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a b s t r a c t

The effects of toluene contamination on the performance of polymer electrolyte membrane (PEM) fuel cells
were investigated, using various levels of toluene concentration in the air streams, under different opera-
tional conditions and with different catalyst loadings. Constant-current polarization and electrochemical
impedance spectroscopy (EIS) were conducted to analyze the poisoning behaviour of toluene. The severity
of the contamination effect increased with an increase in both the current density and the toluene concen-
tration, but decreased with an increase in both the relative humidity (RH) and the cathode-side Pt loading.
The toluene-poisoned fuel cell could not be fully recovered by replacing toluene-contaminated air with
PEM fuel cells
Air impurity
Toluene contamination
E
M

pure air. EIS measurements revealed that both kinetic resistance and mass transfer resistance increased
as a result of toluene contamination, while membrane resistance remained unchanged. However, the
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. Introduction

The PEM fuel cell is considered a promising energy converter due
o its high power density, high efficiency, and low/zero emissions.
owever, significant challenges still exist in the areas of develop-
ent and application, particularly issues of reliability/durability

nd cost. These two major challenges are both associated with
egradation in fuel cell performance. Contamination caused by fuel
nd/or oxidant impurities is one identified factor that contributes
onsiderably to fuel cell degradation [1,2].

In the past several years, extensive research has been car-
ied out on contamination by fuel-side impurities, including CO,
2S, NH3, and hydrocarbons. CO [3–6] and H2S [7–9] in partic-
lar have attracted attention, due to their inevitable presence

n hydrogen-rich reformate gas. However, the literature contains
uch less information on the effects of contamination by air-

ide (i.e., oxidant-side) impurities. Due to air pollution induced by

missions from automotive and other manufacturing industries, a
onsiderable quantity of pollutants such as NOx (NO + NO2), SOx

SO2 + SO3), COx (CO + CO2), as well as volatile organic compounds
VOCs) are present in the atmosphere, any of which will contami-
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as a major contributor to cell performance degradation.
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ate the fuel cell catalyst layers and degrade performance if a fuel
ell is operated with air as the oxidant [3]. Therefore, efforts must
e made to overcome contamination problems and develop mitiga-
ion strategies, in order to improve the environmental adaptability
f the fuel cell system [10,11].

The effects of the air-side impurities NOx, SOx, and COx on fuel
ell performance have been studied recently by several researchers
11–13]. With respect to VOCs, including benzene, toluene, and
thylene, only one publication to date has briefly reported on
he contamination effect of benzene present in a battlefield envi-
onment [11]. VOCs are present in the atmosphere as a result of
ecorative materials and dry cleaning solvents (in indoor environ-
ents), or of industrial, agricultural, and biological processes (in

utdoor environments). It has been reported that benzene has a sig-
ificant contamination effect on fuel cell performance. For example,
ith 50 ppm benzene in the air, the cell voltage can drop by 160 mV
ithin 15 min at 0.2 A cm−2. It is expected that VOCs, even at low

oncentration levels, would cause significant cell performance loss.
herefore, conducting experimental investigations and gaining a
undamental understanding of the contamination effect of VOCs

n fuel cell performance are necessary activities for developing
ractical PEM fuel cell applications.

In this study, toluene was selected as a typical VOC to observe
uel cell contamination. To our knowledge, the effect of toluene, as a
OC air contaminant, on PEM fuel cell performance has never been

ghts reserved.
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Table 1
Operating conditions for the contamination tests

Name of tests Concentration
screening

Effect of RH Effect of cathode
Pt loading

Stoichiometry, H2/air 1.5/3.0 1.5/3.0 1.5/3.0
Cell temperature, ◦C 80 80 80
Back pressure, psig 30 30 30
Current density, A cm−2 0.0, 0.2, 0.5,

0.75, 1.0
1.0 1.0

Toluene conc., ppm 1, 5, 10, 50 5 5
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eported in the literature. It is known that VOCs such as benzene
nd toluene can adsorb onto metal surfaces to form 3-D structures
14,15], which may compete with the oxygen reduction reaction
ORR) for catalytic sites at the cathode side of an operational PEM
uel cell. It is also known that toluene can be electrochemically
xidized at the Pt surface, forming intermediate species or car-
on oxides that could poison the cathode catalyst [15]. In addition,
oluene adsorbs on the surface of the catalyst carbon support, which

ight modify the surface properties of the PEM fuel cell catalyst lay-
rs. Furthermore, toluene could also adsorb on the surface of the
as diffusion layer (GDL), potentially causing a change in the GDL
urface properties.

