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As hydrogen fuel cell vehicles move closer to mass commercialization, understanding the voltage losses due to contamination on
low loading catalyst layers has become critical. It is imperative that contamination mechanisms are understood to mitigate these
losses. In some cases, chemical breakdown of the polymer membrane can lead to formation of small molecules that can infiltrate
and adsorb onto the catalyst layer, resulting in lower fuel cell performance and durability. Surface coverages of perfluorinated
acid model compounds, representing polymer electrolyte membrane (PEM) chemical degradation products, were studied using
an electrochemical quartz crystal microbalance (EQCM) with a polycrystalline platinum electrode. Perfluorosulfonic acid model
compounds with a terminal sulfonic acid group exhibited no adsorption and no mass change. A similar model compound with
a terminal carboxylic acid functional group exhibited higher surface coverage and stronger adsorption strength. Perfluorinated
diacids, representing degradation products of a Nafion and 3M membrane, both showed mass increases well into the Pt oxide
region, suggesting that the compounds were not fully displaced by surface oxides and that the terminal sulfonic acid group played
a secondary role in the adsorption. Both perfluorinated chain length and functional group were found to play important roles in Pt
surface adsorption characteristics.
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Polymer electrolyte membrane fuel cells (PEMFCs) are on the
verge of becoming a significant source of energy production world-
wide. Hydrogen fuel cell vehicles (FCV) are already commercialized
in small volumes and on the road. FCVs must be as durable, reli-
able and cost-effective as current combustion engine vehicles. DOE’s
target for FCVs is 5,000 hours (equivalent to ca. 150,000 miles of
driving) with less than 10% loss of performance.1 A few millivolts
loss due to contamination can have a big impact on the efficiency
and operational lifetime of hydrogen fuel cell vehicles, especially for
low loading catalyst FCVs. Performance durability losses originat-
ing in the membrane electrode assembly (MEA) continue to hinder
progress. Although there are many known causes for durability loss,
one such cause is due to system contamination. Numerous sources
of contaminating compounds, i.e. chemical species adversely poison-
ing the membrane electrode assembly (MEA) while not participating
in the electrochemical reactions to produce current, can be found in
PEMFCs. Air at the cathode,2–6 fuel at the anode,7–12 balance of plant
(BOP) components,13–18 and MEA materials have all been shown to
contain and/or produce contaminating species, either through impu-
rities or chemical degradation of components. These species, in turn,
can adsorb onto the electrocatalyst layer and/or infiltrate the MEA and
affect performance.

Studies involving commercial membranes and model compounds
have shown that when PFSA membranes are exposed to certain per-
oxides and hydroxyl radicals, various chemical decomposition com-
pounds are produced.19–21 Two compounds in particular, perfluoro
(2-methyl-3-oxa-5-sulfonic pentanoic) acid (DA-Naf) and perfluoro
(4-sulfonic butanoic) acid (DA-3M), both are shown in Figure 1,
arise, along with HF, as the main membrane degradation compounds
of Nafion and a 3M commercial PFSA membrane, respectively.21,22

Although these membranes are similar in both performance and struc-
ture, variations in the perfluorinated carbon side chain, which are
also seen in their chemical degradation products, (Figure 1) can lead
to differences in catalyst poisoning. The aforementioned degrada-
tion products (DA-Naf and DA-3M) have been shown to adsorb on
Pt-based electrocatalysts, leading to a loss in catalyst electrochemi-
cal surface area (ECSA), oxygen reduction reaction (ORR) activity,
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or both.23 Along with model degradation compounds DA-Naf and
DA-3M (diacids each containing a carboxylic acid and sulfonic acid
moiety), model compound nonafluoro-1-butanesulfonic acid (SA1)
(Figure 1) was chosen to gain fundamental insight on the adsorption
effects solely due to the sulfonic acid i.e. sulfonate anion functional
group. In addition, trifluoroacetic acid (TFA) (Figure 1), and unde-
cafluorohexanoic acid (UFA) (Figure 1) were chosen to gain funda-
mental insight on the adsorption effects solely due to the carboxylic
acid i.e. carboxylate anion functional group, as well as that of the
fluorocarbon chain length.

