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This paper describes how primary contaminants in ambient air affect the performance of the cathode in fuel cell

electric vehicle applications. The effect of four atmospheric pollutants (SO2, NH3, NO2, and CO) on cathode

performance was investigated by air impurity injection and recovery test under load. Electrochemical analysis

via polarization and electrochemical impedance spectroscopy was performed for various concentrations of

contaminants during the impurity test in order to determine the origins of performance decay. The variation in

cell voltage derived empirically in this study and data reported in the literature were normalized and juxtaposed

to elucidate the relationship between impurity concentration and performance. Mechanisms of cathode

degradation by air impurities were discussed in light of the findings.
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Introduction

Proton exchange membrane fuel cells (PEMFCs) are

considered a promising technology to address the depletion

of fossil fuels and global problems associated with the

emission of greenhouse gases. Compared with conventional

power sources, PEMFCs have several advantages such as

rapid start-up, high power-density, long-term durability, zero

emission of pollutants, high fuel-to-energy efficiency, and

flexibility of reactant fuel.1-4 For these reasons, PEMFCs have

been extensively developed for fuel cell electric vehicles

(FCEVs) to replace conventional internal-combustion-engine

(ICE) vehicles, as well as for portable and residential appli-

cations.4,5

As already pointed out by many fuel cell scientists and

engineers, there remain two main barriers to commercially

viable FCEVs: cost-effectiveness and durability.4-6 Recently,

many studies of PEMFCs have focused on the develop-

ment of inexpensive and durable materials/components in

PEMFCs.7-12 In addition, the effect of impurities in hydrogen

feed has been researched mainly for the utilization of refor-

mate gases.13 However, the effect of atmospheric pollutants

in cathode feeds, such as sulfur dioxide (SO2), ammonia

(NH3), nitrogen dioxide (NO2), and carbon monoxide (CO),

has received less attention, even though it is considered a

practical issue for the performance and durability of FCEVs.

Cathode degradation/failure due to air impurities shorten the

lifetime of the PEMFC stack, resulting in additional ex-

penses for its maintenance and recovery.

The cathode degradation by air impurity is studied for

automotive and stationary applications.13,14 For stationary

application, the impurity effect was investigated by measur-

ing a decay rate upon natural exposure, for more than

thousands hours, to the atmospheric contaminant of which

concentration was sub ppb.14 For automotive application,

however, the impurity level is subject to be hundreds ppm.13

Moreover, the operation time for fuel cell vehicle is within

few hours, and the duration of exposure is limited. Therefore,

the impurity effects seen from both cases should be distin-

guished and analyzed by entirely different perspectives. This

study is solely focused on the automotive application.

According to national ambient air quality standards

(NAAQS), the concentration of atmospheric pollutants, with

1 h-averaging time, should be less than 0.075 ppm for SO2,

0.1 ppm for NO2, and 0.075 ppm for CO.15 Moreover, impurity

concentrations for typical FCEV operating conditions on

highways are expected to be much higher than the standard

values in NAAQS, due to emissions from conventional ICEs.

It has been reported that the emissions from ICEs contain 4

ppm of SO2
16 and 6 ppm of NH3.

17 In addition, the measured

concentrations of NO2 (28 ppm)18 and CO (155 ppm)19 for

highway locations were much higher than NAAQS standards.

Hence, it would be worthwhile to analyze the effect on fuel

cell performance of various atmospheric pollutants across a

wide range of concentrations. The results are expected to

inform the effective design of FCEVs with an adequate air

filtration system. 

The influence of individual impurities on cathode perfor-

mance has been investigated using various oxidants contain-

ing impurities such as SO2,
20-24 NH3,

23,25 NO2,
20-23,26 and
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CO.20 For example, Moore et al.20 analyzed the impurity

effect of SO2, NO2, and CO at fixed concentrations of 500

ppb, 400 ppb, and 20 ppm, respectively. Van Zee’s group21

reported more severe degradation with higher concentration

of SO2 (5 ppm) and NO2 (5 ppm) in air. However, most

previous studies only tested selected impurities at fixed

concentrations, and so their conclusions stopped short of

generalizing the effects of impurities on FC performance. In

addition, as the test procedures and conditions differed, it is

very difficult to develop a general discussion via analysis of

the experimental results from the various reports. Therefore,

comprehensive performance measurement for major con-

taminants under standardized conditions is imperative for

the development of practical FCEVs. 

