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ABSTRACT: We present in-depth profiling by micro FTIR of cross sections for Nafion 115 membranes in membrane-electrode
assemblies (MEAs) degraded during 52 or 180 h at open circuit voltage (OCV) conditions, 90 °C and 30% relative humidity.
Analysis of optical images showed highly degraded zones in both MEAs. Corresponding 2D FTIR spectral-spatial maps indicated
that C−H and CO groups are generated during degradation. The highest band intensities for both groups appeared at a depth
of 82 μm from the cathode in the MEA degraded for 180 h; the same bands were present but less intense at a depth of 22 μm
from the cathode. Degradation at these depths is most likely associated with the location of the Pt band formed from Pt
dissolution and migration into the membrane. The two degradation bands, CO and C−H, appeared at the same depths from
the cathode, 82 and 22 μm, suggesting that they are generated by a common mechanism or intermediate. This result is
rationalized by a very important first reaction: Abstraction of a fluorine atom from the polymer main chain and side chain by
hydrogen atoms, H•. This step is expected to cause main chain and side chain scission and to generate RF−CF2• radicals that can
react with H2O2, H2O, and H2 to produce both −COOH and RCF2H groups.

Proton exchange membrane fuel cells (PEMFCs), which
convert the chemical energy from the reaction of hydrogen
and oxygen to electrical energy, are a promising source of clean
energy for stationary, portable, and automotive applications.
Important components of a FC are the catalyst, the proton
exchange membrane (PEM), and the fuel (hydrogen or, in
some cases, methanol). The role of the membrane is crucial: To
separate the cathode and anode compartments and to allow
efficient proton transport from the anode to the cathode.1

Current active research is focused on understanding the
mechanism of membrane degradation, and on methods of
membrane stabilization by mitigating cations such as Ce(III)
and Mn(II).2

Many studies have centered on the behavior of perfluori-
nated membranes such as Nafion, Aquivion (a Solvay-Solexis
product), and the 3M membrane available from the 3M
Company, because of their superior chemical, mechanical, and
thermal stability; however, in all cases, the membrane lifetime is
limited by the highly reactive species present in an operating
PEMFC. A well-documented and widely accepted degradation

mechanism is attack of hydroxyl radicals, HO•, on residual
−COOH end groups in the polymer backbone, leading to the
unzipping mechanism.3 The proposed steps of this process are:

− + → − + +• •R CF COOH HO R CF CO H OF 2 F 2 2 2

− + → −• •R CF HO R CF OHF 2 F 2

− → − +R CF OH R COF HFF 2 F

− + → − +R COF H O R CF COOH HFF 2 F 2

However, major ideas on the degradation mechanism in
perfluorinated ionomers have undergone significant modifica-
tions in the past few years. Recent studies have emphasized the
susceptibility of the ionomer side chains to chemical attack,4 a
process that becomes even more important in chemically
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stabilized membranes in which the amount of the −COOH end
groups is reduced by processes such as exposure to molecular
fluorine.5 Schiraldi et al. have used low molecular weight model
compounds to study the mechanism of chemical degradation of
perfluorinated and hydrocarbon-based membranes. The results
clearly showed that degradation is initiated by radical attack on
the polymer backbone carboxylic acid groups and on the side
chain in fluorinated PEM materials. In hydrocarbon systems,
the aromatic groups can be hydroxylated, leading to chain
scission.5

We have developed direct electron spin resonance (ESR)4

and spin trapping ESR studies6 for the study of membrane
degradation. These studies have suggested that the hydroxyl
radical, HO•, is an aggressive oxygen radical that may attack
both the main and side chains in PEMs; examined the
difference between ex situ experiments on model compounds
and membranes and in situ experiments in a PEMFC inserted
in the ESR resonator; and developed methods for the detection
of early events and for identification of unstable intermediates.6

The important role of HO• has been reinforced by an analysis
of the mitigating effect of Ce(III).6c The presence of hydrogen
atoms, H•, has been detected for the first time in our study of
Nafion fragmentation in a PEMFC inserted in the resonator of
the ESR spectrometer.6b During in situ experiments, the
presence of adducts of the spin trap 5,5-dimethyl-1-pyrroline N-
oxide (DMPO) were identified: the DMPO/OOH adduct was
detected at the anode and the DMPO/H and DMPO/D
adducts were detected at both the anode and the cathode.6b

