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HIGHLIGHTS

o Effects of aromatic air contaminates on PEMFC were studied with a segmented cell.

o Cathode exposure to 2 ppm CgHg caused a moderate and recoverable performance loss.
e PEMFC poisoning by 2 ppm CqoHg led to a drastic decrease in a cell voltage.

o Performance loss under arenes exposure is due to their strong chemisorption on Pt.

e Oxidation of CgHg to CO, can occur under PEMFC operating conditions.
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Aromatic hydrocarbons are produced and used in many industrial processes, which makes them haz-
ardous air pollutants. Currently, air is the most convenient oxidant for proton exchange membrane fuel
cells (PEMFCs), and air quality is an important consideration because airborne contaminants can nega-
tively affect fuel cell performance. The effects of exposing the cathode of PEMFCs to benzene and
naphthalene were investigated using a segmented cell system. The introduction of 2 ppm CgHg resulted
in moderate performance loss of 40—45 mV at 0.2 A cm~2 and 100—110 mV at 1.0 A cm 2 due to benzene
adsorption on Pt and its subsequent electrooxidation to CO, under operating conditions and cell voltages
of 0.5—0.8 V. In contrast, PEMFC poisoning by ~2 ppm of naphthalene led to a decrease in cell perfor-
mance from 0.66 to 0.13 V at 1.0 A cm~2, which was caused by the strong adsorption of C1gHg onto Pt at
cell voltages of 0.2—1.0 V. Naphthalene desorption and hydrogenation only occurred at potentials below
0.2 V. The PEMFCs' performance loss due to each contaminant was recoverable, and the obtained results
demonstrated that the fuel cells' exposure to benzene and naphthalene should be limited to concen-
trations less than 2 ppm.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

fuel cell performance loss and failure is contamination caused by
fuel, air or system impurities [1—4]. Currently, air is the most

Proton exchange membrane fuel cells (PEMFCs), as electro-
chemical replacements for internal combustion engines in portable,
stationary and automotive power generation, have continued
attracting research and development efforts due to recent suc-
cessful commercialization attempts. However, technical challenges
such as reliability, durability and sufficient performance under
different environmental conditions still exist and are associated
with fuel cell degradation. One significant factor contributing to
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convenient and economic oxidant for PEMFC operation; at the
same time, however, air quality remains a major concern due to the
presence of different air pollutants, including nitrogen- and sulfur-
containing compounds (NOy, NHs, SO;), volatile organic com-
pounds, carbon monoxide and particulates. Airborne contaminants
damage fuel cell performance mainly by affecting catalysts because
platinum readily chemisorbs a large variety of inorganic and
organic compounds, thereby reducing the electrochemically active
area (ECA) and altering sluggish oxygen reduction reaction (ORR)
from a 4-electron to a 2-electron pathway [5]. Moreover, the con-
taminants and the products of electrochemical/chemical trans-
formations may also affect membrane conductivity and the
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hydrophilic properties of gas diffusion layers (GDLs), resulting in
performance loss due to an increase in ohmic and mass transfer
overpotentials.

Extensive research efforts have been dedicated to examining
PEMFC cathode contamination caused by inorganic pollutants such
as SO, [3,6—15], NOy [3,7,8,11,12,14—18], NH3 [7,8,11,13,19,20], H,S
[7,8,11,12,21] and ClI™ [13,22—26]. However, studies on the effects of
organic compounds such as air contaminants are smaller in scope
and limited by benzene [15,27,28], 1,3-butadiene [28], toluene
[29,30] and chemical warfare agents [27]. Because organic com-
pounds have the potential to decrease PEMFC performance, a list of
260 possible airborne contaminants provided by the Environ-
mental Protection Agency has been evaluated. Several contami-
nants have been selected for further detailed studies of their effects
on fuel cells [31]. The chosen contaminants belong to different
classes of organic substances: alkenes (CsHg), alkynes (CoHy), are-
nes (CgHg, CioHg), alcohols (i-C3H7OH), nitriles (CH3CN), esters
(CH,=C(CH3)COOCH3) and alkyl halides (CHs3Br). The selected
compounds are widely used as chemical reagents, solvents, weld-
ing fuels and pesticides, and they cause negative effects on PEMFC
performance [31—35]. According to our studies, these effects are
accounted for different mechanisms of interaction between mem-
brane electrode assembly (MEA) components and the contami-
nants, depending on their chemical nature and properties.

