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Abstract Accelerated electrochemical corrosion of
nitrogen-containing carbon (CN,) oxygen reduction cata-
lysts was performed by a chronoamperometric hold at
1.2 V versus NHE in acidic electrolyte using a rotating disk
electrode system. Cyclic voltammograms were used to
measure the electrochemically active quinone/hydroqui-
none redox reaction couple indicating the degree of carbon
corrosion. Half-cell testing of CN, oxygen reduction cat-
alyst materials showed superior carbon corrosion resistance
compared to Vulcan carbon, the most ubiquitous cathode
catalyst support. When oxygen reduction activity was
measured before and after carbon corrosion, carbon cor-
rosion resilience trended with the oxygen reduction activ-
ity. CN, catalysts subjected to carbon corrosion testing did
not show a change in the onset of oxygen reduction reac-
tion (ORR) activity potentials with only a slight reduction
in current density, but showed improved ORR selectivity to
the complete reduction of dioxygen to water.

Keywords Carbon corrosion - Fuel cell -
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1 Introduction
Proton exchange membrane (PEM) fuel cells have the

potential to greatly impact the portable energy utilization
sector, but there are technological hurdles that must be
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addressed before PEM fuel cells become market-ready.
Currently, costly platinum and platinum alloy catalysts
with high loadings are utilized to accelerate the slow
kinetics of the oxygen reduction reaction (ORR) on the
cathode side of the fuel cell. Inexpensive nitrogen-doped
carbon catalysts have been shown to have significant ORR
activity (which is less than expensive platinum-based cat-
alysts) [1-18], but understanding the process by which
these catalyst materials deactivate is necessary for further
development [14, 19].

Carbon materials are commonly used as a support for
platinum and platinum-alloyed cathode catalysts in PEM
fuel cells. Carbon support materials are chosen due to their
economics, high surface area, thermal and electrical con-
ductivity, and high stability under normal PEM fuel cell
operating conditions [20, 21]. Corrosive conditions in PEM
fuel cells occur at low pH (<1) [22], high temperatures
(50-90 °C) [22], high operating potential (0.6—1.2 V) [22]
and low hydrogen feed concentrations [21]. These condi-
tions prevail especially when the fuel cell is at open circuit
voltage (OCV), where exchange currents are high and the
cathode is subjected to potentials in excess of 1.2 V versus
NHE [20, 21]. Although, fuel cell operating conditions
appear to make the carbon support prone to carbon corro-
sion, in practice, the actual carbon corrosion is slow [20,
23]. During normal fuel cell operation an excess of protons
are available in the cathode making oxygen reduction the
preferred reaction compared to carbon oxidation, due to Le
Chatelier’s principle. The oxygen reduction and carbon
corrosion reactions involved are shown in Scheme 1.

There are two main electrochemical methods employed
to accelerate carbon corrosion for ORR catalysts in half-
cell and fuel cell experiments. One method employs cyclic
voltammograms (CVs) that cycle from 1.2-1.4 V versus
NHE to approximately 0 V versus NHE at fixed rate with
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Oxygen -0, +2 +2e — H,0; 0.695V vs. NHE
Reduction™. 0, + 41 + 4e-— 2H,0 1,229V vs. NHE

Scheme 1 Carbon corrosion and oxygen reduction reactions and
their standard potentials

or without rest periods between cycles for the duration of
the test [20, 22-27]. Cycling voltage has shown a reduction
in fuel cell performance for noble metal ORR catalysts and
was used to demonstrate the carbon corrosion resistance of
support media for the noble metal [28]. However, it has
been shown that voltage cycling can lead to detachment of
Pt nanoparticles without corroding the carbon support
perceptibly [24]. Furthermore, repeated CV techniques
were shown to preferentially corrode the carbon sublayer
that is between the active catalyst layer and the gas dif-
fusion layer due to high potential and low hydrogen con-
centration, instead of the cathode catalyst layer [20].
The other electrochemical technique used to measure car-
bon corrosion is a chronoamperometric hold at high
potential (1.2-1.4 V vs. NHE) with intermediate activity or
CV testing to monitor the progress of the carbon corrosion
[21, 29-33]. The chronoamperometric technique has been
shown to increase the surface oxide concentration [33],
which is an intermediate step in the corrosion of carbon
materials before the formation of carbon dioxide gas [34].
Chronoamperometric techniques have also shown a
decrease in activity of Pt/C ORR cathode catalyst with
duration of potential hold [29, 32, 33].