These results were interpreted in terms of crossover processes:
of O2 from the cathode to the anode, thus explaining the
formation of the DMPO/OOH adduct at the cathode and of
H2 and D2 from the anode to the cathode, thus explaining the
presence of DMPO/H and DMPO/D at the cathode. The
results have suggested that, in a membrane electrode assembly
(MEA), the hydrogen atoms are formed at the Pt catalyst site:
At the anode catalyst from the fuel and at the cathode catalyst
from crossover hydrogen. Taken together, these studies have
formulated three degradation paths for the PEMs: main chain
unzipping, side chain attack (both by attack of hydroxyl
radicals), and main and side chain scission by hydrogen
atoms.4,6 Main chain unzipping and side chain attack have
received additional support from studies that used different
methods, for example, fluoride ion emission rate, FTIR, 19F
NMR, and liquid chromatography−mass spectroscopy.5,7

Recent results have suggested that in a FC the Pt catalyst is
present not only at the anode and cathode sides of the MEA,
but also inside the membrane:8 At high potential and low pH
conditions, Pt dissolves from the cathode and can migrate
through the membrane. In contact with hydrogen, Pt
precipitates throughout the membrane and forms a Pt band.
The location of the band depends on fuel cell operating
conditions and is formed only after the first ≈50 h of FC
operation at OCV conditions.8a Radicals generated inside the
membrane due to the presence of the Pt band can then attack
the polymer and lead to local membrane fragmentation.9

Therefore, to fully understand the reactions between the H•

and HO• aggressors and the membrane it is necessary to track
stable degradation products generated inside the membrane: An
in-depth analysis of the degradation products is a must.
In this Letter, we respond to the in-depth challenge by micro

FTIR cross-sectional analysis of two Nafion 115 MEAs
degraded during 52 or 180 h and at open-circuit voltage
(OCV) conditions at 90 °C and 30% relative humidity. The 2D

spectral-spatial maps generated in these experiments present
the variation of the FTIR bands as a function of depth; provide
information on the distribution of the functional groups along
the MEA cross-section; and determine the location of
membrane degradation products in the spatial dimension,
from the cathode to the anode. Some micro FTIR techniques
have been described in the literature.10−14 To the best of our
knowledge, we report here the first in-depth analysis of
membrane fragmentation in a PEMFC and the first
experimental evidence suggesting that membrane attack by
H•, initiated at both the main chain and the side chain of the
polymer, is an important step in the membrane degradation
process.
Optical images of cross sections for nondegraded Nafion 115

membrane (thickness 125 μm) and for Nafion MEAs degraded
during 52 and 180 h are shown in Figure 1.

Images B and C of Figure 1 show highly degraded loci in the
Nafion MEAs; it is clear that the extent of degradation and the
location of degraded areas are inhomogeneously distributed
and strongly dependent on the degradation time. The highly
degraded membrane is thinner in some spots, as seen in Figure
1C. The presence of pinholes, fractures in, and thinning of the
membranes after PMCFC operation has been reported and can
lead to mechanical and chemical failure of the membrane.15

The line scan maps of Nafion membranes, nondegraded and
degraded during 52 and 180 h, are presented in Figure 2.
Degradation of Nafion has been investigated by FTIR
spectroscopy and DFT studies of model compounds that
mimic the polymer side chain helped in the understanding of
the fingerprint region of IR spectrum.16 The band assignments
presented here are based on data available in the literature.
Weak and broad bands at 3212 and 1750 cm−1 are expected due
to the presence of water on the surface of the membrane.
However, in the FTIR spectra collected here in reflectance
mode, these bands have a very low intensity compared to the
ATR-FTIR spectra collected in the transmittance mode,
because the water content on the surface of the membrane is
much lower compared to bulk. Bands at 1328 and 1310 cm−1 in
Figure 2A−C are due to asymmetric vibrations of CF3 and
SO3

− groups, respectively. The region between 1300 and 1100
cm−1 is completely obscured by the strong C−F absorptions.
The strong band at 1248 cm−1 is due to the C−F vibrations in
CF2 groups. The strong and well separated band at 1156 cm−1

Figure 1. Optical images of microtomed cross sections for Nafion
membranes after removal of the catalyst layer: nondegraded (A),
degraded for 52 h (B), and degraded for 180 h (C) at open circuit
voltage (OCV) conditions, 90 °C, and 30% relative humidity. Images
of degraded MEAs were collected with the optical camera of the
Perkin-Elmer Spotlight 200 microscope system after removal of the
catalyst layer. The dark shading in (C) is due to the microscope light
source. The optical images are shown in two spatial dimensions.
Additional experimental details are in the Supporting Information
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is due to the asymmetric vibration of the C−O−C group. The
band at 1064 cm−1 is assigned to SO3 vibrations and is typical
for the dissociated sulfonic group. Bands at 980 and 970 cm−1

can be assigned to the vibrations of −CF3 and C−S groups in
the side chain, respectively. ATR-FTIR spectra of membranes
and model compounds, and DFT calculations published
recently by us led to an understanding of the fingerprint
region of membranes, including Nafion, and to a re-
examination and reassignment of some bands presented in
the literature for Nafion and Dow (Aquivion) membranes.16d