Aromatic compounds (benzene and naphthalene) are consid-
ered possible air pollutants because they are produced or used in
many industrial processes. Benzene is a natural component of
crude oil, with a concentration ranging from 0.001 to 0.4%, and
petroleum refineries are the primary source of CgHg. Other com-
mercial sources of benzene include direct extraction from the light
oil formed during coal coking and from gas-well condensates [36].
Benzene is predominantly used as a starting material for the
chemical synthesis of ethylbenzene, cumene, cyclohexane and
other substituted aromatic hydrocarbons. More than half of all
benzene produced is processed into ethylbenzene, a precursor to
styrene, which is used for manufacturing polymers and plastics.
Benzene is also used as a gasoline additive (1—-5% by volume) to
increase octane rating and reduce knocking. Other products that
incorporate benzene include solvents and pesticides. Naphthalene
is another significant arene and is commercially produced from
coal tar or petroleum. Worldwide, naphthalene is mainly used for
the manufacturing of phthalic anhydride by vapor-phase catalytic
oxidation, a precursor for polyvinyl chloride plasticizers. Naph-
thalene is also used in the manufacture of a wide variety of in-
termediates for the dye industry, synthetic resin, surfactants, moth
repellent and pesticides [37,38].

Emission sources of benzene and naphthalene are similar and
may be distinguished based on generation mechanism because
they are emitted as products of the incomplete combustion of
wood, straw, tobacco, fossil fuels (gasoline, diesel, oil, coal) and
through evaporation or sublimation of CgHg- and CigHg-containing
materials such as coal tar, crude oil, petroleum products and moth
repellent. Emissions can be also classified as natural sources
(wildfires) and as anthropogenic sources, which are a much larger
and more significant sources of exposure.

Benzene is emitted during its production and from coke ovens.
The other major sources of benzene in air are motor vehicle exhaust
and evaporation losses during handling, distribution and storage of
gasoline. The benzene concentration in ambient air generally
ranges from 1 to 30 pg m—> (0.3 ppb—0.01 ppm), depending on the
proximity of traffic or industrial objects [39,40]. The extensive use
of naphthalene as an intermediate in the chemical industry and its
presence as a major component of coal tar has led to its occurrence
in industrial effluents, outdoor and indoor environments. In addi-
tion to these sources, the emission of naphthalene is similar to that

of benzene and occurs through wood and stationary fossil fuel
combustion and burning. Air concentrations of naphthalene in
cities typically vary from 0.5 to 1.0 pg m~> (0.1-0.2 ppb), whereas
the maximum outdoor concentration can reach up to 5—25 pg m—>
(1-5 ppb) [37]. Tobacco smoking has been found to be a notable
indoor benzene and naphthalene emission source, producing
90—500 ng benzene/cigarette and 15—18 ug naphthalene/cigarette
[41].

The adsorption of benzene and its derivatives onto Pt has been a
subject of fundamental studies due to considerable interest in
various electrochemical syntheses involving aromatic hydrocar-
bons and for the purification of effluent from organic contaminants
[42—51]. However, data concerning the effects of benzene and
naphthalene on PEMFC performance and oxygen reduction are rare
[15,27,35]. It was shown that even 2 ppm of CgHg in air caused a fuel
cell performance loss of ~150 mV at 1.0 A cm? and 80 °C, whereas
exposure to 2 ppm CyoHg resulted in a drastic decrease in cell
voltage to 0.1 V under the same conditions. However, no explana-
tion for the observed results was provided. Moreover, further
detailed analysis and assessment are required because the evalu-
ation of PEMFCs by single-cell testing usually provides only average
values of current, voltage and impedance, whereas valuable infor-
mation about local performance is beyond reach. In contrast, a
segmented cell system provides spatially resolved voltage, current
and impedance data and is a powerful tool for gaining a detailed
understanding of fuel cell performance under various operating
conditions, i.e., exposure to different fuel or air impurities
[33,34,52—59]. The current work is a continuation of our previous
studies regarding the effects of airborne pollutants on fuel cell
performance and spatial PEMFC behavior under cathode exposure
to benzene and naphthalene contaminants to assess relative
transport processes along the flow field. The contaminant con-
centration used in this study was 2 ppm, which is higher than that
observed under real conditions, to enhance and accelerate the ef-
fects of pollutants on fuel cells.

2. Experimental

The experiments were conducted on a GRandalytics single fuel
cell test station using a segmented cell system [G0]. This diagnostic
tool was used in previous studies [61—64] and allows simultaneous
measurements of spatial electrochemical impedance spectra (EIS),
spatial linear sweep voltammetry (LSV) and cyclic voltammetry
(CV) to be performed. The system has ten current channels in a
high-current (standard) mode and ten channels in a low-current
mode. The standard mode enables the measurement of currents
up to 15 A for each channel. The low-current mode allows for the
measurement of currents as low as 375 mA, which is typical for CV
and LSV experiments.