Many successful attempts have been made to quantify the impact
that certain contaminants inflict on performance, by measuring the
in-situ current and voltage losses of operating fuel cells, and by deter-
mining the decreases in specific and mass activity of platinum-based
electrodes via ex-situ studies.3,11,12,23–27 While much useful informa-
tion was gleaned from the results of previous fuel cell performance
studies, adsorption mechanisms and surface coverages of certain con-
taminants e.g. PEM chemical degradation products DA-Naf and DA-
3M, remain elusive.28

For example, 3M recently reported a voltage decay within the
first 200 hours of a fuel cell accelerated stress test (AST) using
their new perfluoro imide acid (PFIA) membrane, along with an in-
crease in cell resistance near the end of life.29 Analytical character-
ization of the PEMFC effluent water, collected during AST, showed
a variety of small molecule fragments that could be traced to the
membrane side chain. The authors inferred that the degradation pro-
cess involved the PFIA ionomer side chain, but they do not know
which side chain fragment or the mechanism that resulted in the
fuel cell degradation observed during AST. It is of vital importance
that a systematic study of the effect of membrane degradation prod-
ucts with different terminal functional groups and/or different chain
lengths be carried out to gain a better understanding of the degradation
mechanism.

Common cyclic voltammetry techniques used to measure ECSA
e.g. integration of the hydrogen underpotential deposition (HUPD)
region, are unable to accurately measure surface coverage of some
anionic species due to the superimposition of anion and hydrogen
atom adsorption and desorption currents.30 Also, since most electro-
chemical methods used to measure ECSA are done at lower potentials
(0.025–0.4 V), comparing losses in ORR activity (measured at higher
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Figure 1. Chemical structures of the perfluorinated model compounds studied as contaminants.

potential: 0.9 V) is questionable. Simply determining if certain con-
taminants adsorb or not using cyclic voltammetry alone can also be
challenging, as not all adsorption processes involve the charge transfer
step necessary to invoke a change in measured current.31

Certain electrochemical techniques have been developed, e.g.
electrochemical quartz crystal microbalance (EQCM) and surface-
enhanced infrared absorption spectroscopy (SEIRAS),32 to under-
stand adsorption characteristics of chemical species occurring at an
electrode surface under potential control. For this study, EQCM anal-
ysis was employed to determine surface coverages of perfluorinated
organic acids, in the form of model compounds representing PEM
chemical degradation products, at various concentrations and poten-
tials using a polycrystalline Pt electrode.

Experimental

Electrochemical measurements were taken using an Autolab PG-
STAT302N equipped with an EQCM module. The EQCM module, fit-
ted with a 6 MHz oscillator, was used to measure frequency changes of
AT-cut quartz crystals with a resonant frequency of 6 MHz and vapor
deposited Pt on a TiO2 seed layer on either side (Metrohm). A Pd/H2

electrode and a gold coil were used as the reference and counter elec-
trode, respectively. All potentials are reported vs a reversible hydrogen
electrode (RHE). Experiments were performed at room temperature
in a polypropylene EQCM cell (Metrohm) purged with 99.9999%
pure nitrogen (Matheson Tri Gas). All measurements were taken at
a scan rate of 50 mV/s and performed in 0.1 M perchloric acid elec-
trolyte (diluted from 70% HClO4 double distilled veritas grade, GFS
Chemical). DA-Naf and DA-3M were obtained in their lithium salt
forms from collaborators at 3M with a reported purity of >95% and
the major detected trace component being LiF. No adsorption effects
of LiF at any concentration relevant to this study were observed in
an internal investigation using a polycrystalline Pt electrode (data not
shown). Consequently, it was determined that the LiF impurity would
pose minimal interference with model compound adsorption. UFA
was obtained from SynQuest Laboratories with a reported purity of
99%. SA1 and TFA were obtained from Sigma Aldrich with reported
purities of 97% and 99% respectively. All compounds were used as
received.

After electrochemical break-in of the Pt electrode (50 cycles,
0.025–1.2 V at 500 mV/s), baseline CV and EQCM frequency re-
sponses were recorded simultaneously. Electrochemical potential was
held at 0.025 V while the frequency response was normalized to zero,
and then scanned to 1.2 V and back for 3 cycles. A small aliquot

of model compound solution (aqueous) was then injected into the
cell to produce a specific concentration. Pt CV and EQCM signals,
in the presence of model compounds, were subsequently measured
following the same protocol and compared with baseline scans. All
data shown are from the last of three overlapping potential cycles,
which began immediately after the break-in procedure. For results
involving multiple concentrations, all experiments were performed
consecutively on the same electrode surface, while incrementally in-
creasing the model compound concentration in the cell after CV and
mass signals were recorded. ECSA of the Pt surface was measured
through integration of the HUPD region from the baseline CV.