In this study, durability tests of four different impurities

(SO2, NH3, NO2, and CO) were conducted at concentrations

from 1–100 ppm (10–1000 ppm for CO) to offer more

practical data for FCEV applications in a typical road condi-

tion, through a comprehensive and comparative study. An

analysis protocol was developed to evaluate the effect of

contaminants on constant-current operation at 1 A/cm2, re-

zpresented by polarization curves and electrochemical

impedance spectroscopy (EIS). This facilitates effective

analysis of apparent performance variation and polarization

sources, caused by the individual contaminants at various

concentrations. This systematic analysis of the effect of

atmospheric pollutants is expected to provide fuel cell

researchers and manufacturers with practical information on

the control of on-site air feed to the cathode compartments in

PEMFC stacks (e.g., selective air filtering), and to further

develop impurity-tolerant catalysts at the cathode. 

Experimental

For single cell tests, a commercially available membrane

electrode assembly (MEA) (Series 5710, GoreTM, carbon-

supported Pt catalyst, 0.4 mgPt/cm2 at cathode and anode, 25

cm2) was inserted into a single-cell fixture with serpentine

flow channels. After its installation at a fuel cell test station,

a single cell was activated under constant voltage (0.45 V)

for 20 h at 65 °C. Humidified hydrogen and air were fed to

the anode and cathode at a flow rate of 417 cm3/min and

1300 cm3/min, corresponding to stoichiometric ratios at 1.6

A/cm2 of 1.5 and 2.0 respectively. 

Electrochemical characterization of the effect of air

impurities comprised three steps: reference step, poisoning

step, and recovery step. To the cathode, uncontaminated air

was supplied during reference and recovery steps, and air/

impurity mixture gas in the poisoning step, whereas humidi-

fied hydrogen was supplied to the anode during all three

steps. The flow rates for the anode (hydrogen) and cathode

(air or air/impurity mixture) were controlled at 261 cm3/min

and 813 cm3/min, corresponding to stoichiometric ratios at

1.0 A/cm2 of 1.5 and 2.0 respectively. This study examined

the effects of four air impurities: sulfur dioxide (SO2),

ammonia (NH3), nitrogen dioxide (NO2), and carbon mon-

oxide (CO). Air/impurity gas mixture with a fixed air-to-

impurity ratio of 9:1 was diluted by humidified air stream to

give impurity concentrations of 1 ppm, 10 ppm, 100 ppm,

and 1000 ppm (Figure 1). The air/impurity mixture was

injected after the cathode humidifier to avoid the dissolution

of impurity in the water of the humidifier, because impurity

has certain degree of solubility in water: 90 g/L for SO2, 480

g/L for NH3 at 25 °C. The flow rate of air/impurity gas and

humidified air was controlled to maintain constant total flow

rate with pre-determined impurity level. 

The air impurity injection and recovery test comprising

three steps is depicted in Figure 2. The cell was operated at

65 °C under atmospheric conditions, because the operating

temperature of fuel cell for automotive application resides

between 60 and 80 °C.13,27 First, during the reference step,

the cell was operated at constant current of 1 A/cm2 for 2 h

with uncontaminated air in the cathode. Then, after the

contaminated cathode feed was introduced (poisoning step),

an open-circuit voltage (OCV) operation (1 h) and constant-

current operation (2 h) were carried out to monitor perfor-

mance decay. In the recovery step, the cathode feed reverted

to clean air and voltage variation was measured at 1 A/cm2

(2 h). For each step, 15 min-polarizations were conducted

before and after constant current operation (2 h). On that

note, the duration of reference, poisoning, and recovery step

was 2.5 h, 3.5 h, and 2.5 h, respectively, where the poisoning

Figure 1. Schematic diagram for air impurity injection and
recovery test. 

Figure 2. The sequence for measuring voltage and impedance
during air impurity injection and recovery test.
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step contains additional OCV operation (1 h). Therefore, the

total time to evaluate the effect of specific air impurity was

8.5 h, as seen in Figure 2. The voltage decay during constant

current operations was evaluated by measuring the initial

and final voltages in reference (E1 and E2), impurity (E3 and

E4), and recovery (E5 and E6) steps. In addition, EIS analysis

was carried out at the end of reference step (ZA), impurity

step (ZB), and recovery step (ZC), where the electrode

potential was 0.85 V. Electrochemical measurements were

performed with a potentiostat (Bio-Logic SAS) that was

automatically controlled by EC-Lab software.