The segmented cell hardware is based on a 100 cm? cell design.
The hardware contains a segmented flow field, which consists of
ten cell segments forming a continuous path along ten parallel
serpentine channels. Each segment has an area of 7.6 cm? and its
own distinct current collector and gas diffusion layer (GDL). The
same channel designs are used for the segmented cathode and
standard anode flow fields (the reactant streams are arranged in a
co-flow configuration). The segmented cell hardware is applicable
to either the anode or the cathode.

The segmented cell was operated with a commercially available
100 cm? MEA provided by Gore. The anode and cathode were made
of Pt/C catalysts with a loading of 0.4 mgp; cm 2. Sigracet 25 BC was
used for the anode and cathode GDLs. The cathode used a
segmented GDL and gasket configuration, whereas a single GDL
was applied at the anode, and the total active area of the MEA was
76 cm?. The gasket material was made of Teflon, with a thickness of
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125 um for the anode and the cathode.

During benzene exposure in air, the dry contaminant gas was
injected into a humidified air stream, which was maintained at a
constant level by increasing the temperature setting of the hu-
midifier unit. Naphthalene was supplied by sublimation of naph-
thalene powder using a temperature-adjustable portable oven
(T~30 °C) and passing air (~40 ml min~!) through the oven. The
anode/cathode testing conditions for the contamination experi-
ments were Hj/air in a 2/2 stoichiometry, 100/50% relative hu-
midity and 48.3/48.3 kPag backpressure. The cell temperature was
80 °C. The MEA was operated under galvanostatic control of the
whole cell current over the range of 0.1-1.6 A cm~2 (based on the
76 cm? of the active MEA area).

The polarization curves (VI curves) in the Hy/air gas configura-
tion were measured under the same conditions used in the
contamination experiment. VI curve measurements were also
performed in the Hy/He + O, (21 vol%) and H,/O, gas configura-
tions and under galvanostatic control of the total cell current. To
maintain constant water transport in the cell for any given total cell
current density, the flow rates of Hy/He + O, and Hy/O, were
identical to those used during the Hy/air operation with a stoichi-
ometry of 2. Consequently, the stoichiometry of He + O, remained
at 2, whereas the stoichiometry of O, increased to 9.5. The resulting
three different VI curves (Hy/air, Hy/He + O and H,/0O,) were used
to determine the activation, ohmic and mass transfer (permeability
and diffusion) overpotentials, as previously described [60].

The VI curve measurements and contamination experiments
were combined with EIS to determine the high-frequency re-
sistances (HFR) of the cell and segments and to record the
impedance spectra for all ten segments and the overall cell. The
selected frequency range for the EIS experiments was
0.05 Hz—10 000 Hz, and the amplitude of the sinusoidal current
signal perturbation was 2 A, which resulted in a cell voltage
amplitude of 10 mV or lower. The HFR was determined from the
intercept of the EIS with the x-axis at higher frequencies on the
Nyquist plot.

CV experiments were conducted to determine the ECA using a
Solartron SI 1287 and performed at a cell temperature of 35 °C at a
scan rate of 20 mV s~ !, while 100% humidified hydrogen and ni-
trogen were supplied to the reference/counter and working elec-
trodes, respectively, at a flow rate of 0.750 1 min~'. For each
measurement, three cycles were applied over a potential range
from —0.015 to 1.1 V vs. the reversible hydrogen electrode (RHE).
The hydrogen desorption peak area of the third cycle was used to
determine the ECA. Hydrogen crossover experiments were carried
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out under the same temperature and flow conditions applied in the
ECA tests using an LSV from 0.1 to 0.4 V vs. the RHE at a scan rate of
01mvVsL

The segmented cell was assembled using established proced-
ures, conditioned and subjected to a set of diagnostic tests. The
beginning of test (BOT) diagnostics consisted of a CV to determine
the ECAs of the electrodes, an LSV to determine the hydrogen
crossover current of the cell and a measurement of the VI curves
with spatial EIS using the Hy/air, Hy/He + O, and H,/O, gas con-
figurations to determine the performance and overpotential dis-
tributions of the cell and impedance responses. The same
diagnostic tests (end of test (EOT)) were repeated after benzene and
naphthalene contamination.

3. Results
3.1. Effects of benzene on spatial PEMFC performance

Fig. 1 presents the segments' voltages and normalized current
densities observed under benzene exposure at overall cell current
densities of 0.2 and 1.0 A cm~2. The normalized current density is a
ratio between the measured current density at any moment and the
initial value which was determined during the pre-poisoning stage.
For the first 16 h, the cell was operated with pure air, resulting in
average voltages of 0.8 and 0.67 V for the low and high currents,
respectively. The initial current density distribution ranged from
0.16 to 0.23 A cm~2 for the outlet and inlet segments at an overall
current density of 0.2 A cm~2. An increase in the operating current
to 1.0 A cm ™2 caused the current distribution to vary from 0.87 to
1.07 A cm 2. Injection of 2 ppm benzene into the air stream led to a
decrease in cell and segment voltage. At steady state, the voltage
losses were 40—45 and 100—110 mV at 0.2 and 1.0 A cm?,
respectively, which is in agreement with results published in a few
other studies [15,27]. The observed performance drop was
accompanied by a current density redistribution, which likely
depended on the operating current and revealed different behavior
patterns.