Results and Discussion

Mass changes for all experiments were calculated according to the
Sauerbrey equation,33 described in Eq. 1:

�m = −� f · √
ρqμq

2n · f 2
o

[1]

Where �m is the change in mass, �f is the change in resonant fre-
quency of the quartz crystal, ρq is the density of quartz (2.648 g/cm3),
μq is the shear modulus of quartz (2.947 × 1011 g/(cm · s2)), n is
the number of harmonic at which the crystal is driven (set to 1 by
design), and fo is the resonant frequency of the fundamental mode
of the loaded crystal (6 MHz). It should be noted that the Sauerbrey
equation as described above assumes an atomically flat and rigid elec-
trode surface. This deviates slightly from the roughness factor of 1.6
found for the rigid polycrystalline Pt electrodes used in this study.
Recently, a logarithmic dependence was found between Pt electrode
surface roughness and frequency response during EQCM measure-
ments, which in turn, can lead to under-evaluation of mass changes
at the electrode interface if a correction to the experimental charac-
teristic constant and/or modification to the Sauerbrey equation is not
made.34,35 It was determined that for an electrode roughness factor of
1.6, and given the low molecular weights of the model compounds
involved in this study, the deviation here would account for less than
5% difference in mass change,34 hence no corrections were made for
this work. The small molecules reported here do not polymerize or
bond together on the surface, and hence would not create a non-rigid
crystalline structure. Furthermore, given the low concentration of the
model compounds used (0.1 mM), it can be reasonably assumed that
the rigid body requirement for the Sauerbrey equation was upheld, as
reported by others.36−38 Finally, given the low concentration of elec-
trolyte used and short experimental times, surface roughness changes
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Figure 2. Voltammetric and EQCM response for SA1 adsorption on polycrys-
talline Pt. Black: 0.1M HClO4 baseline CV and EQCM, red: SA1 (0.1 mM in
0.1M HClO4) CV and EQCM. Thin arrows show direction of EQCM scan.

due to Pt dissolution were considered to be negligible.36 Surface cov-
erages for all adsorbed species measured were calculated according
to Eq. 2:

θ = �m · MW −1

1
2 CHU P D · F−1

[2]

Where θ is surface coverage (ratio of the moles of adsorbed model
compound per moles of surface Pt), �m is change in mass (calcu-
lated (Eq. 1) as the difference between baseline and model compound
containing scans), MW is the molecular weight of injected model
compound, CHUPD is the integrated charge of the HUPD region from
the baseline scan, and F is the Faraday constant. The constant “1/2” is
the assumption that every molecule adsorbed requires two Pt sites.40,41

CV and EQCM results under baseline conditions (polycrystalline
Pt in clean 0.1 M HClO4) agree well with previous work39–42 and
are shown in each figure below for reference. When scanning an-
odically (low to high potential), increases in mass are observed in
the HUPD region (0.025 V–0.4 V), as well as in the Pt oxide for-
mation region (>0.7 V), with a slight mass change in the double
layer region. The mass increase observed in the low potential re-
gion is attributed to the net mass gain from hydrogen desorption and
subsequent water and perchlorate ion adsorption. In the double-layer
region, Jerkiewicz et al. suggested that the co-adsorbed anions (0.5 M
H2SO4 in their experiments) slightly affect the mass change but has
no impact on growth, since the anions desorb at the onset of surface
oxide formation.39 At the higher potential region, the almost linear
mass gain observed with increasing potential is due to the forma-
tion of PtO oxide on the Pt surface, followed by an interfacial place
exchange between Ochem adatoms and the top-most Pt surface atoms,
resulting in the formation of a quasi-3D surface lattice comprising Pt2+

cations and O2− anions (i.e., the mechanism as described by Jerkiewicz
et al.).39,42–44 When scanning cathodically (i.e., reverse scan), the mass
decreases as Pt oxide is reduced to Pt (ca. 1.2 V−0.7 V) and then de-
creases at a different rate (ca. < 0.4 V) as water and perchlorate ion
desorb from and hydrogen adsorbs onto the Pt surface.

