type sam-
ples, which almost quantitatively scales with the BET surface area.
For the graphitized samples CO2 formation is very low (B.1) or
essentially absent (A.1). Considering the standard potential for the
oxidation of carbon to CO2 of about 0.207 VRHE at 25 ◦C [25], CO2 can
obviously be formed or released at potentials below the reversible
potential of electrochemical carbon oxidation. Similar observations
have also been reported by other groups [33], and were explained
by chemical reaction [18,53,54] of hydrogen peroxide, which was
produced on the carbon surface, with carbon at these cathodic
potentials [18,53].

Alternatively, the observation of CO2 at low potentials could be
explained by release of CO2 which was generated during carbon
electrooxidation at high potentials and then adsorbed on the carbon
surface or trapped and stored in carbon pores. CO2 could be ‘stored’
by stable adsorption on the carbon surface, e.g., on structural defects
on the carbon surface (‘active sites’) or by interaction with oxy-
genated surface species present on the (inner) carbon surface, or
stabilized in nanopores of the carbon material. Recently, Liu et al.
[59] published electron microscopy images of oxidized carbon par-
ticles containing central voids (center-hollowed particles). These
voids were either isolated or interconnected and either closed or
open with exit channels to the surfaces of the carbon. These authors
also concluded that the corrosion of carbon nanoparticles pro-

ceeds from the center toward the surface. Stable chemisorption of
CO2 on active carbon sites forming surface carbon–oxygen com-
plexes was calculated by Montoya et al. [60]; in the presence of
oxygen-containing groups, formation of surface carbonates was
proposed [60,61]. At higher coverages, CO2 was found to inter-
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Fig. 4. Potential-dependent CO2 generation: simultaneously recorded Faradaic (a, c and e) and mass spectrometric currents (b, d and f) on non-treated (A.0), graphitized (A.1)
and graphitized/oxidized (A.2) carbon materials after a sequence of three potential excursions to 1.5 VRHE (holding time 60 s) and subsequent return to 0.85 VRHE (holding
time 120 s) in Ar-saturated 0.5 M H2SO4 at room temperature. CV-1 represents the initial CV after the potential excursion and CV-2 represents the stable CV after cycling the
potential several times between 0.06 and 1.0 VRHE (scan rate 10 mV s−1, electrolyte flow rate ca. 60 �l s−1).

Fig. 5. Potential-dependent CO2 generation: simultaneously recorded Faradaic (a, c and e) and mass spectrometric currents (b, d and f) on non-treated (B.0), graphitized (B.1)
and graphitized/oxidized (B.2) carbon materials after a sequence of three potential excursions to 1.5 VRHE (holding time 60 s) and subsequent return to 0.85 VRHE (holding
time 120 s) in Ar-saturated 0.5 M H2SO4 at room temperature. CV-1 represents the initial CV after the potential excursion and CV-2 represents the stable CV after cycling the
potential several times between 0.06 and 1.0 VRHE (scan rate 10 mV s−1, electrolyte flow rate ca. 60 �l s−1).
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ig. 6. Faradic (lower part) and mass spectrometric (m/z = 44; upper part) currents
.0) to CO2-saturated and Ar-saturated 0.5 M H2SO4 for 60 s at 1.0 VRHE. Following th
electrolyte flow rate ca. 60 �l s−1).

ct weakly with carbonaceous surfaces, either via surface oxygen
omplexes or directly with graphene planes [60]. Accordingly, the
elease of CO2 at low potentials could be induced by reduction of
xygenated surface carbon species, by potential induced destabi-
ization of carbon–oxygen complexes or by charging/discharging
f the carbon surface, which could be tentatively attributed to
dsorption of bicarbonate anions, formed via hydration of CO2 to
arbonic acid, at higher potentials, and subsequent desorption of
hese anions at low potentials, resulting in (partial) dehydration of
he released carbonic acid and CO2 formation.