Benzene exposure at 0.2 A cm~2 led to the lowest current
density values of the inlet segments 1—4, whereas the outlet seg-
ments 8—10 exhibited an increase in produced current (Fig. 1 b).
The current distribution varied from -10-12% for segment 1
to +12—15% for segment 10. The observed decrease in the segments
1—4 performance likely occurred due to CgHg adsorption on Pt and
its further conversion at the inlet of MEA, keeping the rest of
cathode area unpoisoned. Operation of the cell in the galvanostatic
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Fig. 1. Voltage and normalized current densities of segments under cathode exposure to 2 ppm of CgHg for overall current densities of 0.2 (a, b) and 1.0 A cm~2 (c, d). Anode/

cathode: Hy/air, 2/2 stoichiometry, 100/50% RH, 48.3/48.3 kPa,, 80 °C.
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regime required production of a constant current from the entire
cell, and because the current of the inlet segments decreased, an
increase of 10—15% in the current of segments 8—10 occurred.
Similar current redistribution behavior was previously reported for
CO poisoning of an anode and C;H, contamination of a cathode
[33,57,58]. The opposite trend in the local current redistribution
was detected during CgHg cathode exposure at 1.0 A cm ™2 (Fig. 1 d),
which resembled the effect of CH3CN on spatial fuel cell perfor-
mance [34]. The inlet segments increased performance by 7—8%; at
the same time, a decrease in the current densities for the outlet
segments by ~9% was detected. Benzene most likely affected the
inlet part of the MEA; however, products or intermediates of its
chemical/electrochemical conversion moved downstream with the
produced water, accumulated and affected Pt surface and ORR at
the outlet of MEA, resulting in the obtained localized performance.

The cell and segments almost restored their performance after
stopping CsHg injection at 0.2 A cm~2 (Fig. 1 a). The voltage reached
0.79 V vs. an initial value of 0.8 V, however, the segment current
densities did not recover completely after 16 h of operation in pure
air. A similar behavior was also found in previous work devoted to
the study of C;H; effects on a PEMFC [33]. There are at least two
reasons that explain the incomplete recovery after CgHg contami-
nation: 1) presence of the contaminant or its residues on the Pt
surface and 2) reversible catalyst degradation during long-term
operation at a high voltage/low current density. Both processes
are dependent on local operating conditions including relative
humidity [34,65,66]. However, without additional information, it is
not possible to determine the exact cause of the incomplete
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recovery in the presence of CgHg, especially because interactions
between these 2 processes may exist [67]. In contrast, operation at
high current resulted in a full recovery of the cell when benzene
exposure was stopped (Fig. 1 ¢). The cell voltage was 0.68 V vs.
0.67 V, and normalized segment current densities were close to 1
(Fig. 1 c).

Spatial EIS data for all ten segments and the overall cell during
different stages of contamination are presented in Fig. 2a) and b) for
0.2 and 1.0 A cm™?, respectively. The initial EIS spectra were
recorded during the pre-poisoning stage after operation in pure air
for 15 h for both cases. The EIS curves of the fuel cell operated
without any contaminants consisted of several arcs: a high-
frequency arc, which can be distinguished at low-current opera-
tion; a high-frequency cathode loop due to charge transfer resis-
tance and a double-layer capacitance of the ORR; and a low-
frequency arc representing mass transfer limitations at the cath-
ode, which is noticeable at high current. The diameter of the low-
frequency mass transfer loop increased from the inlet to the
outlet segments due to O, depletion and water accumulation.

After 1 h of benzene injection at 0.2 A cm~2, there was a slight
increase in the cathode charge transfer and mass transfer re-
sistances for all segments (Fig. 2 a). As CeHg was continuously
injected for 5 h, the impedance continuously increased, and steady
state was reached at 10 h. A similar trend was observed for benzene
exposure at 1.0 A cm 2 (Fig. 2 b). Poisoning within 1 h resulted in a
pronounced increase in the cathode charge transfer and mass
transfer resistances and the cell's steady-state operation. After 1 h
of operation in pure air during the recovery stage, a decrease in
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Fig. 2. EIS for segments 1-10 and the overall cell during 2 ppm CgHg exposure test at 0.2 (a) and 1.0 A cm~2 (b). Anode/cathode: H,/air, 2/2 stoichiometry, 100/50% RH, 48.3/48.3

kPag, 80 °C.
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impedance was observed for all segments. Further recovery caused
a slight variation in the spatial impedance responses.

