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Abstract Accelerated electrochemical corrosion of

nitrogen-containing carbon (CNx) 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 CNx 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. CNx 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

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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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 CNx 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 CNx 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.

2 Experimental

2.1 Catalyst synthesis

The CNx 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-1. 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 CNx nano-structures were grown. Upon

completion of the growth period, the material was allowed

to rapidly cool to 23 �C with N2 flowing. Catalysts con-

taining a magnesia support were washed in 1 M HCl 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 H2O and allowed to dry in air at 110 �C.

Upon drying, the resulting nitrogen-containing graphitic

carbon ORR catalyst is denoted as CNx. Additional details

on CNx catalyst synthesis have been reported previously

[1, 5]. The relative surface composition of CNx 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 CNx grown on

Fe/MgO, herringbone nanostructures for CNx grown on

Fe/VC and nanocubes for CNx 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 H2SO4 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 H2SO4 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

Scheme 1 Carbon corrosion and oxygen reduction reactions and

their standard potentials
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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 lL 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 lg cm-2. Once the

catalyst-coated electrode had dried, it was wetted with DI

H2O before being submerged in the 0.5 M H2SO4 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 1.2 V to 0.2 V to 1.2 V versus NHE at

10 mV sec-1 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 O2-saturated

half-cell of 0.5 M H2SO4. 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 O2-saturated

0.5 M H2SO4 electrolyte, two cyclic voltammograms from

1.2 V to 0.0 V to 1.2 V versus NHE at 10 mV s-1 were

performed to wet the electrode surface. The electrolyte was

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 0 V to 1.2 V versus

NHE at 50 mV s-1 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-1 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

1.2 V to 0.0 V to 1.2 V versus NHE at 50 mV s-1 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-1 from 1.2 V to 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 H2O2, respectively [35].

O2 þ 4e� þ 4Hþ ! 2H2O 1:23 V versus NHE

O2 þ 2e� þ 2Hþ ! H2O2 0:695 V versus NHE
:

The ring was held at 1.2 V versus NHE, where ORR

current is negligible and the oxidation of H2O2 to oxygen is

mass transfer limited.

Selectivity, n, is calculated using the following equation:

n ¼ 4ID

ID þ IR

N

� �;

where n = number of electrons transferred per oxygen

molecule, ID = disk current of the ORR reaction,

IR = 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–

Table 1 The types of electrochemical experiments performed

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 CNx 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 1.2 V

versus NHE over 48 h in a RDE experimental setup in

0.5 M H2SO4 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 CNx ORR catalysts are

both primarily graphitic carbon, it is reasonable that CNx

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. 1a. 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 1c

shows similar CVs taken over CNx grown on Fe-doped

Vulcan carbon. The intensity increase of quinone/hydro-

quinone peaks in CNx 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 CNx 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

is much less corrosion resistant than CNx ORR catalyst

materials. The small growth of the quinone/hydroquinone

peak for ‘‘CNx grown on Fe/MgO’’ and ‘‘CNx grown on Fe/

Vulcan Carbon’’ indicates that iron-catalyzed growth of

CNx 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 CNx

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 CNx catalyst [3]. Although carbon

corrosion is thought to attack the chemically active edges

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 CNx 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 H2SO4 (1000 rpm,

10 mV/sec, 426 lg/cm2 catalyst loading)
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of graphite [29, 37], the observation that CNx 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, CNx catalysts were found to have much greater

oxygen reduction activity than Vulcan carbon. Nitrogen

functionalities imparted to these CNx materials through

pyrolysis in nitrogen and carbon containing atmospheres is

known to increase their oxygen reduction activity [15, 38].

CNx ORR catalysts grown over Fe-doped supports were

found to have a higher ORR activity than CNx 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 CNx 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 (CNx

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 O2 molecule (n), and shown in Fig. 3b for

these two catalysts before and after corrosion testing. For

the CNx 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 0 or

48 h of hold time at high voltage are shown for CNx grown

on Fe/Vulcan carbon and untreated Vulcan carbon in

Fig. 4a and b, respectively. Vulcan carbon and CNx grown

on Fe/Vulcan carbon catalyst both show a substantial

decrease of the hydroquinone/quinone peak after ORR

Fig. 2 (a) Carbon corrosion of CNx 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 lg/cm2 catalyst

loading)
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testing. The relative intensity increase of the quinone/

hydroquinone current during corrosion testing (from 0 to

48 h of hold time) did not change much for Vulcan carbon

following ORR testing. CNx 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

potentials (0.5–0.2 V vs. NHE) during corrosion testing for

materials subjected to ORR testing was unique to CNx

catalyst materials. This decrease in cathodic current at low

potential for CNx 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 CNx ORR catalyst materials showed superior carbon

corrosion resistance compared to Vulcan carbon, which is

the most commonly used carbon material in fuel cells. CNx

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.

CNx catalysts subjected to carbon corrosion testing did not

show a change in the potentials of activity onset only a

Fig. 4 Quinone/hydroquinone detection CVs after 0 and 48 hr 1.2 V

vs. NHE potential holds for; (a) fresh and ORR tested CNx grown on

Fe/Vulcan carbon, (b) fresh and ORR tested Vulcan carbon-XC72.

Tested in 0.5 M H2SO4, at 1000 rpm, 10 mV/sec, 426 lg/cm2 catalyst

loading

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 O2 molecule

calculated from the ring and disk currents. Data collected in

oxygen-saturated 0.5 M H2SO4 (1000 rpm with a catalyst loading

426 lg/cm2, 10 mV/s) and the ring current at the Pt ring held at 1.2 V

vs. NHE in oxygen saturated 0.5 M H2SO4. Data are presented after

Ar background is subtracted
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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 CNx cata-

lysts showing the most resistance to corrosion. These CNx

catalysts also became more resistant to carbon corrosion

following ORR activity measurements, possibly due to

surface stabilization during the ORR.