This work is part of our ongoing effort to fundamentally under-
tand the effect of toluene contamination on fuel cell performance,
n undertaking that includes contamination testing, empirical and
heoretical model development, as well as electrochemical study. In
his study, toluene contamination tests at different toluene concen-
rations and under different operational conditions were carried
ut, and diagnostic investigation of fuel cell performance degra-
ation was conducted, to gain insights into the contamination
echanism of toluene.

. Experimental

.1. Set-up of the toluene–air mixing system

The configuration of the contaminant mixing system is illus-
rated in Fig. 1. Toluene from a toluene–air cylinder is introduced
hrough a mass flow controller (MFC) into a heated mixer, which
s a 1.0 m-long coil made of stainless steel tubing (diam. 0.25 in.).
o prevent gas backflow, two check valves (CVs) are installed: one
ownstream from the humidifier and the other downstream from
he MFC of the toluene-contaminated air. The toluene concentra-
ion in the mixer is controlled by changing the ratio between the
ow rate of pure air and that of toluene-contaminated air. The dew
oint of the humidifier is calculated and controlled by taking into
onsideration the diluting effect of the dry toluene-contaminated
ir, which maintains the relative humidity (RH) of the air mixture
n the fuel cell at the desired level.

To avoid other potential impurities, certified toluene–air
2–50 ppm from Linde Canada) and highly purified air (99.99% from
raxair Canada) were used throughout all tests. The mixing system
as validated by analysis of the gas samples collected at the fuel
ell inlet. The maximum and minimum deliverable toluene concen-
rations were controlled according to the concentration of toluene
n the toluene–air cylinder, the oxygen stoichiometric number, and
he current density.

ig. 1. System set-up for the effect of toluene contamination on fuel cell perfor-
ance.
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.2. MEA and fuel cell testing

The membrane electrode assembly (MEA), with an active area of
0 cm2, consisted of SGL GDLs with 20% PTFE, and a catalyst coated
embrane (CCM) made of Nafion® 211 membrane (Ion Power, Inc.).

he anode-side Pt loading was 0.4 mg cm−2 for all tests, and the
athode-side Pt loadings were 0.2, 0.4, and 0.6 mg cm−2 in different
ests. A fresh MEA was employed for each contamination test.

Single-cell hardware with end plates, heating cartridges, and a
emperature controller was purchased from Teledyne (50 cm2 CH-
0). The flow-field plates were designed and fabricated in-house
sing single serpentine flow channels with 1.2 mm width, 1.0 mm
hannel depth, and 1.0 mm landing. A Fideris 100 W fuel cell test
tation was employed for all tests.

In all fuel cell tests, both with and without toluene present,
he voltage–current polarization curves (steady-state polarization
urves) were collected using a load bank controlled in a constant-
urrent pattern. For the contamination tests, three sets of tests were
arried out: (1) concentration screening, in which contamination
ests were conducted for four toluene contamination levels (1, 5, 10,
nd 50 ppm vol/vol), each under five current densities (0.0, 0.2, 0.5,
.75, and 1.0 A cm−2); (2) the effect of RH on toluene contamination,
hich was performed for four levels of RH (20, 50, 80, and 100%) and
ppm toluene in the air stream; (3) the effect of the cathode Pt load-

ng on toluene contamination, which included contamination tests
ith three different cathode Pt loadings (0.2, 0.4, and 0.6 mg cm−2).
perating conditions for the three sets of contamination tests were:
ell temperature, 80 ◦C; back pressure, 30 psig; and H2/air stoi-
hiometries, 1.5/3.0. Other conditions are listed in Table 1. For
ach contamination test, AC impedance measurements were per-
ormed both prior to the introduction of toluene and at the end of
he contamination duration, to evaluate the change in cell resis-
ances caused by toluene contamination. The impedance spectra
ere recorded with a Solartron 1252 Frequency Response Analyzer

FRA) by sweeping frequencies over the range of 10 kHz to 0.1 Hz.