The obtained results allowed us to conclude that even low
concentrations of benzene in air (2 ppm) caused PEMFC perfor-
mance losses of 40—45 and 100—110 mV depending on the oper-
ating current density due to its strong adsorption onto and
interaction with Pt, which likely affected oxygen reduction and,
consequently, the cell voltage. The performance drop was found to
be recoverable, and the activity of the fuel cell was restored as soon
as the injection of CgHg was stopped.

3.2. Effects of naphthalene on spatial PEMFC performance

The spatial PEMFC performance under exposure to 2.3 ppm
naphthalene at an overall cell current density of 1.0 A cm~? is
illustrated in Fig. 3. For the first 17 h, the cell was operated with
pure air, resulting in a voltage of 0.662 V. The initial current density
redistribution varied over the range of 0.88—1.1 A cm~2 for the
outlet and inlet segments due to oxygen depletion and water
accumulation. The introduction of 2.3 ppm CyoHg into the air
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Fig. 3. Voltage (a) and normalized current densities (b) of segments under cathode
exposure to 2.3 ppm of CioHg for an overall current density of 1.0 A cm~2. Anode/
cathode: Hy/air, 2/2 stoichiometry, 100/50% RH, 48.3/48.3 kPag, 80 °C.

241

stream constantly decreased the cell voltage within 9 h, resulting in
a performance loss of 0.53 V. The voltage profile revealed pro-
nounced inflection points at 0.43—0.45 V and 0.26—0.28 V occur-
ring after 3—3.5 and 5-5.5 h of naphthalene poisoning,
respectively. As soon as the cell reached 0.12—0.13 V voltage os-
cillations from 0.08 to 0.19 V was detected (Fig. 3 a). The naph-
thalene injection was stopped after observing the oscillations for
1 h, mainly to prevent possible damage to the MEA. The load bank
was equipped with a 5 V voltage booster to allow for operation
down to O V.

The local current underwent redistribution during naphthalene
exposure, similarly to that observed during benzene poisoning at
1.0 A cm 2 (Fig. 1 d). The current densities of inlet segments 1—6
increased immediately after the injection of CigHg into the air
stream, whereas the current densities of outlet segments 7-10
decreased (Fig. 3 b). The current density profiles showed a well-
distinguished extremum after 5 h of contaminant exposure,
which corresponded to the voltage inflection at 0.26—0.28 V. The
current density distribution at this point varied from +10-14% for
the inlet segments to —10% (segment 7) — 25% (segments 9 and 10).

The cell and segments recovered their performance within 2 h
after stopping CioHs injection. The voltage reached 0.67 V vs. an
initial value of 0.662 V, and normalized individual current densities
were close to 1. However, the cell recovery involved a drastic local
current redistribution, most likely due to naphthalene desorption
and/or desorption of products of its chemical/electrochemical
transformations. The maximum current was detected for segment
1 (+39%), the segment 10 showed the minimum current density
(—=39%).

Fig. 4 demonstrates the evolution of the spatial EIS behavior for
the individual segments and whole cell under CyoHg poisoning. The
initial EIS curves were recorded after 14 h of operation with pure
air. The introduction of naphthalene for 1 h caused an increase in
charge transfer resistance and mass transfer resistance. Further
exposure of the cathode to the contaminant led to a continuous
increase in the impedance responses for all segments and the
appearance of low-frequency inductance for the segments 7—10.
The low-frequency inductance was previously explained by the
presence of two successive electron transfer steps involving the
formation of an adsorbed intermediate species [68—72]. PEMFC
exposed to air impurities (C;H,, CH3CN and CH3Br) also demon-
strated a low-frequency inductance at potentials favoring the
electroreduction of the contaminant, which occurred in parallel
with oxygen reduction [33,34]. Thus, the appearance of the
inductive loop at low frequency suggests that there were sequential
electrochemical reactions involving naphthalene, which interfered
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with oxygen reduction at the cathode and reduced the faradaic
efficiency of the ORR. The operation with pure air in the recovery
stage restored the performance of the segments and whole cell, in
agreement with the voltage and current data obtained.

The PEMFC performance loss of 530 mV under naphthalene
exposure clearly demonstrates that CigHg causes serious damage to
an operating fuel cell presumably due to its strong adsorption onto
Pt. The fuel cell performance was shown to be recoverable after 2 h
of operating in pure air. However, PEMFC exposure to naphthalene
should be limited to concentrations much less than 2 ppm to
ensure stable operation.