Carbon corrosion has been studied for various carbon
support materials with [31, 34] and without Pt catalysts
[29, 32], but the corrosion of nitrogen-doped carbon ORR
catalysts in acidic medium simulating the PEM fuel cell
environment, to our knowledge, has not been studied
directly. Unfortunately the deactivation of Pt/C catalysts
are due to multiple effects; Pt agglomeration, Pt nanopar-
ticle detachment, and carbon corrosion. Furthermore, the
capacitance current of platinum oxide groups obscures the
location of the hydroquinone/quinone at 0.6 V versus NHE
in the cathodic scan of a cyclic voltammogram. In this
study, we have chosen to examine the corrosion behavior
of Vulcan carbon as well as CN, catalysts. Furthermore,
since fuel cell operation will experience high cathode
potentials during OCV and lean fuel operation during
startup, chronoamperometry was chosen to examine the
carbon corrosion of CN, catalyst materials. Due to the
compounding complications in platinum catalyst the focus
of this publication is to elucidate the corrosion resistance of
Pt-free, nitrogen-doped graphite ORR catalysts as they
compare to Vulcan carbon, the most prevalent type of
carbon support used in fuel cells.
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2 Experimental
2.1 Catalyst synthesis

The CN, catalysts were synthesized by pyrolyzing aceto-
nitrile over a metal oxide or carbon support material. The
oxide support used was a MgO nanopowder (Aldrich),
either doped with 2 wt% Fe using DI water and iron acetate
(Aldrich) solution through incipient wetness impregnation
technique, or used as received. Fe-doped (2 wt%) Vulcan
carbon was prepared using a similar wet impregnation
procedure. The resulting material was purged with nitrogen
gas at 150 ccm for 30 min at room temperature and then
heated to 900 °C at 10 °C min~'. Once the furnace tem-
perature reached 900 °C, the nitrogen gas was saturated
with acetonitrile and subjected to a 2-h catalyst growth
period in which CN, nano-structures were grown. Upon
completion of the growth period, the material was allowed
to rapidly cool to 23 °C with N, flowing. Catalysts con-
taining a magnesia support were washed in 1 M HCI for
1 h at 60 °C with agitation to remove any exposed support
and metals. The washed catalyst was then rinsed with a
~ 1000 mL of DI H,O and allowed to dry in air at 110 °C.
Upon drying, the resulting nitrogen-containing graphitic
carbon ORR catalyst is denoted as CN,. Additional details
on CN, catalyst synthesis have been reported previously
[1, 5]. The relative surface composition of CN, grown on
Fe/MgO determined through X-ray photoelectron spec-
troscopy was 86.1% carbon, 9. 0% nitrogen, 3.4% oxygen,
and 0.1% magnesium [3]. The resulting materials produced
were mainly stacked cup nanostructures for CN, grown on
Fe/MgO, herringbone nanostructures for CN, grown on
Fe/VC and nanocubes for CN, grown on MgO [1, 5]. The
nanostructure of Vulcan carbon tends to be a nano onion-
type geometry. The nanostructure of catalysts and support
materials likely affects the ORR on the surface [1].