. Results and discussion

.1. Concentration screening

.1.1. Effects of toluene concentration at various current densities
The purpose of this set of tests was to investigate the impact

f various levels of toluene on cell performance under different-
urrent densities. The curves of cell voltage vs. time for various
ontamination levels of toluene at current densities of 0.2, 0.5, 0.75,
nd 1.0 A cm−2 are shown in Fig. 2. It can be seen that at all cur-

ent densities, the cell voltage starts to decline immediately after
he toluene is introduced into the air, and then reaches a plateau.
hese plateau voltages indicate the saturated nature of the toluene
ontamination. For example, the cell voltage drops from 0.645 to
.522 V at 1.0 A cm−2 within 30 min of the cathode being contin-
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ig. 2. Voltage–time curves with various levels of toluene at different-current dens
0 ◦C; backpressure: 30 psig. Anode/cathode Pt loading: 0.4 mg cm−2.

ously exposed to 10 ppm toluene, and then begins to level off.
he spikes in cell voltage on the curves are related to the issue of
atalyst layer water management, induced by toluene contamina-
ion. In the absence of toluene, no obvious spikes are observed on
he voltage–time curves, demonstrating that toluene contamina-
ion could indeed cause difficulties with respect to water removal
or water flooding [16]) in the catalyst layer. This will be further
iscussed in a later section of this paper.

Contamination tests at open circuit voltage (OCV) with various
evels of toluene concentration demonstrate a different trend from
alues obtained with electric loads (or with current densities). It can
e observed from Fig. 3 that a fuel cell running at OCV without the
resence of toluene deteriorates steadily, i.e., showing a cell voltage
rop of about 110 mV within 26 h. This is in agreement with what
as been reported in literature [17]. In the presence of 1, 5, 10, and
0 ppm toluene, the degradation rates at OCV are not significantly
ifferent from the rate without toluene contamination. Therefore,

t can be concluded that toluene in the air stream has an insignif-
cant effect on OCV within the toluene concentration range tested
n this study (0–50 ppm). In our recent study of the adsorption and
eaction behaviour of toluene on the Pt cathode [18], using cyclic
oltammetry (CV) and rotating disc electrode (RDE) methodolo-
ies, we observed that the toluene begins to be oxidized to carbon
ioxide at a potential of about 0.8 V at 80 ◦C. This could explain why
oluene does not have a significant contamination effect on cell per-
ormance when operated at OCV (Fig. 3), where the cell voltage is
bout 0.96 V and all the adsorbed toluene at the catalyst surface
ould probably be oxidized.
Table 2 summarizes steady-state cell voltage drop as a function
f current density at different toluene concentrations, and Fig. 4
llustrates steady-state polarization curves as they are affected by
arious levels of toluene contamination. A general observation from
able 2 and Fig. 4 is that the magnitude of the negative impact

i
t
e
T

perating conditions: stoichiometry: 1.5/3.0 for H2/air; RH: 80%; cell temperature:

f toluene on cell performance increases as both toluene con-
entration and current density increase. Specifically, as toluene
oncentration increases, (1) the cell voltage drop becomes larger
t the same current density, (2) the steady-state polarization curve
ecomes non-parallel with the baseline polarization curve (with-
ut toluene), and (3) the cell voltage starts to experience a sudden
rop in the high current density region. These observations can be
emi-quantitatively understood through the following discussion.

If the anode polarization is negligible and the cathode polariza-
ion is in the Tafel region, a fuel cell voltage can be expressed as Eq.
1) [19]:

cell = EOCV + b
[

ln(ioO2
) − ln

(
IcellIdc

Idc − Icell

)]
− IcellRm (1)

here Vcell is the cell voltage, EOCV is the open circuit voltage, b is
he Tafel slope, ioO2

is the apparent exchange current density for the
athode O2 reduction reaction, Idc is the diffusion limiting current
ensity for the ORR, Icell is the fuel cell current density, and Rm is
he membrane resistance.