3.3. Impacts of aromatic contaminants on PEMFC performance

An analysis of the contamination tests and previous electro-
chemical studies on aromatic compounds on a Pt electrode [42—51]
propose that PEMFC performance loss occurred mainly through the
effects of benzene and naphthalene on Pt ECA and ORR. Deep cat-
alytic oxidation of benzene and naphthalene over Pt containing
catalysts occurs at temperatures higher than typical for fuel cell
operation (200—300 °C), which makes chemical oxidation unlikely
under PEMFC operating conditions [73].

It has been demonstrated that arenes are easily and non-
dissociatively chemisorbed onto Pt electrodes, primarily in a “flat”
orientation parallel to the surface, through the interaction of aro-
matic -electrons with metal atoms [42,44,46,74—76]. It has been
shown that the electrosorption of benzene on Pt can be described
by Frumkin [76,77] or Temkin [46] isotherms, which consider the
interactions between species adsorbed onto homogeneous surfaces
and changes in adsorption energy with coverage, whereas
adsorption kinetics follow the Roginskii-Zel'dovich equation
[44,46].

The heat of adsorption of benzene and naphthalene on Pt (111)
at 300 K was measured by single-crystal adsorption calorimetry
and found to decrease with coverage [78—80]. At low coverage, the
adsorption energies for CgHg and C1oHg were determined to be 114
and 330 k] mol~!, respectively. Results also indicated that both
benzene and naphthalene could be adsorbed onto the top of their
chemisorbed molecules with heats of adsorption of 63—73 and
83—87 k] mol~, respectively. Density functional theory calculations
demonstrated that the best adsorption structure of benzene and
naphthalene on Pt (111) is associated with aromatic rings on bridge
sites with adsorption energies of 0.90 eV (86.8 k] mol~') and
1.37 eV (132.2 k] mol~ '), while hollow sites are less stable [81].
Similar results regarding CgHg and CqgHg adsorption onto Pt (111)
were reported in Refs. [82—84]. The preferred site for benzene at
low coverage was reported to be the bridge site, with an adsorption
energy of 117 kJ] mol~, at the same time adsorption onto hollow
sites was characterized by an adsorption energy of 75 k] mol ! [82].
The bridge sites were determined to provide the best adsorbed
naphthalene structures, with an adsorption energy of
34.9 kecal mol~! (146.0 k] mol~!), whereas hollow sites ensured
naphthalene adsorption with an adsorption energy of
10—11.8 kcal mol~! (41.8—49.4 k] mol™1) [83]. Experimental and
theoretical studies have clearly demonstrated that both arenes can
be easily chemisorbed onto Pt not only as a monolayer but also as
multilayer structures; moreover, the adsorption energy of CioHs is
higher than that of CgHg, which indicates a stronger effect of
naphthalene on PEMFCs.

The electrochemistry of benzene and naphthalene on metal
electrodes has been studied over the past several decades by CV,
differential electrochemical mass spectroscopy (DEMS), FTIR and
radiotracer methods [42—51,76,77,85—87]. The shape of CV curves
on Pt electrodes is nearly identical for both contaminants, which
block the Pt surface at hydrogen adsorption/desorption as well as in

regions where platinum oxides form.

On polycrystalline Pt electrodes, benzene is oxidized to CO, at
potentials corresponding to the oxidation of the Pt surface (>0.8 V),
with the formation of a well-resolved peak at ~135 V
[44,46—-50,87]. However, oxidation occurs through several steps. In
the first CV anodic scan, benzene can be oxidized to CO, and form
partially oxidized intermediates (likely benzoquinone), which stay
adsorbed onto the Pt surface [48—51]. Lack of CgHg desorption and
higher CO, formation at the beginning of the oxygen reduction
region in the second CV cycle confirm that the remaining adsorbate
consists of products of partial benzene oxidation, which can be
further oxidized at potentials lower than those required to oxidize
benzene itself [87]. The onset of CO, evolution on polycrystalline Pt
was found to be at 0.6 V, which shows that for benzene oxidation
the simultaneous adsorption and desorption of oxygen is required
[87]. Oxygen adsorption and desorption activate the C-C bonds in
the adsorbed benzene by altering metal-metal distances, and
therefore, oxidation can occur, since surface restructuring is
considered to be a possible bond-breaking mechanism [88].

Benzene is desorbed in the potential region corresponding to
hydrogen adsorption; the desorption starts at 0.15—0.2 V and is
nearly complete at the negative potential limit [44,46—50,86].
Benzene hydrogenation to cyclohexane is facilitated by low po-
tentials; indeed, cyclohexane appears to be the main desorption
product (80—90%) [48,49,86]. Partially hydrogenated products, e.g.,
cyclohexene, were not detected in Ref. [86]; however, traces of
cyclohexene were observed by ].L. Rodriquez [49].