Results and Discussion

Effect of SO2 Impurity in Air. Figure 3(a) presents the

initial and final cell voltages of constant current operations

in reference (E1 and E2), impurity (E3 and E4), and recovery

(E5 and E6) steps. The SO2 concentrations were 1 ppm, 10

ppm, and 100 ppm. The difference in cell voltage between

E1 and E2 during the reference step was approximately 5.6

mV, demonstrating that the MEA performance was fairly

consistent when supplied with uncontaminated air. However,

when 1 ppm and 10 ppm SO2 were injected, the initial

voltage in constant current operation (E3) significantly

declined by 113 mV and 122 mV, respectively. In the case of

100 ppm SO2, the degradation was so severe that the cell

could last for only 15 min. The results indicated that the

cathode showed drastic loss of active sites with increasing

SO2 concentration under load. 

The voltage variation by impurity injection during OCV

should be also considered for automotive application, because

the fuel cell-powered vehicles experience dynamic load

during the real-life operation. Please be noted that the E3, the

initial voltage of constant current operation, represents the

accumulated performance decay during OCV and polari-

zation (current increase) operations. In addition, some may

argue that the voltage decay could be partially responsible

for carbon corrosion during PEMFC operation, especially at

OCV. The carbon corrosion is another factor which degrades

cathode of PEMFC, however, it takes place when the voltage

exceeds 1.2 V or beyond, which is out of range in this study.

Therefore, the effect of the carbon corrosion on the degrada-

tion should not be considered. 

Meanwhile, the cell voltages with the recovery phase (E5

and E6) were lower than those measured before the poison-

ing for 1 ppm and 10 ppm SO2. In other words, the voltages

never reached the values recorded during the reference step.

From the results, it was noted that, following cathode con-

tamination by even low concentrations of SO2, the cell perfor-

mance barely recovered despite the subsequent reintroduc-

tion of uncontaminated air to the cathode. 

From the final cell voltage at each step (E2, E4, and E6), the

maximum performance decay (ΔEmax) and unrecoverable

performance decay (ΔEunr) were calculated via Eqs. (1) and

(2) and plotted as a function of impurity concentration in

Figure 3(b).

∆Emax = [(E2-E4)/E2] × 100 (%) (1)

∆Eunr = [(E2-E6)/E2] × 100 (%) (2)

For comparison, Figure 3(b) shows values of ∆Emax from

experimental data in the literature together with ∆Emax from

the present study. For the results reported by Moore et al.,20

the maximum cell performance decay with 0.5 ppm SO2

(0.05 A/cm2 and 0.5 h duration) was found to be on the trend

line for this study (indicated by ). In contrast, the values for

maximum cell performance decay ratio reported by Mohtadi

et al.21 (  and ), Jing et al.22 ( ), and Nagahara et al.23

( ) were relatively high, probably due to longer exposure

time to SO2 (> 23 h). 

The voltage decay associated with SO2 contamination can

be explained by the poisoning of Pt active sites in the

presence of SO2. The adsorption of sulfur species on Pt

catalysts in MEA was experimentally supported by the CV

analysis with single cell in the presence of SO2: the decreas-

ed hydrogen stripping charge22 and oxidation peaks for ad-

sorbed sulfur species.21,28 In addition, the strong adsorption

of SO2 on polycrystalline Pt was confirmed by Fourier trans-

form infrared spectroscopy (FTIR).29 Accordingly, the volt-

age increase during recovery step (E4–E6) contributed to the

partial recovery of Pt active surface with SO2 desorption. It

□

△ ▽ ◇

△

Figure 3. (a) Variation in cell voltage interrupted by SO2; (b)
Comparison of performance decay ratio.
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was suggested that in a highly humidified atmosphere with

O2 supply, adsorbed SO2 can be readily converted into H2SO4

and washed away via the reaction shown below:22 

2Pt-SO2 + O2 → 2Pt-SO3  (3)

Pt-SO3 + H2O → H2SO4 + Pt (4)