The voltammetry and EQCM responses in Figure 2, for a poly-
crystalline Pt electrode in the presence of 0.1 mM SA1 show no model
compound adsorption. Both CV and EQCM curves in Figure 2 show
close overlap of the baseline and model compound containing scans,
indicating that the sulfonate compound SA1 is non-adsorbing. (It is
assumed that the sulfonic acid end of SA1 is dissociated into the sul-
fonate form.) The absence of SA1’s adsorption on polycrystalline Pt
agrees with previous studies investigating triflic acid (CF3SO3H)46,47

and PFSA ionomer.45 There, the authors reported a weak interac-
tion, i.e. non-specific adsorption, between the sulfonate anion and Pt

Figure 3. Voltammetric and EQCM response for TFA adsorption on poly-
crystalline Pt. Black: 0.1M HClO4 baseline CV and EQCM, red: SA1
(0.1 mM in 0.1M HClO4) CV and EQCM. Thin arrows show direction of
EQCM scan.

surface. However, other CV, LSV, and surface enhanced Raman spec-
troscopy studies have reported that chemisorption of the sulfonate
anion does occur when applying a Nafion ionomer film to a polycrys-
talline Pt surface.48–50 It was suggested that film crystallization, from
the ionomer film application method, may have enhanced the interac-
tion between sulfonate groups and the Pt substrate.45 Low concentra-
tions and different structural nature (ionomer fragments in solution as
opposed to an applied film) of the compound used in this study may
also contribute to differences in the observations.

Results for the adsorption of 0.1 mM TFA are shown in Figure 3.
Increases in both current and mass observed at ∼0.3 V in the CV and
EQCM scans indicate interaction (adsorption) of the TFA anion with
the Pt surface. Adsorption in this case most likely proceeds through
each oxygen of the carboxylate anion of TFA, forming a bridged struc-
ture to the Pt surface. Such a bonding mechanism has been confirmed
by previous researchers investigating adsorption of carboxylic acids
on Pt surfaces.40,41 For this reason, surface coverages were calculated
assuming one model compound molecule i.e. carboxylate anion, per
every two Pt sites.

Symmetry of the adsorption pattern at potentials lower than 0.3 V
in both the CV scan and mass response suggests that the adsorption of
TFA is a reversible process.51 An increase in mass between 0.3 V to
0.7 V, followed by a small decrease in mass, suggests that TFA adsorp-
tion began immediately after leaving the HUPD region, and continued
until oxide formation initiated. Interestingly, the CV shows no change
resulting from TFA adsorption in the double layer region. This may
be due to the interaction of the partially positive charged Pt surface (at
a potential above the point of zero charge) with the negatively charged
oxygen end of both the water molecule and the TFA carboxylate an-
ion. This interaction takes place without any charge transfer, hence no
change in the CV in the double layer region. However, the interactions
are sufficiently strong to bring about a mass change.39 Generation of
oxides effectively displaced all adsorbed TFA from the surface, as
indicated by the small mass decrease at the onset of oxide formation
and then the overlap of the EQCM and CV signals at higher oxide
formation potentials (>0.9 V). The reverse (cathodic) scan suggests
that upon surface oxide reduction i.e. oxide removal, TFA effectively
re-adsorbed onto the electrode surface until being removed again (in
this case by adsorbing hydrogen) upon re-entering the HUPD region.
Surface coverage of TFA was determined to be 36% and 2% at the
peak coverage point (∼0.7 V) and 0.9 V, respectively. In summary,
TFA physisorbs onto Pt surface and can be displaced by Pt oxides and
hydrogen atoms. The observed minimal impact of the TFA anion on
the PtO formation agrees with Furuya et al.’s study.36
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Figure 4. Voltammetric and EQCM response for UFA adsorption on poly-
crystalline Pt. Black: 0.1M HClO4 baseline CV and EQCM, red: SA1
(0.1 mM in 0.1M HClO4) CV and EQCM. Thin arrows show direction of
EQCM scan.