2.2 Carbon corrosion measurement

Cyclic voltammograms were used to measure the current of
the electrochemically active quinone/hydroquinone redox
reaction indicating the degree of carbon corrosion using a
PAR bipotentiostat. To simulate the fuel cell environment,
half-cell corrosion tests were performed in fresh
0.5 M H,SO, with a rotating ring disk electrode (RRDE)
(PAR Model 636 Electrode Rotator). An Ag/AgCl (Sat.
KCl) (Gamry Instruments) reference electrode was used to
measure potential. A platinum wire counter electrode was
also used in the half-cell setup. Argon was continuously
sparged through the 0.5 M H,SO, electrolyte during test-
ing and at least 30 min before testing so that changes in
the oxygen reduction activity would not mask the detection
of the quinone/hydroquinone species. A catalyst ink was
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prepared by mixing 1:10:160 catalyst: 5% Nafion in ali-
phatic alcohols (Electrochem): 100% ethanol (Decon) by
weight and was immediately sonicated for 30 min. After
sonication, three 5 pL aliquots of catalyst ink were applied
to the glassy carbon (GC) disk electrode of the RRDE
(MT28 Series ThinGap RRDE Pine Research), allowing the
ink to dry between applications. Assuming uniform dilution
of the ink, this catalyst loading was 426 pg cm™ 2. Once the
catalyst-coated electrode had dried, it was wetted with DI
H,O before being submerged in the 0.5 M H,SO, electro-
lyte. Carbon corrosion was accelerated by holding the cat-
alyst-coated electrode at 1.2 V versus NHE for 48 h. The
progress of carbon corrosion was monitored by intermittent
CVs from 1.2V to 02V to 1.2V versus NHE at
10 mV sec™ " after 0,2,4,8, 16, 24, and 48 h of accelerated
carbon corrosion. A series of five CVs was used at each
carbon corrosion interval to ensure that the recorded signal
had reached steady state. All corrosion comparisons were
done using steady state CVs. The intermittent CVs were
used to measure the evolution of the hydroquinone/quinone
with time of potential hold. All corrosion tests were per-
formed at 1000 rpm and at room temperature, 23 £+ 1 °C.
Similar investigations have been performed that demon-
strate carbon corrosion on Pt on carbon [29, 33] and carbon
nanotubes [31]. It should be pointed out that in a membrane
electrode assembly the carbon gas diffusion layer is espe-
cially susceptible to carbon corrosion [20], so the following
study has focused solely on cathode catalyst materials.

2.3 Activity—selectivity measurements (ORR)

The ORR activity and selectivity data were collected using
the rotating ring disk (RRDE) technique in an O,-saturated
half-cell of 0.5 M H,SO,. Catalyst ink was applied to the
GC disk of the RRDE in the same manner as described in
the Sect. 2.2. The thin hydrophobic Teflon ring in the MT28
Series ThinGap RRDE electrode tip (Pine Research) sepa-
rated the GC disk from the platinum ring which allowed the
hydrophilic catalyst ink to only be deposited GC disk and
not on platinum ring. Oxygen was bubbled through the half-
cell electrolyte for more than 30 min to reach saturation.
Once the electrode was submerged into the O,-saturated
0.5 M H,SO, electrolyte, two cyclic voltammograms from
12V to 0.0V to 1.2V versus NHE at 10 mV s™' were
performed to wet the electrode surface. The electrolyte was

Table 1 The types of electrochemical experiments performed

then saturated with argon gas by sparging for a minimum of
30 min. A series of CVs were performed on the catalyst-
coated disk electrode from 1.2 V to O V to 1.2 V versus
NHE at 50 mV s~ while holding the Pt ring at 1.2 V versus
NHE to remove surface impurities from both the disk and
ring until reproducible scans were reached. Next, an ORR
activity background was collected in argon-saturated elec-
trolyte by scanning at 10 mV s~' from 1.2 V to 0.0 V to
1.2 V versus NHE at 100 rpm while holding the ring at
1.2 V versus NHE. The electrolyte was then bubbled with
pure oxygen for more than 30 min. Once again, a series of
CVs was done on the catalyst-coated disk electrode from
12V 1t0 0.0V to 12V versus NHE at 50 mV s~ while
holding the Pt ring at 1.2 V versus NHE to remove surface
impurities from both the disk and ring until reproducible
scans were acquired. Next, ORR activity—selectivity data
were collected by scanning at 10 mV s~ ' from 1.2 Vto 0 V
to 1.2 V versus NHE while holding the ring at 1.2 V versus
NHE at 100, 0, and 1000 rotations per minute.