In all of these mechanisms for stabilizing CO2 in the carbon pores
r on the carbon surface, the amount of CO2 stored in the carbon
aterial would depend sensitively on the microstructure (porosity)

f the carbon material. Stabilization of CO2 in carbon nanopores fits
ell to the observation of the large amounts of CO2 released at lower
otentials from sample B.0, which exhibits the highest inner surface
rea (see Section 3.1). Decreasing the porosity results in less CO2
elease at low potentials. On the other hand, the very low amounts
f CO2 released on the graphitized samples A.1 and B.1, which have
pecific surface areas comparable to those of most other samples,
ut a very low surface oxygen contents, indicates that surface oxy-
en also plays an important role for the stabilization of CO2 in the
espective carbon materials.

To further examine the proposal of a potential induced release of
dsorbed/trapped CO2, freshly prepared thin-film electrodes of the
aw carbon materials (A.0 and B.0) were exposed to CO2-saturated
upporting electrolyte at 1.0 VRHE for 60 s, then the CO2-saturated
lectrolyte was fully exchanged by Ar-saturated electrolyte at the
ame potential, and finally the electrode potential was stepped
ack to 0.06 VRHE. Before, during and after the potential step,
he CO2 signal was followed by on-line mass spectrometry. For
omparison, the same experiment was performed in Ar-saturated
lectrolyte (blank or reference experiment), without exposing the
lectrode to CO2 (Fig. 6). Samples A.0 and B.0 were selected because
f their significant difference in the total and internal surface area
porosity). Sample B.0 has an about 7.5 and 16 times higher total
nd internal surface area, respectively, compared to sample A.0.
Fig. 6a and b shows that for the blank experiments (black line),
fter exposing the electrodes at 1.0 VRHE to Ar-saturated electrolyte
nd stepping the potential back to 0.06 VRHE, the sample A.0 does
ot produce any measurable amounts of CO2, whereas sample B.0
enerated about 0.94 nC m−2 charge (normalized vs. the BET surface
ded at 0.06 VRHE after exposing the carbon electrode (untreated materials: A.0 and
uptake, the potential was stepped from 1.0 to 0.06 VRHE in Ar-saturated electrolyte

area). The latter sample starts to be oxidized already at poten-
tial about 0.9 VRHE (see Fig. 2b), therefore small amounts of CO2
can be formed at 1.0 VRHE, which are partly released when step-
ping the potential back to 0.06 VRHE in Ar-saturated electrolyte.
The situation is quite different after exposing the samples to CO2-
saturated electrolyte at 1.0 VRHE. After returning the potential to
0.06 VRHE, sample A.0 released an equivalent of about 3.5 nC m−2 of
CO2, whereas sample B.0 produced an equivalent of ca. 13.3 nC m−2

or 9.2 × 1015 CO2 molecules m−2 (light grey lines). For both samples,
the Faradaic current transients do not show any significant change
after exposure to Ar or CO2-saturated electrolyte at 1.0 VRHE. These
results provide clear proof that measurable amounts of gaseous CO2
can be stored in these carbon materials and released upon stepping
to lower potentials. Considering that the uptake of CO2 from the
electrolyte may be diffusion limited, storage of CO2 generated dur-
ing the electrooxidation of carbon at high potentials in the carbon
nanopores should be even more efficient. Furthermore, the simulta-
neous formation of oxygenated surface carbon species during elec-
trooxidation of carbon at high potentials and their interaction with
CO2 will further enhance the amount of CO2 stored in the respective
carbon materials compared to the amounts observed in Fig. 6.

In total, these measurements clearly demonstrate that the CO2
released from carbon supports at potentials well below the stan-
dard potential for carbon oxidation results at least partly from CO2
which was formed during preceding excursions to high potentials
and stabilized in the carbon material at these potentials. Additional
contributions from CO2 formation by chemical reaction between
surface carbon and hydrogen peroxide formed at lower potentials
via oxygen reduction can, however, not be excluded.