Electrooxidation of naphthalene reveals one broad oxidation
peak in the CV curve with a maximum at 1.35 V, a behavior that is
similar to benzene [51]. The oxidation occurs through partially
oxidized intermediates and is completed within three cycles.
Moreover, the number of oxidation charges per CO, molecules is
greater than theoretically expected (20—30%), indicating that
naphthalene oxidation does not lead solely to CO, but also to other
nonvolatile oxidation products [51]. Adsorbed naphthalene desorbs
as naphthalene, tetralin and fully hydrogenated decalin in the
hydrogen adsorption potential region. The desorption of naphtha-
lene starts below 0.2 V, the formation of tetralin is detected at
0.05 V, and decalin formation is detected at potentials lower than
0V [51].

The effects of the air pollutants on PEMFC can be described by
the schemes presented in Fig. 5, which take into account the
observed performance data and published results. At the beginning
of contamination, benzene and naphthalene chemisorb onto the Pt
surface, causing a decrease in Pt ECA and an inhibition of platinum
oxide formation, which strongly affects oxygen reduction and the
efficiency of fuel cell performance. Rotating disk electrode (RDE)
studies confirm that poisoning of the Pt electrode by aromatic
compounds leads to a cathodic shift in the ORR with the formation
of Hy0, [5,30]. Observations indicate changes in the oxygen
reduction mechanism from a 4-electron to a 2-electron pathway
due to modifications of the geometrical properties of catalyst par-
ticles (blockage of available surface area for proper O, adsorption)
and the redistribution of electronic density between the adsorbate
and catalyst. All of these effects result in an initial local current
redistribution, a decrease in cell voltage and an increase in EIS re-
sponses. However, subsequent transformations of benzene and
naphthalene are different.

The oxidation of adsorbed CgHg onto polycrystalline Pt was
found to begin at voltages as low as 0.6 V [87]. Taking the HFR of the
cell (~0.07 Ohm cm?) into account and assuming that the anode
potential is ~0 V, the cathode potentials under contaminant expo-
sure (cell voltage compensated by the ohmic loss) is ~0.77 and
0.63 V for operation at 0.2 and 1.0 A cm~2, respectively, which
suggests that oxidation occurs at low and high currents under fuel
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Fig. 5. Schematic of the possible chemical processes undergone by benzene (a) and naphthalene (b) during PEMFC operation.

cell conditions (Fig. 5 a). However, a comparison of the potentials
reported at the DEMS and RDE with the observed PEMFC voltages is
not quite appropriate because 1) the cell voltages must be con-
verted to potentials vs. the standard hydrogen electrode instead of
the RHE and 2) the potentials are reported mainly for aqueous
media (acid or alkaline) and standard conditions (room tempera-
ture and ambient pressure). Benzene oxidation to CO, proceeds
through several steps [48—50]; however, the oxidation appears to
be a fast process compared with the ORR because EIS did not reveal
any low-frequency inductance or other features. The origin of the
reverse order of local currents observed at 0.2 and 1.0 A cm 2 (Fig. 1
b, d) is not clear, but it might be associated with an effect of partially
oxidized benzene intermediates and explained by the fact that
benzene electrooxidation requires the adsorption/desorption of
oxygen on Pt [87,88], which is hindered at low cell voltage. The
PEMFC voltage did not decrease below 0.5 V under the applied
operating conditions; thus, hydrogenation of adsorbed benzene is
not favorable at high potentials and does not take place.
Naphthalene oxidation begins at potentials higher than 1.0 V,
and its hydrogenation begins at potentials lower than 0.2 V [51]
(Fig. 5 b). The adsorption of naphthalene is stronger than that of
benzene because the measured heat of adsorption for the former is
twice as high (330 vs. 114 k] mol~, respectively), and even multi-
layer adsorption is possible [80]. Thus, only CioHg adsorption on a
Pt electrode can occur at PEMFC operating voltages (0.8—0.4 V),
resulting in a continuous accumulation of naphthalene on the Pt
surface, which decreases ORR efficiency/cell voltage and increases
impedance. Similar PEMFC behavior was observed when CoH, was
studied as an air contaminant [33]. The observed inflection points
at 0.43—0.45 and 0.26—28 V (Fig. 3 a) could be attributed to
potential-dependent structural changes in the adsorbate layer and/
or Pt surface. When the cell reaches voltages below 0.2 V, the
adsorbed naphthalene can desorb and/or be reduced to tetralin and
decalin. Naphthalene electroreduction occurs in parallel with the
ORR and competes with it for hydrogen/protons. The observed low-
frequency inductance in spatial EIS (Fig. 4) implies that naphtha-
lene electrochemical reduction is likely slower than oxygen
reduction under given operating conditions, which might be
associated with voltage oscillations. Recovery of the fuel cell's ac-
tivity requires nearly 2 h and consists of two stages: continuous
voltage oscillations over the range of ~0.08—0.19 V for 50—55 min

and a fast voltage increase from 0.18 to 0.67 V within 1 h. The
continuous desorption of naphthalene and its reduction could
explain the oscillations upon recovery. As the Pt surface becomes
free of CioHg and its residues, the cell restores its initial perfor-
mance during the second stage of recovery.