Selectivity is determined as the number of electrons
transferred per oxygen molecule reduced at the disk (n) by
evaluating the difference in the disk and ring currents
during ORR testing. An n value of 4 corresponds to a
complete reduction of dioxygen to water with a four-
electron transfer, while an n value of 2 is equivalent 100%
selectivity to hydrogen peroxide formation.

The reactions measured through the disk current are the
desired full reduction of dioxygen and the partial reduction
of dioxygen to form H,0,, respectively [35].

0, +4e~ +4H" — 2H,0 1.23 V versus NHE
0, +2e~ +2H" — H,0, 0.695V versus NHE

The ring was held at 1.2 V versus NHE, where ORR
current is negligible and the oxidation of H,O, to oxygen is
mass transfer limited.

Selectivity, n, is calculated using the following equation:

~4b
o+ ()

where n = number of electrons transferred per oxygen
molecule, Ip = disk current of the ORR reaction,
Iz = ring current, and N = collection efficiency of the ring
(0.22 for RRDE tip used).

Table 1 shows the three types of electrochemical
experiments performed. An ORR test is an activity—

n

Test type Consecutive experimental procedures
ORR Ink application Oxygen reduction testing
Corrosion Ink application Corrosion testing

ORR-corrosion-ORR Ink application

Oxygen reduction testing

Corrosion testing Oxygen reduction testing
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selectivity measurement on freshly applied catalyst. A
corrosion test is a carbon corrosion measurement on a
freshly applied catalyst. An ORR-corrosion-ORR test is an
ORR activity—selectivity measurement on freshly applied
catalyst followed by a carbon corrosion measurement and
another activity—selectivity measurement on the same cat-
alyst-coated electrode.

3 Results and discussion

3.1 Carbon corrosion on CN, materials and Vulcan
carbon (corrosion tests)

The degree of carbon corrosion was determined by
observing the evolution of the quinone to hydroquinone
peak in the anodic scan of intermittent CVs while per-
forming chronoamperometric potential holds at 1.2V
versus NHE over 48 h in a RDE experimental setup in
0.5 M H,SO, electrolyte. Vulcan carbon has been shown
to oxidize in sulfuric acid with high potential holds and
undergo the intermediate hydroquinone/quinone species
during carbon corrosion [29-31]. Graphitic carbon mate-
rials all have some degree of oxygen functionalization at
ambient conditions [36]. As carbon is corroded, formation
of additional oxygen functional groups can indicate carbon
corrosion. Since Vulcan carbon and CN, ORR catalysts are
both primarily graphitic carbon, it is reasonable that CN,
would corrode through a similar mechanism and therefore
corrosion resistance could be gauged by high potential
holds in sulfuric acid.

The quinone/hydroquinone oxidation reduction reaction
can be seen in Fig. la. Figure 1b shows the intermittent
CVs taken over Vulcan carbon while performing chrono-
amperic potential holds. The quinone/hydroquinone peaks
are evident by the increase in current at ~0.6 V versus
NHE [29, 30] with time in the anodic (upper) set of linear
scans. The intensity of the peaks increases significantly as
the duration of high-voltage hold increases. Figure lc
shows similar CVs taken over CN, grown on Fe-doped
Vulcan carbon. The intensity increase of quinone/hydro-
quinone peaks in CN, materials is smaller than Vulcan
carbon, suggesting that these materials are more corrosion
resistant.