When the cathodic overpotential became very large, it was

proposed that SO2 can be electrochemically reduced to S on

Pt surface, based on the cathodic peak at 0.21 V in linear

sweep test (vs. RHE).30 It was reported that the electro-

chemical oxidation of Sad to sulfate in aqueous phase requir-

ed potential cycling up to 1.5 V,24 suggesting that the

reactivation of Pt surface by electrochemical desorption of

Sad was very difficult in typical PEMFC operating condi-

tions. Therefore, in this study it seemed that the Pt surface

blocked by Sad with significant voltage decay at high SO2

concentration was not fully recovered, because the cell volt-

age was maintained below 1.0 V, which probably resulted in

incomplete recovery of cell voltage as shown in Figure 3(b)

(indicated by ).

Effect of NH3 Impurity in Air. The effect of NH3 on the

PEMFC cathode was previously reported only for a fixed

concentration of 5 ppm23 and 48 ppm,25 while the effect on

the anode has been reported for wide range of concentration

(13-1000 ppm) by several research groups.31-33 In this study,

three simulated air mixtures with various NH3 contents (1

ppm, 10 ppm, and 100 ppm) were employed to examine the

effect of NH3 contamination across a wide range of con-

centration on the electrochemical behavior of the PEMFC

cathode. Figure 4(a) depicts the variation in cell voltage

during reference, poisoning, and recovery steps with NH3

contamination. At low NH3 concentration (1 ppm), no vari-

ation in cell voltage was observed, whereas the same amount

of SO2 induced significant performance decay. However, as

NH3 concentration increased to 10 ppm and 100 ppm, the

impurity effect became very clear and the cell voltages at 1

A/cm2 significantly decreased. In Figure 4(b), the decay in

cathode performance is presented as a function of NH3

impurity. Compared to this study, the degradation reported

by Nagahara et al.23 and Garzon et al.25 was smaller probab-

ly due to the shorter exposure time (0.5 h and 1 h, respec-

tively). 

The effect of NH3 impurity has been reported to be closely

related to the decrease in the conductivity of proton ex-

change membrane (PEM)25,31,32 and ionomers in catalyst

layer.31,32 For example, Uribe et al.31 confirmed the increase

in ohmic resistance by impedance technique after injecting

30 ppm of NH3 to anode for 3 h. They proposed that NH4
+

ions, which are produced by the protonation of NH3, can

replace protons in the membrane electrolyte and/or ionomers

in catalyst layers, resulting in the increase of ohmic re-

sistance and the decrease in cell voltage. The conductivity

decrease with NH4
+ has been experimentally reported for

Nafion membranes.34,35 When the uncontaminated air was

supplied to NH3-exposed single cells, the cell voltage was

partially recovered, probably through the disproportionation

of NH4
+ into protons and NH3 as reported by Nagahara

et al.25

Effect of NO2 Impurity in Air. It is well known that NO2,

a main contributor to air pollution that causes smog and acid

rain, is primarily produced from ICEs where oxygen and

nitrogen in the air react at high temperature. Therefore,

during operation, exposure of the cathode in FCEVs to NO2

is unavoidable in the presence of conventional ICE vehicles.

Figure 5(a) presents the dependence of cell voltage on NO2

concentration through NO2 impurity injection and recovery

test. No decay in performance is detected at low impurity

level of 1 ppm, but the decay gradually increased with higher

NO2 concentration. However, unlike SO2 and NH3 in the air,

no complete potential decay is observed at 100 ppm. Rather,

the cathode showed relatively robust recovery against NO2

poisoning. 

In Figure 5(b), it appeared the maximum performance

decay ratio in this study was in line with the data reported by

Yang et al.26 who exposed the cathode to NO2 for a relatively

short duration. Meanwhile, relatively long impurity inflow

to the cathode (Mohtadi21 and Jing22) resulted in a drastic

decay of cathode performance. Regarding the performance

decay with NO2 impurity in cathode feeds, Mohtadi et al.

reported that, based on the CV analysis, there was no Pt

poisoning by adsorption of NO2 species, and therefore

●

Figure 4. (a) Variation in cell voltage interrupted by NH3; (b)
Comparison of performance decay ratio.
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supposed that the increase of ohmic resistance was the main

degradation mechanism, where NO2 was electrochemically

reduced into NH4
+.21

Effect of CO Impurity in Air. It is generally accepted

that CO preferentially and strongly adsorbs onto Pt surface.