4. Conclusions

The oxidation and corrosion resistance of two different types of
carbon supports for fuel cell catalysts, a little porous material (set A)
and a highly porous material (set B), and the influence of subsequent
graphitization or graphitization plus oxidation were investigated in
model studies on thin-film electrodes under potential conditions

relevant for PEFCs in mobile and stationary applications. Special
attention was paid to the abnormal potential situation experienced
during start-up and shut-down procedures, where the cathode
potential can range up to 1.5 VRHE. Reversible surface oxidation
to oxygenated surface carbon species and irreversible oxidation
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o CO2 could be discriminated by simultaneous electrochemical
nd mass spectrometric measurements. The specific surface area
f the different materials was determined by adsorption mea-
urements, discriminating between total surface area (nitrogen or
odine adsorption) and outer surface area (CTAB adsorption). The
urface oxygen content was evaluated by XPS. These measurements
ed to the following results and conclusions:

1. For B-type carbon materials, the total specific surface area and
the inner specific surface area or surface area of pores and
voids of the non-treated material are significantly reduced by
graphitization (high temperature treatment), they remain at that
level upon subsequent thermal oxidation. For A-type carbon, the
contributions from the pores (inner surface) are small, and sub-
sequent treatments cause little changes in these characteristics.
Even after processing, the (total) specific surface area of B-type
carbon is about double of that of A-type carbon.

. The absolute surface oxygen content determined by XPS analysis
is significantly higher for B-type carbon than for A-type carbon,
by 50–100%. For both materials, it decreases significantly upon
graphitization, to about 40% of the original value, and increases
sharply, to about 200–250% of the original value, upon subse-
quent thermal oxidation.

. Reversible surface oxidation of carbon, which is evident by char-
acteristic reduction/oxidation peaks at ∼0.5/∼0.6 VRHE, in base
cyclic voltammograms, is largely correlated with the total surface
area, in particular after excursion to high potentials (1.5 VRHE).

. The activity for irreversible oxidation of carbon to CO2 at high
potentials (1.5 VRHE) decreases in the order graphitized/oxidized
carbon > non-treated carbon > graphitized carbon, using the sur-
face area normalized amount of CO2 formed per time under
these conditions as measure. This property depends little on the
porosity, much more important is the amount or surface oxy-
gen present before electrooxidation. Apparently, these surface
species can act as nucleation sites or active centers for complete
carbon oxidation. The observed decrease of CO2 formation with
increasing number of excursions to high potentials is tentatively
explained by an increasing removal of active sites with specific
structural (unsaturated carbon bonds) or chemical (oxygenated
surface carbon species) properties during ongoing electrooxida-
tion.

. Based on CO2 adsorption/desorption experiments, the appar-
ent generation of CO2 at low potentials below the standard
potential for carbon (0.207 VRHE at 25 ◦C), e.g., in CVs recorded
after electrochemical oxidation, can be explained by a potential
induced release of CO2 trapped in the pores and/or adsorbed
on active carbon surface sites, where the CO2 was formed
during preceding exposure to high potentials. The amount of
adsorbed/trapped CO2 depends on the carbon micro- and nano-
structure, with most CO2 being observed on the highly porous
non-treated B-type carbon. Depending on the nature of the
adsorption/absorption process and the stabilizing interactions
with the carbon surface, the adsorbed/trapped CO2 can be
released (i) by potential induced decomposition of stable surface
carbon–oxygen complexes (decomposition to CO2), (ii) by reduc-
tion of CO2,ad-stabilizing oxygenated surface carbon species, or
(iii) by physical charging of the interface.

Additional contributions from chemical reaction of surface
arbon with hydrogen peroxide formed on the catalyst at low poten-
ials in the presence of O2 or air cannot be ruled out, but are not

ecessarily required to explain the observed CO2 formation under
hese conditions.

In general, this model study on the corrosion stability of car-
on showed that the graphitized materials with low oxygen surface
ontent and low inner surface area (porosity) are most resis-

[
[
[

[
[

er Sources 190 (2009) 14–24 23

tant towards the reversible electrochemical carbon oxidation and
towards irreversible oxidation of carbon under the abnormal PEFC
operating conditions experienced during start-up/shut-down pro-
cedures.
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