When toluene is present in the air stream, adsorbed toluene on
he Pt surface occupies the catalyst sites that would otherwise be
vailable for the ORR, thus reducing the apparent exchange cur-
ent density of the ORR on the Pt catalyst from ioO2

to ioO2
(1 − �T),

here �T is the surface coverage of toluene on the catalyst. Accord-
ng to our work, the Langmuir adsorption model is valid for toluene
dsorption on a Pt surface, therefore �T can be expressed as [15]:

1 = 1 + 1 (2)

�T CTBads

n which Bads is a parameter reflecting the affinity of toluene for
he Pt surface, and CT is the bulk concentration of toluene. Appar-
ntly, �T can be increased by increasing the toluene concentration.
aking into consideration the presence of toluene, Eq. (1) becomes
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Fig. 3. Voltage–time curves at open circuit voltage with 1, 5, 10, and 50 ppm toluene, respectively. The curves in the absence of toluene were used for comparison. Operating
conditions: stoichiometry: 1.5/3.0 for H2/air; RH: 80%; cell temperature: 80 ◦C; backpressure: 30 psig. MEA: anode/cathode Pt loading: 0.4 mg cm−2.

Table 2
Summary of the cell voltage drops as functions of toluene concentration and current density

Toluene concentration, ppm Cell voltage drops at various current densities, mV

OCV 0.2 A cm−2 0.25 A cm−2 0.75 A cm−2 1.0 A cm−2

1 0 12 22 33 56
5 0 17 30 40 72

5

O

E

V

F
t
c
0

10 0 39
0 0 69

perating conditions are the same as given for Fig. 2.
q. (3):

cell = EOCV + b
[

ln(ioO2
) + ln(1 − �T) − ln

(
IcellIdc

Idc − Icell

)]
− IcellRm

(3)

ig. 4. Steady-state polarization curves of a fuel cell contaminated by toluene in
he air stream. Operating conditions: stoichiometry: 1.5/3.0 for H2/air; RH: 80%;
ell temperature: 80 ◦C; backpressure: 30 psig. MEA: anode/cathode Pt loading:
.4 mg cm−2.
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100 151 371

q. (3) demonstrates that as toluene concentration increases, the
oluene coverage on the catalyst surface �T increases, which drives
he cell voltage to drop even more. In addition, the presence of
oluene increases the value of the Tafel slope b of the ORR, as
eported in our work [18], which explains the non-parallel fea-
ure or the increasing degradation behaviour of the polarization
urves caused by toluene contamination. Lastly, as toluene concen-
ration increases, the fuel cell starts to experience more serious
ater management issues, as indicated by the negative spikes in

he cell voltage seen in Fig. 2, thus decreasing the diffusion limiting
urrent density Idc. As a result, when the current density increases
o some extent, the fuel cell begins to run nearly at diffusion limit-
ng current density, which results in a sudden increase in the term
n(IcellIdc/Idc − Icell) of Eq. (3), and thus a corresponding sudden drop
n Vcell.

.1.2. Measurements using electrochemical impedance
pectroscopy (EIS)

Fig. 5 shows a representative set of Nyquist plots that were

btained during the contamination test with 5 ppm of toluene at
.0 A cm−2. The high-frequency intercept with the real impedance
xis of the Nyquist plot represents the membrane resistance, and
he two semicircles correspond to the charge transfer (kinetic)
esistance (first semicircle) and mass transfer resistance (second



276 H. Li et al. / Journal of Power Sources 185 (2008) 272–279

F
c
s
b

s
m
t
u
t
f
s
t
i
i
F
a
r
t
r
R

Fig. 6. Equivalent circuit for AC impedance data fitting. Rm: membrane resistance;
R
e
t

c
c

t
t
i
t
i
e

d

w
∑

o
p
a
ative resistance gains are negative in Fig. 7. Taking those errors

F
c

ig. 5. Nyquist plots measured before toluene injection and at the end of toluene
ontamination. Operating conditions: toluene concentration: 5 ppm; current den-
ity: 1.0 A cm−2; stoichiometry: 1.5/3.0 for H2/air; RH: 80%; cell temperature: 80 ◦C;
ackpressure: 30 psig. MEA: anode/cathode Pt loading: 0.4 mg cm−2.

