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h i g h l i g h t s

� Effect of cationic contaminants on polymer electrolyte fuel cell performance is investigated.
� Cause for cell performance degradation with the presence of cationic contaminants is studied.
� Mitigation method for cell performance degradation with the presence of cationic contaminants is given.
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a b s t r a c t

The effect of cationic contaminants on polymer electrolyte fuel cell (PEFC) performance is investigated
via in-situ injection of dilute cationic salt solutions. Four foreign cations (Kþ, Ba2þ, Ca2þ, Al3þ) are chosen
as contaminants in this study due to their prevalence and chemical structure (e.g. valence), however
contaminants that have already received extensive coverage in the literature like sodium and iron are
excluded. It is found that the cells with Ba(ClO4)2 and Ca(ClO4)2 injection exhibit little cell performance
change during the current hold test, and the cells with Al(ClO4)3 and KClO4 injection show larger cell
performance changes, i.e. decreasing cell voltage and increasing cell resistance. These cells with in-situ
contaminant injection have a tendency to recover a portion of the lost performance after the recovery
test when switched back to supersaturated air. The degradation in cell performance with the presence of
cationic contaminants is mainly due, in addition to the membrane resistance increase associated with
replacing protons on the sulfonate groups, to the increase in mass transport resistance and decrease in
electrochemical surface area.

© 2015 Published by Elsevier B.V.

1. Introduction

Polymer electrolyte fuel cells (PEFCs) are among the promising
candidates for future automotive applications. However, the per-
formance can be significantly decreased by the presence of cationic
contaminants [1e3]. The source of cationic impurities includes the
air stream, humidifier reservoirs, as well as the corrosion of stack
and balance of plant components [4]. Extensive studies have been
carried out to identify the potential impacts of cationic contami-
nation in PEFC operations [5], investigating the effect of cationic
impurity on the polymer electrolyte (perfluorosulfonic acid, PFSA)

membrane (PEM) [6,7], as well as modeling the effects of cationic
contamination on PEFC performance [8e11]. In addition to
replacing protons on the sulfonate groups in the ionomer, cationic
contamination has several other major effects on PEFC perfor-
mance: i) a decrease in limiting current, i.e., maximum current
allowed by mass transport; ii) an increase in activation over-
potential; and iii) a change in apparent working membrane con-
ductivity that does not match high frequency resistance (HFR) data
[8]. The degradation that is due to the replacement of protons
attached to the sulfonate groups in the ionomer phase by foreign
cations [3,12], can be measured by an increase in ohmic resistance.
Explanations for the effects of the replacement of protons have
been investigated, most notably by Okada et al. [13,14]. Compared
to protons, most cations have a stronger affinity to the sulfonic acid* Corresponding author. 44 Weaver Rd. U-5233, Storrs, CT 06269, United States.

E-mail address: ugurpasa@engr.uconn.edu (U. Pasaogullari).

Contents lists available at ScienceDirect

Journal of Power Sources

journal homepage: www.elsevier .com/locate/ jpowsour

http://dx.doi.org/10.1016/j.jpowsour.2015.03.142
0378-7753/© 2015 Published by Elsevier B.V.

Journal of Power Sources 286 (2015) 18e24

mailto:ugurpasa@engr.uconn.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2015.03.142&domain=pdf
www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
http://dx.doi.org/10.1016/j.jpowsour.2015.03.142
http://dx.doi.org/10.1016/j.jpowsour.2015.03.142
http://dx.doi.org/10.1016/j.jpowsour.2015.03.142


groups and displace protons in the PEM in accordance with the
normal ion exchange processes [13]. Substitution for protons with
cations decreases the proton conductivity of the PEM, and this
decrease in conductivity leads to increased ohmic losses [13].

In our previous studies, the effects of Al3þ [15] and Ca2þ [16]
contaminants on PEFC performance were studied, where sulfate,
(SO4)2� was selected as the anion due to its compatibility with the
catalyst coated membrane (CCM). It was found that the acid site
occupation in the CCM increased and the cell performance
decreased with increased Al ion concentration in the solution [15].
5 ppm CaSO4 (calcium sulfate) in air (defined based on a dry air
molar basis) was sufficient to lead to high cell performance loss at
1 A cm�2 as well as severe membrane degradation [16].

In order to identify important contaminants and quantify per-
formance loss, four foreign cations (Kþ, Ba2þ, Ca2þ, Al3þ) were
chosen as the contaminants in this study due to their prevalence
and their chemical structure (e.g. valence). The ClO4

� anion was
selected based on high solubility and low/no toxicity of the com-
pounds. Cations that were studied extensively in the literature (e.g.
Naþ, Fe2þ) were excluded.

2. Experimental

2.1. Materials and components

CCMs were GORE® PRIMEA® Membrane Electrode Assemblies
(MEA) (GORE and PRIMEA are registered trademarks of W. L. Gore
and Associates, Elkton, MD). Pt loading of anode and cathode
catalyst layers was 0.1 and 0.4 mg cm�2, respectively. All of the
chemicals used were of analytical grade: Potassium perchlorate
(KClO4), barium perchlorate (Ba(ClO4)2), calcium perchlorate tet-
rahydrate (Ca(ClO4)2$4H2O), and hydrated aluminum perchlorate
(Al(ClO4)3$9H2O) were obtained from SigmaeAldrich Co., St. Louis,
MO. Ultra high purity hydrogen (99.999%), ultra high purity nitro-
gen (99.999%), and ultra zero purity air (99.8%) were used. All gases
were purchased from Airgas, Inc.