Acknowledgments The authors gratefully acknowledge the support

for this study from the US Department of Energy—Basic Energy

Sciences through the grant # DE-FG02-07ER15896.

References

1. Matter PH, Zhang L, Ozkan US (2006) J Catal 239:83

2. Lefevre M, Proietti E, Jaouen F, Dodelet J-P (2009) Science

324:71

3. Matter PH, Wang E, Arias M, Biddinger EJ, Ozkan US (2007)

J Mol Catal 264:73

4. Matter PH, Biddinger EJ, Ozkan US (2007) Non-precious metal

oxygen reduction catalysts for PEM fuel cells. The Royal Society

of Chemistry, Cambridge

5. Matter PH, Wang E, Ozkan US (2006) J Catal 243:395

6. Matter PH, Wang E, Arias M, Biddinger EJ, Ozkan US (2006)

J Phys Chem B 110:18374

7. Matter PH, Ozkan US (2006) Catal Lett 109:115

8. Bezerra CWB, Zhang L, Lee K, Liu H, Marques ALB, Marques

EP, Wang H, Zhang J (2008) Electrochim Acta 53:4937

9. Nallathambi V, Lee J-W, Kumaraguru SP, Wu G, Popov BN

(2008) J Power Sources 183:34

10. Subramanian NP, Li X, Nallathambi V, Kumaraguru SP, Colon-

Mercado H, Wu G, Lee J-W, Popov BN (2009) J Power Sources

188:38

11. Wu G, Chen Z, Artyushkova K, Garzon FH, Zelenay P (2008)

ECS Trans 16:159

12. Schilling T, Bron M (2008) Electrochim Acta 53:5379

13. Chung HT, Johnston CM, Garzon FH, Zelenay P (2008) ECS

Trans 16:385

14. Gasteiger HA, Markovic NM (2009) Science 324:48

15. Shao Y, Sui J, Yin G, Gao Y (2008) Appl Catal B Environ 79:89

16. Bashyam R, Zelenay P (2006) Nature 443:63

17. Biddinger EJ, von Deak D, Ozkan US (2009) Top Catal 52:1566

18. Maldonado S, Stevenson KJ (2005) J Phys Chem B 109:4707

19. Jaouen F, Herranz J, Lefevre M, Dodelet J-P, Kramm UI, Herr-

mann I, Bogdanoff P, Maruyama J, Nagaoka T, Garsuch A, Dahn

JR, Olson TS, Pylypenko S, Atanassov P, Ustinov EA (2009)

ACS Appl Mat Interfaces 1:1623

20. Young AP, Stumper J, Gyenge E (2009) J Electrochem Soc

156:B913

21. Kim J, Lee J, Tak Y (2009) J Power Sources 192:674

22. Roen LM, Paik CH, Jarvi TD (2004) Electrochem Solid State

Lett 7:A19

23. Chaparro AM, Mueller N, Atienza C, Daza L (2006) J Electro-

anal Chem 591:67

24. Mayrhofer KJJ, Meier JC, Ashton SJ, Wiberg GKH, Kraus F,

Hanzlik M, Arenz M (2008) Electrochem Commun 10:1144

25. Weng F-B, Hsu C-Y, Li C-W (2010) Int J Hydrogen Energy

35:3664

26. Oh H-S, Kim K, Ko Y-J, Kim H (2010) Int J Hydrogen Energy

35:701

27. Liu ZY, Zhang JL, Yu PT, Zhang JX, Makharia R, More KL,

Stach EA (2010) J Electrochem Soc 157:B906

28. Li X, Park S, Popov BN (2010) J Power Sources 195:445

29. Li L, Xing Y (2006) J Electrochem Soc 153:A1823

30. Kangasniemi KH, Condit DA, Jarvi TD (2004) J Electrochem

Soc 151:E125

31. Shao Y, Yin G, Zhang J, Gao Y (2006) Electrochim Acta 51:5853

32. Wang X, Li W, Chen Z, Waje M, Yan Y (2006) J Power Sources

158:154

33. Wang J, Yin G, Shao Y, Zhang S, Wang Z, Gao Y (2007) J Power

Sources 171:331

34. Li L, Xing Y (2008) J Power Sources 178:75

35. Bard AJ, Faulkner LR (2001) Electrochemical methods: funda-

mentals and applications. Wiley, New York

36. Boehm HP (1994) Carbon 32:759

37. Toebes ML, van Heeswijk JMP, Bitter JH, van Dillen AJ, de Jong

KP (2004) Carbon 42:307

38. Cote R, Lalande G, Guay D, Dodelet JP, Denes G (1998)

J Electrochem Soc 145:2411

39. Jaouen F, Marcotte S, Dodelet J-P, Lindbergh G (2003) J Phys

Chem B 107:1376

40. Wang P, Ma Z, Zhao Z, Jia L (2007) J Electroanal Chem 611:87

41. Biddinger EJ, Knapke DS, von Deak D, Ozkan US (2010) Appl

Catal B Environ 96:72

42. Kinoshita K, Bett JAS (1974) Carbon 12:525

J Appl Electrochem (2011) 41:757–763 763

123


	Carbon corrosion characteristics of CNx nanostructures in acidic media and implications for ORR performance
	Abstract
	Introduction
	Experimental
	Catalyst synthesis
	Carbon corrosion measurement
	Activity--selectivity measurements (ORR)

	Results and discussion
	Carbon corrosion on CNx materials and Vulcan carbon (corrosion tests)
	Effect of corrosion on the ORR (ORR-corrosion-ORR tests)

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