emicircle) [20]. Clearly, in the case of Fig. 5, the kinetic and
ass transfer resistances are significantly increased as a result of

oluene contamination, while the membrane resistance remains
nchanged. To determine which individual resistance among the
hree (membrane, kinetic, and mass transfer) is most responsible
or performance degradation is of great importance for under-
tanding the mechanism of toluene contamination. Therefore, all
he EIS measurement data collected during the toluene contam-
nation tests were fitted to obtain numerical data on the three
ndividual resistances, according to the equivalent circuit shown in
ig. 6. Rm is the high-frequency resistance (the intercept on the Zreal
xis at the high-frequency end), which represents the membrane

esistance; Rc is the charge transfer resistance, dominated by
he oxygen reduction reaction; CPE1 (constant phase element)
epresents the Rc associated catalyst layer capacitance properties;
mt is the resistance related to the mass transfer of O2 in both the

i
i
t
a

ig. 7. Contributions of individual resistance increases relative to the total resistance incr
onditions: stoichiometry: 1.5/3.0 for H2/air; RH: 80%; cell temperature: 80 ◦C; backpress
c: kinetic resistance; Rmt: mass transfer resistance; CPE1 and CPE2: constant phase
lements connected in parallel with kinetic and mass transfer resistances, respec-
ively.

atalyst layer and the GDL; and CPE2 represents the Rmt associated
apacitance.

Fig. 7 illustrates the contributions of individual resistance gain to
he total resistance gain caused by toluene contamination, as a func-
ion of toluene concentration at different-current densities. The
ndividual resistance gain, dRi, is defined as the difference between
he fitted individual resistance in the presence of toluene and that
n the absence of toluene, and the total resistance gain, �dRi, is
stimated by the sum of the three individual resistance gains,

Ri = Ri,contamination − Ri,baseline (4)

here i = membrane, kinetic, or mass transfer:

dRi = dRm + dRc + dRmt (5)

In Fig. 7, the coloured bars represent the relative resistance gains
f individual resistances (membrane, kinetic, and mass transfer) in
ercentage units. Due to errors associated with the measurement
nd numerical fitting of the resistances, in some instances the rel-
nto consideration, it is concluded that: (1) membrane resistance
s not affected by the presence of toluene in the air stream at all
oluene concentrations and current densities; (2) both the kinetic
nd mass transfer resistances increase due to toluene contamina-

ease at different-current densities, for toluene contamination as tested. Operating
ure: 30 psig. MEA: anode/cathode Pt loading: 0.4 mg cm−2.
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Fig. 8. (a) Contamination tests at various RHs. (b) Cell voltage drops caused by toluene contamination at various RHs. Operating conditions: stoichiometry: 1.5/3.0 for H2/air;
current density: 1.0 A cm−2; cell temperature: 80 ◦C; backpressure: 30 psig. MEA: anode/cathode Pt loading: 0.4 mg cm−2.
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Recovery tests of the toluene-poisoned cell were performed by
shutting off the toluene-contaminated air and running the fuel cell
with pure air. Fig. 10 shows the results of the recovery test after the
fuel cell had been contaminated with 5 ppm toluene at 1.0 A cm−2

for about 5 h; a baseline performance without toluene contamina-
ig. 9. (a) Contamination tests at various cathode Pt loadings. (b) Cell voltage drop
toichiometry: 1.5/3.0 for H2/air; current density: 1.0 A cm−2; cell temperature: 80 ◦

ion, but the increase in kinetic resistance is more attributable to
ell performance degradation than is the increase in mass transfer
esistance, under almost all the tested toluene concentrations and
urrent densities. This suggests that toluene primarily poisons the
atalyst layer, causing kinetic loss.

.2. Effect of RHs

Fig. 8(a) illustrates the results of the contamination tests at four
ifferent RHs with 5 ppm toluene, under the operating conditions

isted in Table 1, and Fig. 8(b) summarizes the cell voltage drops
aused by toluene contamination at different RHs.

As can be seen from Fig. 8(a), cell performance follows the same
attern at all RHs during the contamination test—cell voltage expe-
iences an immediate decline with the introduction of toluene and
hen reaches a plateau. Fig. 8(b) shows that the cell voltage drop
aused by toluene contamination decreases with increasing RH.
n other words, the effect of toluene contamination becomes less
evere as the RH increases. Two factors could be responsible for
his observation. Firstly, as RH increases, the partial pressure of
oluene decreases, which could lessen the contamination effect.
econdly, water coverage on the surface of the CCM and/or GDL
ecomes higher as RH increases, which might wash away some of
he adsorbed toluene or prohibit its adsorption, resulting in a less
evere contamination effect.
.3. Effect of cathode Pt loading

The contamination testing results for different cathode Pt load-
ngs are presented in Fig. 9(a), and the cell voltage drop as a function

F
c
d
8

ed by toluene contamination at various cathode Pt loadings. Operating conditions:
kpressure: 30 psig. Anode Pt loading: 0.4 mg cm−2.

f cathode Pt loading is summarized in Fig. 9(b). As cathode Pt
oading increases, the baseline performance increases, but the cell
oltage drop caused by toluene contamination decreases, indicat-
ng that higher cathode Pt loading makes the MEA less susceptible
o toluene contamination.