CV and EQCM responses for 0.1 mM UFA, shown in Figure 4,
are similar but much more pronounced than those for TFA. Peaks
observed in the CV scan indicate initial adsorption was occurring at
a similar potential (0.3 V), although positive mass changes suggest
that adsorption may be proceeding at lower potentials. A positive
potential shift in oxide formation indicates that adsorption of UFA
hindered Pt surface oxide generation. Shown in the anodic scan, maxi-
mum coverage occurred immediately before oxide formation initiated
(∼0.8 V). A sharp decrease in mass measured as higher potentials
were approached indicates displacement of the UFA compound from
the electrode surface by lighter weight, oxide species. Differences in
mass signals (UFA and baseline) at 1.2 V indicate UFA was present at
the surface well into the oxide formation region. Hysteresis observed
in the maximum adsorbed mass signals for the forward and reverse
scans may represent differences in the amount of time available for
adsorption to take place and/or different Pt surface state i.e. moving
from a hydrogen or oxide covered surface to a free surface. Similar
to TFA, mass begins to decrease as lower potentials are approached,
lending further evidence to an anion adsorption process. UFA surface
coverage was calculated to be 64% at highest coverage (∼0.8 V) and
50% at 0.9 V. (Surface coverage of TFA was determined to be 36%
and 2% at the highest coverage point (∼0.7 V) and 0.9 V respec-
tively). Increases in surface coverage for UFA compared with TFA is
postulated to be related to the increased chain length of UFA, which
allows for greater cohesive forces within the adsorbed organic layer,
leading to higher molecular ordering of adsorbed species.23

EQCM results for diacid model compounds, DA-Naf and DA-
3M, are shown in Figures 5 and 6, respectively. Both compounds
showed similar adsorption behavior, with DA-3M exhibiting higher
surface coverage than DA-Naf. In contrast to both TFA and UFA
adsorption, both diacids exhibited consistently high surface coverages
at all potentials above ∼0.3 V, even in the oxide region.

Interestingly, although it was reported in a recent study23 that
the impact on ORR kinetic current loss (measured at 0.9 V) was
greater for DA-Naf and DA-3M compared with UFA, the surface
coverages calculated here for both DA-Naf and DA-3M at 0.9 V
were similar or less than UFA (Table I). Thus, it was determined
that the terminal sulfonic acid group for both DA-Naf and DA-3M
must be playing a role during molecular adsorption to the electrode
surface while further hindering oxygen reduction from occurring. Two
scenarios were postulated on the mechanism of the sulfonate group:
either the sulfonate anion is contributing to a secondary adsorption
(after initial adsorption through the carboxylate anion), leading to a
greater number of Pt sites covered per molecule adsorbed; or, after
initial carboxylate adsorption, sulfonate anions create a stable network

Figure 5. Voltammetric and EQCM response for DA-Naf adsorption on poly-
crystalline Pt. Black: 0.1M HClO4 baseline CV and EQCM, red: SA1 (0.1 mM
in 0.1M HClO4) CV and EQCM. Thin arrows show direction of EQCM scan.

through hydrogen bonding or other intermolecular forces, leading to
greater steric hindrance and barrier for molecular oxygen to reach the
surface.23

When comparing surface coverages calculated for the forward and
reverse scan at 0.9 V, a significant difference is observed for UFA
(45% decrease) compared with the diacids (5% and 14% decrease
for DA-Naf and DA-3M, respectively. Greater surface coverage for
the diacids during the reverse scan lends further evidence to their
greater affinity for the oxide covered electrode surface than that of the
mono-carboxylates.

Table I summarizes the results of all model compounds studied by
EQCM here, and compares surface coverages at 0.1 mM with ORR
kinetic current losses measured at the same concentration in a previous
study.23

Surface coverages reported in Table I correlate well with the
previously reported losses in ORR kinetic current at 0.1 mM
concentrations.23 The only data that appears anomalous would be
that for UFA, which exhibited a surface coverage of 50% but affected
ORR kinetic current by only 17%. Since ORR activities were re-
ported at a slower scan rate (20 mV/s), more time was spent in the
oxide formation potential region, (and hence greater surface oxide

Figure 6. Voltammetric and EQCM response for DA-3M adsorption on poly-
crystalline Pt. Black: 0.1M HClO4 baseline CV and EQCM, red: SA1 (0.1 mM
in 0.1M HClO4) CV and EQCM. Thin arrows show direction of EQCM scan.
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Table I. Summary of surface coverages and ORR kinetic current losses22 measured for PEM degradation model compounds at 0.1 mM.