Figure 2a shows a comparison of the corrosion behav-
iors of three different CN, catalysts grown on different
supports and untreated Vulcan carbon. The extent of cor-
rosion is expressed as percent change in the intensity of the
quinone/hydroquinone electrochemically active couple (at
0.627 V vs. NHE) in the anodic current of intermittent CVs
with increasing duration of the potential hold of 1.2 V
versus NHE. The high increase in the quinone/hydroqui-
none peak over Vulcan carbon indicates that Vulcan carbon
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Fig. 1 (a) Electrochemically active quinone (left)-hydroquinone
(right) reduction-oxidation couple on graphite edge, (b) Evolution
of the quinone/hydroquinone species on Vulcan Carbon-XC72,
(c) evolution of the hydroquinone/quinone species on CN, grown
on Fe/Vulcan carbon. CVs are taken after 0, 2, 4, 8, 16, 24, 48 hrs
with 1.2 V vs. NHE potential hold in 0.5 M H,SO4 (1000 rpm,
10 mV/sec, 426 pg/cm? catalyst loading)

is much less corrosion resistant than CN, ORR catalyst
materials. The small growth of the quinone/hydroquinone
peak for “CN, grown on Fe/MgO” and “CN, grown on Fe/
Vulcan Carbon” indicates that iron-catalyzed growth of
CN, leads to an increase in carbon corrosion resistance of
the ORR catalysts. The increased corrosion resistance may
be due to an increase in graphitic character of these
materials as well as the increased nitrogen functionalities
on the edges. Previous studies have shown that CN,
nanostructures formed during pyrolysis have a higher
degree of edge plane exposure and a higher degree of py-
ridinic nitrogen when transition metals (Fe, Co) are used to
catalyze the growth CN, catalyst [3]. Although carbon
corrosion is thought to attack the chemically active edges
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Fig. 2 (a) Carbon corrosion of CN, catalysts and Vulcan carbon
support reported as change in the intensity of the quinone/hydroqui-
none electrochemically active couple (at 0.627 V vs. NHE) in the
anodic current of intermittent CVs with potential hold of 1.2 V vs.
NHE in a rotating disk electrode experimental setup, (b) ORR activity
of the same four catalysts, (1000 rpm, 10 mV/sec, 426 pg/cm? catalyst
loading)

of graphite [29, 37], the observation that CN, catalysts with
high edge plane exposure have a higher resistance to car-
bon corrosion would suggest that the inclusion of nitrogen
into graphite could potentially reduce the oxidation of the
exposed edge planes and retard carbon corrosion.

Figure 2b shows a comparison of the ORR activity of
the same four materials used for corrosion testing. As
expected, CN, catalysts were found to have much greater
oxygen reduction activity than Vulcan carbon. Nitrogen
functionalities imparted to these CN, materials through
pyrolysis in nitrogen and carbon containing atmospheres is
known to increase their oxygen reduction activity [15, 38].
CN, ORR catalysts grown over Fe-doped supports were
found to have a higher ORR activity than CN, formed
without iron-catalyzed growth. This increase in activity
may be due to the formation of carbon-nitrogen nano-
structures that have more edge plane exposure per mass
[3], which is where oxygen reduction likely takes place
[1, 6, 10, 39]. Another correlation that has been reported

previously is between the ORR activity and the pyridinic
nitrogen content of the CN, materials [2, 7, 40].

The two comparisons shown in Fig. 2a and b reveal that
catalysts with higher ORR activity exhibit the increased
resistance to carbon corrosion. In other words, the catalysts
with the highest oxygen reduction activity are the most
resistant to carbon corrosion. This trend was persistent in
all catalysts studied. This could be due to the catalyst’s
ability to preferentially facilitate the reduction of oxygen
over the surface instead of carbon oxidation reactions that
would lead to carbon corrosion.

3.2 Effect of corrosion on the ORR
(ORR-corrosion-ORR tests)

In an effort to observe the effect of carbon corrosion on
ORR performance of these materials, the RRDE oxygen
reduction activity and selectivity tests were performed
before and after electrochemical corrosion testing. The
same electrocatalyst electrode was submitted to all three
electrochemical tests in succession, so currents could be
compared directly and unambiguously. A comparison of
the disk and ring currents obtained before and after cor-
rosion tests is presented in Fig. 3a for the most active (CN,
grown on Fe/MgO) and the least active (Vulcan carbon
support) ORR catalysts. The selectivities calculated using
disk and ring currents are expressed as number of electrons
transferred per O, molecule (), and shown in Fig. 3b for
these two catalysts before and after corrosion testing. For
the CN, grown on Fe/MgO, the ORR activity current
density was slightly lower following corrosion testing
although the onset of activity did not change. Vulcan car-
bon did not show much ORR activity loss, however, the
activity was extremely low to start with. Another obser-
vation is that the selectivity of the most active catalyst
improved following corrosion testing (n increasing from
~3.7 to 3.9) while that of Vulcan carbon somewhat
decreased. This could be due in part to an increase in
oxygen function groups [17, 41], which were observed
electrochemically. Because the current density for Vulcan
carbon was very low at voltages above 0.3 V versus NHE,
the selectivity values were not reported in this range
(Fig. 3b).