.4. Recovery tests
ig. 10. Recovery test in comparison with baseline. Operating conditions: toluene
oncentration: 0 ppm for baseline and 5 ppm for the contamination test; current
ensity: 1.0 A cm−2; stoichiometry: 1.5/3.0 for H2/air; RH: 80%; cell temperature:
0 ◦C; backpressure: 30 psig. MEA: anode/cathode Pt loading: 0.4 mg cm−2.
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ig. 11. Nyquist plots at the end of contamination and during recovery. Operating
onditions: toluene concentration: 5 ppm; current density: 1.0 A cm−2; stoichiome-
ry: 1.5/3.0 for H2/air; RH: 80%; cell temperature: 80 ◦C; backpressure: 30 psig. MEA:
node/cathode Pt loading: 0.4 mg cm−2.

ion, under the same conditions, is given for comparison. As can
e seen in Fig. 10, the cell voltage of the toluene-poisoned fuel
ell experienced a quick initial recovery to a value that was higher
han the baseline cell voltage, but then began to decline. It is not
lear why the cell voltage experienced this rapid initial recovery
o a value higher than the baseline cell voltage, but the pattern
f a quick initial recovery followed by a slow cell voltage decline
as observed for all the recovery tests. The decreasing trend of the

ell voltage as a result of toluene contamination, in contrast to the
onstant trend of the baseline performance, suggests that toluene
ontamination was not fully recoverable because the recovered per-
ormance would gradually decline to a voltage level below that of
he baseline.

Fig. 11 shows the Nyquist plots obtained at the baseline, at
he end of contamination and during recovery. Consistent with
he observation explained above regarding cell voltage, the cell
esistance – primarily the kinetic resistance (the first semicircle)
increased gradually as the recovery process proceeded.

.5. Discussion of the contamination mechanisms of toluene

Based upon our toluene contamination testing results in the
EM fuel cell, and upon electrochemical studies of toluene adsorp-
ion on a solid Pt electrode [18], it is proposed that toluene degrades
ell performance primarily through the kinetic effect and secondar-
ly through the mass transfer effect.

.5.1. Kinetic effect
It was reported [18,21] that toluene has a strong affinity towards

he Pt surface, where it adsorbs through both vertical (�-complex)
nd flat (�-complex) orientations that are dependent on tem-
erature and toluene concentration. The adsorption of toluene
n the Pt surface has an adverse effect on the ORR activity, and
his effect is strongly dependent on both the initial adsorption
tate of the toluene and the electrode potential. In general, the
dsorption of toluene can increase the overpotential of the ORR
y blocking Pt active sites, thus degrading the fuel cell perfor-
ance. The adsorption of toluene can be expressed by the following

eaction:
7H8 + nPt → Ptn(C7H8)ads (�-complex and/or �-complex) (i)

Under PEM fuel cell operating conditions with excess oxygen,
he adsorbed toluene may experience deep chemical oxidation to
roduce CO2 [21], thus releasing some of the Pt sites for the ORR,

c
t
d
s
n

rces 185 (2008) 272–279

s shown in reaction (ii):

tn(C7H8)ads + 9O2 → 7CO2 + 4H2O + nPt (ii)

n which the O2 can be either free or adsorbed oxygen.
According to Zhu et al. [15] and our results [18], the adsorbed

oluene from reaction (i) can also be partially electrochemically
xidized to (1) higher oxidation state intermediates and (2) CO2,
epending on both the orientation of the adsorbed toluene on
he Pt surface, as well as the cathode potential. In the tempera-
ure range within which a PEM fuel cell operates (around 80 ◦C),
orizontally adsorbed toluene is more prevalent [18], and the prod-
ct of the electro-oxidation of toluene is primarily CO2 (reaction
iii)):

tn(C7H8)ads + mH2O → 7CO2 + nH+ + ne− (iii)

n which the H2O can be free or adsorbed at the Pt surface.
The intermediate species resulting from toluene electro-

xidation may have some poisoning effect on the catalyst. But the
omplete oxidation of adsorbed toluene to CO2 (reaction (iii)) leaves
he toluene-occupied Pt surface free for the ORR, thus easing the
ontamination effect of toluene.