2.2. Fuel cell tests

The CCMs (active area: 5 cm � 5 cm) were assembled in single
cell hardware (Fuel Cell Technologies, Albuquerque, NM) using
single pass anode and triple pass cathode flow fields, with SGL
Carbon 25BC (Ion Power Inc., New Castle, DE) used as the gas
diffusion layer (GDL). A fuel cell test station (890B, Scribner Asso-
ciates, Inc., Southern Pines, NC) was used to control the current
load, flow rates, relative humidity, gas and cell temperatures, as
well as to measure cell voltage and resistance. Resistance was
measured using the built-in current interrupt technique.

The polarization curves were obtained under H2/air: 80 �C/
80 �C/73 �C (cell temperature/anode humidifier temperature/
cathode humidifier temperature), which corresponded to 100%
(anode)/75% (cathode) relative humidity at the inlets. The flow was
controlled at a stoichiometry of 2 with a minimum of 0.2 slpm for
both anode and cathode. These operating conditions were used
from our predefined baseline for all PEFC tests conducted in our lab.

Schematic diagram of the experimental setup for in-situ injec-
tion of cationic contaminants is shown in Fig. 1. The injection sys-
tem consisted of a micro flow nebulizer (ES-2005, PFA-400,
Elemental Scientific Inc., Omaha, NE) and a high-resolution micro
pump (Series III Pump, Scientific Systems Inc., State College, PA).
The nebulizer was used to introduce either a finely dispersed
contaminant solution or DI Water into air stream. It was placed just
prior to the cathode inlet (shown in Fig. 1). In order to have
consistent test conditions, the liquid flow rate from the nebulizer
was maintained the same during the entire test processes (baseline

test, contamination test, and recovery test). During the baseline
test, DI water with a flow rate of 130 mL min�1 was injected through
the nebulizer. During the contamination test, the 100 mM
contaminant (Ba(ClO4)2, Ca(ClO4)2, Al(ClO4)3, or KClO4) in DI water
at a flow rate of 130 mL min�1 was injected into the cathode of the
PEFC with dry air through a nebulizer, this corresponds to 175 ppm
of the selected cation (Kþ, Ba2þ, Ca2þ, or Al3þ) in the mixed inlet air
on a dry air basis. Dry air was used as the carrier gas for the
atomized droplets. The concentration was selected to represent an
accelerated test along with operating conditions designed to
maximize the transport of cations into the MEA. After switching to
the recovery test, the contaminant solution was replaced by DI
water and the flow rate was kept the same. During all the test
stages, the cell was runwith a constant current density of 1 A cm�2

and maintained at 80 �C. A high relative humidity was maintained
at the cathode (125%) compared to the anode (25%) in order to
facilitate the transport of the cationic impurities in the liquid phase
into the MEA, and to force a net water flow from the cathode to the
anode. For the same reason, a high back pressurewasmaintained at
the cathode (15 psig) compared to the anode (1.5 psig). The flow
was held at 1.75 slpm and 1.66 slpm for anode and cathode,
respectively, corresponding to a 10 (anode) and 4 (cathode) stoi-
chiometry. Cathode air came from two sources. The first source was
humidified by the test station with a flow rate of 1.26 slpm. The
other source was from the nebulizer with a flow rate of 0.4 slpm,
which was used as the carrier gas for the atomized droplets as
mentioned above. The relative humidity of the cathode was ach-
ieved by controlling the amount of water from the humidifier as
well as from the nebulizer. A high air flow was maintained at the
cathode (4 stoichiometry) to carry more water into the cathode in
order to help to prevent contaminant precipitation, and a high H2
flow at the anode to ensure that the performance degradation
during these tests can be attributed to the contamination [16].

2.3. Cyclic voltammetry (CV)

A potentiostat/galvanostat (Solartron SI 1287) was used to
perform the cyclic voltammetry tests. The fuel cell cathode purged
with humidified N2 with a flow rate of 250 sccm was employed as
the working electrode. Humidified H2 with a flow rate of 250 sccm
was passed through the counter electrode, which was also used as
the dynamic hydrogen reference electrode. The scan rate and range
were 20 mV s�1 and 0.05e0.8 V, respectively. The cell temperature
was 80 �C and the anode and cathode humidification temperatures
were 80 and 73 �C, respectively.

Polarization scans and CVs were obtained at our conventional
conditions in order to obtain a clear comparison between our his-
torical uncontaminated cells and the contaminated cells.

2.4. SEM/EDX analysis

After the fuel cell test was finished, the cell was disassembled
and the contaminated CCM was examined using both a scanning
electron microscope (SEM, FEI ESEM Quanta 250) and energy
dispersive X-ray spectroscopy (EDX). The cross-section sample of
the CCM was prepared using the procedure provided in our pre-
vious work [15]. The accelerating voltage for the SEM image and the
EDX analysis was 5.0 and 15.0 kV, respectively.

3. Results and discussion

Fig. 2 shows the cell voltage and resistance of the contaminated
cells during the current hold test (1 A cm�2). BOTand EOT represent
the beginning of test and the end of test, respectively. As shown in
Fig. 2, a baseline test with a flow rate of 130 mL min�1 DI water
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