ORR kinetic current Surface coverage (θ) Surface coverage (θ)
Compound Structure loss 0.9 V22 at 0.9 V (forward scan) at 0.9 V (reverse scan)

SA1 < 5% < 0.01 < 0.01
TFA < 5% 0.05 ± 0.02 < 0.01

UFA 17% ± 1 0.50 ± 0.06 0.05 ± 0.04

DA-Naf 44% ± 11 0.25 ± 0.02 0.19 ± 0.03

DA-3M 47% ± 5 0.43 ± 0.05 0.29 ± 0.06

coverage),52 than during the EQCM measurements taken at 50 mV/s.
The extra time may have allowed greater amounts of UFA compound
to be removed from the electrode surface before activity was measured
at 0.9 V, thus lowering the effective surface coverage. This discrep-
ancy may also suggest that oxygen reduction can still proceed even
at Pt sites occupied by adsorbed carboxylate, suggesting the presence
of a dynamic electrode/solution interface with reversible adsorption
processes occurring simultaneously.

An alternative mechanism explaining the discrepancy between sur-
face coverage and ORR kinetic current loss involves the known impact
that a Pt oxide surface has on ORR kinetics. Previous reports have
shown that Pt oxide decreases the kinetics of the ORR by changing
the theoretical transfer coefficient from “0.5” to “1”.53 The hindering
of surface oxide formation, due to UFA adsorption, results in a Pt
surface with less oxide, which is more conducive for oxygen reduc-
tion. The surface coverages calculated for DA-Naf and DA-3M were
assumed for a Pt-metal surface; however, continued mass changes into
the oxide formation potential regime indicate that DA-Naf and DA-
3M are adsorbing onto the Pt-oxide surface, likely through favorable
interactions with the sulfonate group. Hence, lower oxide coverage in
the case of UFA compared with DA-Naf and DA-3M would lend to
improved ORR kinetics and a lower impact on kinetic current loss,
which is what was observed.

High degrees of variance in surface coverages calculated during
forward and reverse scans among UFA, DA-Naf, and DA-3M suggest
that surface oxide coverage impacts adsorption of these compounds
quite differently. Since an electrode surface fully covered in Pt oxide
species is initially assumed during the reverse (cathodic) scan, it is
clear based on reverse scan coverages that both diacid compounds
have a greater affinity for the oxide surface than does UFA. When
compared to forward (anodic) scan coverages, where surface oxides
are not as developed, reverse scan measurements for DA-Naf and DA-
3M show 21% and 46% decreases in coverage, whereas UFA shows
a 90% decrease. Since the diacid compounds cannot be chemisorbed
directly to the Pt surface while oxides are present, their significant
influence on ORR kinetics must be related to a physisorbed affinity
or direct bonding to the Pt-oxide layer. A longer, sterically hindered,
more tortuous path for O2 molecules to reach the underlying electrode
surface is likely responsible for observed losses in ORR activity.

Higher surface coverage reported for DA-3M compared with DA-
Naf may be due to a more favorable multilayer adsorption process
taking place. Due to the presence of a fluoromethyl side chain in DA-
Naf, the molecule is more sterically obstructive than that of DA-3M.
The DA-3M molecular geometry therefore may be more conducive
to intermolecular attraction among model compound chains which,
in turn, could lead to a greater frequency response measured by the
EQCM even though the amount of compound directly adsorbed to
the surface may be similar between the diacids. This may also help
explain the discrepancy between ORR kinetic current loss and θ for
DA-Naf in Table I. In addition, if indeed the sulfonate group was also
adsorbed to the surface, the surface coverage (calculated based on a

2:1 ratio of Pt sites to model compound) would be increased further
due to more Pt sites being covered.

To obtain a more complete understanding of adsorption processes
occurring for DA-Naf and DA-3M, measurements of surface cover-
ages were also conducted at higher concentrations of 0.5 mM and
1 mM. Figures 7 and 8 show EQCM and CV responses for DA-
Naf and DA-3M, respectively. Mass changes associated with both
DA-Naf and DA-3M showed steadily rising values as concentrations
increased. EQCM scan profiles were similar at all concentrations,
however, overlap between the forward and reverse scans was not ob-
served at concentrations above 0.1 mM.