It should be noted that the onset of toluene electrochem-
cal oxidation is in the potential range of 0.8–1.1 V [18]. This
ange is of prime importance, as it represents the potential
egion of the air-cathode in a PEM fuel cell operated at OCV
nd low current densities. In other words, when the PEM fuel
ell is operated at OCV and low current densities, the adsorbed
oluene is electrochemically oxidized, thus freeing some of
he Pt sites for the ORR and resulting in less severe perfor-

ance degradation, as compared with operation at high current
ensities.

.5.2. Mass transfer effect
An interesting observation about the toluene contamination

est is that the presence of toluene in the air stream results in
ater flooding. As can be seen from Figs. 2 and 10, water flooding,

eflected in the negative cell voltage spikes, apparently occurs much
ore often during the contamination period as compared with the

aseline. It is also observable from Fig. 2 that the frequency and
agnitude of water flooding are enhanced by an increase in both

urrent density and toluene concentration. Furthermore, recovery
rom toluene contamination by replacing toluene-contaminated air
ith pure air does not fully recover the fuel cell from water flood-

ng, as shown in Fig. 10, suggesting that toluene contamination
auses a permanent change in the hydrophobicity/hydrophilicity of
he GDL and/or CCM. We conducted contact angle measurements
ith both un-contaminated and toluene-contaminated GDLs and
CMs. It was observed that contamination tests with 5 ppm
oluene at 50 A cm−2 decreased the contact angles of the GDL and
CM by 12◦ and 14◦, respectively. This observation revealed that
oluene contamination rendered both the GDL and the CCM more
ydrophilic.

Based on these observations, we tentatively propose that
oluene adsorption may change the structure and hydrophobicity
f the catalyst layer (CL), the GDL, and the ionomer in both the
L and the GDL, thereby causing mass transfer losses. Firstly, the
igh-surface-area carbon support materials used to support the
t catalyst in the PEM fuel cell could act as good adsorption sub-
trates for toluene, just as activated carbon has been widely used in
ndustry for removing VOCs, including toluene [22]. This adsorption

ould significantly change the surface properties, such as the struc-
ure and hydrophobicity/hydrophilicity. Secondly, toluene may
issolve into the PTFE of the GDL, which could roughen the PTFE
urface or change its surface structure. However, more research is
eeded to support our theory, such as ex situ characterization of the
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ontaminated MEA (membrane, catalyst layer, and GDL as well),
lectrochemical study of toluene adsorption behaviour on a Pt/C
lectrode, etc.

. Conclusions

The effect of toluene in air on PEMFC performance was stud-
ed using four concentration levels of toluene under five current
ensities. Cell performance started to drop immediately after the
oluene was introduced into the air stream and then reached a
lateau. The magnitude of toluene poisoning was a strong function
f toluene concentration and current density. With higher toluene
oncentration and current density, a higher poisoning rate and
larger steady-state cell voltage drop were observed. The effect

f toluene on cell performance was also investigated as a func-
ion of RH and cathode Pt loading. It was found that increases
n RH and cathode Pt loading led to less severe performance
egradation.

EIS measurement was employed as a diagnostic tool during the
ontamination tests to examine changes in cell resistances, includ-
ng membrane resistance, kinetic resistance, and mass transfer
esistance. It was concluded that toluene contamination resulted
n an increase in both kinetic and mass transfer resistances, but
ncreased kinetic resistance was a more dominant contributor to
he drop in cell performance.

Recovery of the toluene-contaminated fuel cell was conducted
y replacing the toluene-contaminated air with pure air. Despite
quick initial recovery in cell performance immediately after the

witch from toluene–air to pure air, the fuel cell then experienced
steady decline in performance, which suggests that toluene con-

amination is not fully recoverable.
A mechanism of toluene contamination was proposed based on

ur contamination testing results. Adsorption of toluene on the Pt
urface and probably also on the high-surface-area carbon support

f the catalyst may occupy the active Pt sites and change the cata-

yst structure, thus poisoning the catalyst. Moreover, the adsorption
f toluene may change the surface structure and hydrophobic-
ty/hydrophilicity of the cathode’s GDL and CCL, thus rendering the
DL/CCL more hydrophilic.
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