3.4. Effects of C¢Hg and CioHg exposure on fuel cell performance
and ECA after the recovery

A comparison of initial ECA values for three MEAs examined
revealed a slight variation in active areas (Table 1). The anode ECA
was found to be in the range of 77—79 m? g~!, whereas for the
cathode, ECA varied from 74 to 81 m? g~ . Nevertheless, the initial
levels of performance of the samples were similar; for example, the
cell voltage was 0.66—0.67 V at 1.0 A cm~2 (Figs. 1 and 3). The
distributions of the anode and cathode ECA differences are shown
at Fig. 6. The ECA difference was calculated between the ECA
measured after the contamination test (EOT) and before it (BOT).
The fuel cell operation under contaminant exposure caused anode
and cathode ECA losses of 1-5 and 11—-16%, respectively. It is clear
that the anode ECA was more weakly affected than the cathode
ECA. Typically, a decrease in the cathode ECA less than 20% does not
lead to a noticeable increase in activation overpotentials or per-
formance decline; therefore, the cell performances were not ex-
pected to be affected significantly.

Spatial PEMFC performances before (BOT) and after the
contamination tests (EOT) are compared in Fig. 7, which shows
voltage distributions obtained from VI curves for each segment at
fixed local current density. Benzene exposure at low and high
current densities caused a slight variation over the range of 10 mV

Table 1
Electrochemical surface area of the samples before and after contamination tests.
Anode ECA Cathode ECA AECA [%]
(m?g™'] (m?g']
BOT EOT BOT EOT Anode Cathode
CgHg, 0.2 A cm ™2 78.74  75.04 7457 6422 43 13.9
CeHg, 1.0 A cm ™2 78.81 7794 7482 6629 1.1 114
CioHg, 1.0Acm™2 7744 7369 8068 6819 48 15.5
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for some segments (Fig. 7 a, b). At the same time, naphthalene
caused a slight decrease in performance (~10 mV) at the inlet of the
MEA (segments 1—4) (Fig. 7 c). The localized BOT and EOT perfor-
mances for both aromatic contaminants were analyzed in terms of
activation, ohmic and mass transfer overpotentials, as described in
the experimental section. The data reveal that the performance
changes were due to variations in mass transfer losses. The
observed performance discrepancies can be related to fuel cell
degradation and contaminant effects, but it is difficult to quanti-
tatively separate these two contributions. In fact, the variations in
the BOT and EOT performances are small and suggest that exposure
to aromatic compounds at a low concentration of 2 ppm does not
lead to serious effects on PEMFC performance after recovery.

4. Conclusion

The spatial performance of PEMFCs exposed to 2 ppm of arene
contaminants (benzene and naphthalene) was studied using a
segmented cell system. The exposure of the cathode to the selected
air pollutants caused a cell performance loss of 40—45 (CgHg,
0.2 A cm™2), 100—110 (CgHg, 1.0 A cm~2) and 530 mV (CqoHs,
1.0 A cm~2). The effect of benzene on the fuel cells was found to be
moderate and is explained by the adsorption of C¢Hg onto Pt and its
subsequent electrooxidation to CO, under the operating conditions
and at cell voltages of 0.5—0.8 V. PEMFC poisoning by naphthalene
led to a drastic drop in cell performance, mainly due to strong and
possibly multilayer adsorption of C;oHg onto Pt at cell voltages of

0.2—1.0 V. Naphthalene desorption and hydrogenation only
occurred at potentials lower than 0.2 V. The adsorption of aromatic
compounds onto the Pt surface appeared to result in a decrease in
Pt ECA and an inhibition of platinum oxide formation, which
strongly affected oxygen reduction and the efficiency of fuel cell
performance due to changes in the ORR mechanism from a 4-
electron to 2-a electron pathway. The PEMFC voltage loss was
recoverable for both contaminants; however, it took 2 h for the cell
to restore its performance after naphthalene poisoning. The ob-
tained results demonstrate that PEMFC exposure to benzene and
naphthalene should be limited to concentrations less than 2 ppm.
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