Therefore, when CO is contained in fuel feeds to anodes, the

electrochemical surface area in Pt nanoparticles drastical-

ly reduces, as demonstrated experimentally by various

authors.27,36,37 However, when CO was introduced in the air

feed to cathodes, the voltage decrease by CO poisoning was

found to be very small (Figure 6(a)), which is in agreement

with results at 20 ppm CO reported previously.20 According-

ly, the performance decay ratio was very low, demonstrating

that the effect of CO in air feed is practically negligible

(Figure 6(b)). 

It is believed that CO adsorbed onto Pt catalysts in the

cathode is quickly oxidized to gaseous CO2, resulting in no

significant deleterious effect on catalytic active sites even at

1000 ppm CO. As the electrode potential of the cathode is

about 0.6 V, in this study at 1 A/cm2, electrochemical oxida-

tion of the adsorbed CO molecules is expected to be very

rapid to maintain a free Pt active surface area, while the

electrochemical oxidation of CO molecules is known to start

at ~0.3 V vs. RHE in aqueous electrolyte.38 Thus, as the

operating voltage range was above 0.5 V in this study, CO

in the cathode seems to have little influence on PEMFC

performance.

Polarization Curves and EIS Analysis. Figure 7 shows

the polarization curves during poisoning step with 10 ppm of

various impurities. As seen, the characteristics of the SO2

polarization curve differed with NH3 and NO2 polarization

curve, which tells the origin of degradation was different. Of

note, the voltages at 1.0 A/cm2 in the polarization curves

corresponded to the E3 values in Figures 3(a), 4(a), 5(a), and

6(a). As the overpotential at low current density was greater

for SO2, it can be concluded that the Pt poisoning effect was

more significant compared to that for NH3 and NO2, which

was in agreement with the discussion in previous sections.

The cell degradation by NO2 was similar to the NH3, and the

effect of CO impurity was found to be negligible. 

To confirm the major mechanism of each air impurity, EIS

analysis was carried out throughout the reference, impurity,

and recovery steps. Please be noted that, due to the current

limitation of the used potentiostat, the EIS measurement was

performed at a dc potential of 0.85 V and utilized only to

evaluate the variation of ohmic resistance (Rohm), whereas

the cell voltages at 1 A/cm2 was around 0.4 V. As the

formation of NH4
+ via protonation of NH3 is expected to be

enhanced by higher current (large amount of proton supply),

the Rohm variation analyzed at 0.85 V can be assumed to be

Figure 5. (a) Variation in cell voltage interrupted by NO2; (b)
Comparison of performance decay ratio.

Figure 6. (a) Variation in cell voltage interrupted by CO; (b)
Comparison of performance decay ratio.
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much smaller than the actual variation during constant

current operation (1 A/cm2).

In Figure 8, the Rohm values, which were determined from

the high-frequency intercepts in experimental Nyquist plots,

was provided for four air pollutants at a concentration of 100

ppm. It can be noticed that Rohm at 0.85 V was significantly

increased by NH3 and NO2 impurities, suggesting that the

decrease in proton conductivity by NH4
+ formation. In the

case of SO2 impurity, the change in Rohm was insignificant,

indicating that the performance decay was mainly due to the

catalyst poisoning.

Conclusion

In this study, effect of four major pollutants in ambient air

(i.e., SO2, NH3, NO2, and CO) on PEMFC performance was

examined through air impurity injection to cathodes follow-

ed by recovery test. At higher concentration, the impurity

effect on voltage degradation gradually increased for SO2,

NH3 and NO2, whereas CO induced practically no effect. At

a concentration of 10 ppm, the degradation was most severe

for SO2 impurity (ca. 50%) compared with NH3 and NO2. At

100 ppm, both SO2 and NH3 severely degraded the PEMFC

single cell, which was ascribed to Pt poisoning and PEM

degradation with NH4
+ formation, respectively, based on the

literature and experimental data obtained in this study. When

uncontaminated air was supplied again, the voltage recovery

was found to be incomplete, due to the combined effect of

irreversible degradation and insufficient recovery time. The

systematic analysis in this study is expected to provide

practical information for the design and control of PEMFC

stacks, while further detailed investigation is also required,

focusing on selected impurity condition.
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