When attempting to calculate surface coverage at concentrations
higher than 0.1 mM, greater than 100% coverage was obtained for
both compounds suggesting that more than one monolayer may have
been present. Table II summarizes the surface coverages calculated
for DA-Naf and DA-3M at 0.9 V for all concentrations studied.

Interactions among adsorbed species and those still in solution
are feasible given their diacid, i.e dianionic nature and preferable
hydrogen bonding conditions (due to the strong acid electrolyte envi-
ronment). The surfactant nature of the model compounds themselves
may also aid in intermolecular interactions due to the aggregation
of hydrophobic segments of individual fluorocarbon chains and hy-
drophillic carboxylate and sulfonate functional groups.

While analyzing surface coverages at 0.9 V adds depth to the un-
derstanding of the relation between ORR activity losses and model
compound concentrations, similar changes in mass observed for the
adsorbing model compounds at lower potentials indicate that ORR

Figure 7. Voltammetric and EQCM response for polycrystalline Pt. Black:
0.1 M HClO4 baseline, red: 0.1 mM DA-Naf in 0.1 M HClO4, gray: 0.5 mM
DA-Naf in 0.1 M HClO4, blue: 1 mM DA-Naf in 0.1 M HClO4. Thin arrows
show direction of EQCM scan.
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Table II. Summary of calculated surface coverages at 0.9 V for DA-Naf and DA-3M at different concentrations.

Model Compound Concentration Surface coverage (θ) of DA-Naf measured at 0.9 V Surface coverage (θ) of DA-3M measured at 0.9 V

0.1 mM 0.24 ± 0.02 0.44 ± 0.05
0.5 mM 0.89 ± 0.03 1.13 ± 0.30
1 mM 1.22 ± 0.03 1.44 ± 0.15

performance may be affected at all relevant fuel cell operating con-
ditions; a conclusion in agreement with an in-situ fuel cell study in-
volving the injection of PEM degradation compounds.27 Performance
impact would seem especially true for the diacid compounds DA-Naf
and DA-3M, which both showed consistent surface coverages at all
potentials greater than ∼0.2 V.

Conclusions

Surface coverages of several model species representing PEM
chemical degradation compounds were investigated using EQCM.
All carboxylic acid containing model compounds demonstrated mass
changes due to adsorption, while the model compound containing a
sole sulfonic acid functional group showed no adsorption character-
istics. This suggests that perfluoacid ionomers with a carboxylic acid
group have a more negative impact on the PEM fuel cell durability
than ionomers with sulfonic acid functional groups only. Although
both perfluorocarboxylic acids TFA and UFA were effectively re-
moved from the surface as electrode potentials moved into the oxide
formation region, perfluorodiacids DA-Naf and DA-3M maintained
surface coverage at higher potentials. The implication is that mitiga-
tion strategies such as potential control may be able to reverse the
poisoning effect of carboxylic acid containing ionomers on the cata-
lyst. Furthermore, the poisoning mechanism of an ionomer with two
different acid groups is different from an ionomer with a single acid
group. In conclusion, one needs to consider the length of the ionomer
side chains, as well as the number and type of terminal functional
groups when designing new ionomers for more durable fuel cells or
ones that operates in harsher environments (i.e., drier and at higher
temperature operation).29,54

Attempts to measure adsorption at higher concentrations for DA-
Naf and DA-3M resulted in coverages of over 100%, suggesting ad-
sorption greater than one monolayer. Although EQCM provides both
qualitative and quantitative information in regards to anion adsorp-
tion, specific details about bonding mechanisms may only be attained
through spectroscopic methods such as SEIRAS. Information gleaned

Figure 8. Voltammetric and EQCM response for polycrystalline Pt. Black:
0.1 M HClO4 baseline, red: 0.1 mM DA-3M in 0.1 M HClO4, gray: 0.5 mM
DA-3M in 0.1 M HClO4, blue: 1 mM DA-3M in 0.1 M HClO4. Thin arrows
show direction of EQCM scan.

from this study, along with others investigating fundamental adsorp-
tion processes of contaminating compounds, can contribute toward a
better understanding of the contamination mechanism of membrane
degradation products with different functional groups, and ultimately
help design better, more durable membranes that do not degrade to
products that will poison the fuel cell and shorten its life.
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