The effect of ORR activity testing on the corrosion
behavior of the catalysts was examined by performing
corrosion tests on fresh catalyst-coated electrodes and
electrodes after ORR tests. Corrosion CVs taken on freshly
applied catalysts and catalysts post-ORR testing after O or
48 h of hold time at high voltage are shown for CN, grown
on Fe/Vulcan carbon and untreated Vulcan carbon in
Fig. 4a and b, respectively. Vulcan carbon and CN, grown
on Fe/Vulcan carbon catalyst both show a substantial
decrease of the hydroquinone/quinone peak after ORR
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Fig. 3 RRDE activity and selectivity comparison before and after
corrosion testing (a) (above) the ring current (a) (below) disk current
density, (b) number of electrons transferred per O, molecule
calculated from the ring and disk currents. Data collected in
oxygen-saturated 0.5 M H,SO, (1000 rpm with a catalyst loading
426 pg/em?, 10 mV/s) and the ring current at the Pt ring held at 1.2 V
vs. NHE in oxygen saturated 0.5 M H,SO,. Data are presented after
Ar background is subtracted

=
Ll

testing. The relative intensity increase of the quinone/
hydroquinone current during corrosion testing (from O to
48 h of hold time) did not change much for Vulcan carbon
following ORR testing. CN, grown on Fe/Vulcan carbon
showed significantly less growth in the quinone/hydroqui-
none peak post ORR compared to fresh catalyst, but had a
substantial decrease in the cathodic current at low poten-
tials (Fig. 4a). The decrease in cathodic current at low
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Fig. 4 Quinone/hydroquinone detection CVs after 0 and 48 hr 1.2 V
vs. NHE potential holds for; (a) fresh and ORR tested CN, grown on
Fe/Vulcan carbon, (b) fresh and ORR tested Vulcan carbon-XC72.
Tested in 0.5 M H,SO,, at 1000 rpm, 10 mV/sec, 426 pg/crn2 catalyst
loading

potentials (0.5-0.2 V vs. NHE) during corrosion testing for
materials subjected to ORR testing was unique to CN,
catalyst materials. This decrease in cathodic current at low
potential for CN, grown on Fe/Vulcan carbon post-ORR
testing can be attributed to a removal of surface oxides
apart from the electrochemically active quinone/hydro-
quinone species [34, 42]. ORR testing appears to have
consumed much of electrochemically active quinone/
hydroquinone and low cathodic potential oxygen species
present on the catalyst surface (Fig. 4), suggesting a sur-
face stabilization during ORR testing, which makes it less
prone to carbon corrosion.

4 Conclusions

The CN, ORR catalyst materials showed superior carbon
corrosion resistance compared to Vulcan carbon, which is
the most commonly used carbon material in fuel cells. CN,
materials grown on an iron-doped support had higher ORR
activity than materials subjected to an acetonitrile atmo-
sphere at high temperature without an iron growth catalyst.
CN; catalysts subjected to carbon corrosion testing did not
show a change in the potentials of activity onset only a
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slight reduction in current density, but exhibited improved
ORR selectivity to the complete reduction of dioxygen to
water. Carbon corrosion resistance trended with increasing
oxygen reduction activity with the most active CN, cata-
lysts showing the most resistance to corrosion. These CN,
catalysts also became more resistant to carbon corrosion
following ORR activity measurements, possibly due to
surface stabilization during the ORR.
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