As seen in Figure 2B, degradation during 52 h leads only to
small changes of band intensities. However, significant changes
are seen in the 2D spectral map shown in Figure 2C, for Nafion
MEA degraded for 180 h. Compared with the nondegraded
membrane and membrane degraded for 52 h (Figure 2A and B,
respectively), relatively strong bands around ≈2930 and 1740
cm−1 are observed near the anode at a depth of 82 μm from the
cathode; these bands are visible but weaker at 22 μm from the
cathode.
The FTIR spectra of Nafion MEAs extracted from the

spectral maps shown in Figure 2 are presented in Figure 3 as a
function of depth for the three membranes: nondegraded (A)
and degraded during 52 h (B) and 180 h (C). The bottom
spectra in Figure 3A and B correspond to the cathode side. In
Figure 3C, the bottom spectrum was collected at 7 μm from the
cathode, because the membrane lost some thickness during
degradation.
Data presented in Figures 2 and 3 are for the selected cross-

section; other cross-sections were also examined, and the
corresponding degradation bands were more, or less,
pronounced, as expected from the spatially heterogeneous
membrane degradation shown in Figure 1.
As shown in Figure 3, the FTIR spectra of a nondegraded

Nafion membrane and one degraded for 52 h do not change
with depth. In the membrane degraded for 180 h, the
intensities of the absorption bands assigned to CO and
C−H vary through the membrane cross-section and appear
with maximum intensity at a depth of 82 μm from the cathode.
Comparison of the FTIR spectrum recorded at 82 μm from the

Figure 2. 2D spectral-spatial maps of Nafion 115 membrane:
nondegraded (A), degraded during 52 h (B), and degraded during
180 h (C). Yellow ovals in (C) show the appearance of strong bands at
a depth of 82 μm from the cathode as a result of membrane
degradation. Weaker bands at the same frequency are also visible at 22
μm from the cathode. The acquisition time for each 2D spectral-spatial
map was 150 min. Additional experimental details are in the
Supporting Information.

Figure 3. In-depth profiling: FTIR spectra of the Nafion 115 membrane as a function of depth from the cathode: nondegraded membrane (A),
degraded for 52 h (B), and degraded for 180 h (C). In (C), spectra in red show the highest intensities of degradation species: at 82 and 22 μm from
the cathode. All spectra were recorded in reflectance mode with the Perkin-Elmer Spotlight 200 microscope system.
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cathode with a spectrum of a nondegraded Nafion membrane is
presented in Figure 4. Bands at 3120, 2962, 2928, and 2356

cm−1 are associated with C−H vibrations, and the strong band
at 1740 cm−1 is assigned to the stretch mode of the CO
group.
The intensity variation of the degradation bands, C−H and

CO, with the distance from the cathode, for the MEA
degraded during 180 h is shown in Figure 5.

The degradation bands have intensity maxima at the same
depths, 22 and 82 μm. The CO band can be generated by
attack of hydroxyl radicals on the −COOH groups at chain
ends, as described in the unzipping mechanism.3 However, this
mechanism will not increase the number of carboxylic groups
which, as seen in Figure 3A, is initially very low. The CO
band intensity generated by degradation is significantly higher,
as clearly seen in Figure 3C, for the membrane degraded during

180 h. The increase in the intensity of the CO band must be
the result of another degradation pathway, most likely from the
radical attack on the side chain. Indeed, oxygen-centered
radicals have been detected as spin adducts during the
degradation of model compounds for the Nafion side chain.17

However, we have to consider the results in Figure 5, which
clearly show that the degradation bands CO and C−H
appear at the same depths, suggesting their generation by the
same degradation mechanism. We propose that the presence of
both bands is a result of a very important first step: abstraction
of a fluorine atom from the Nafion main chain and side chain
by H•, as shown in Scheme 1 for abstraction from the tertiary
carbon atoms;18,19 this process is expected to lead to scission of
the main chain and of the side chain and to the generation of
CO and RF−CF2• radicals. A similar pathway has been
proposed by Coms.18

The RF−CF2• radicals can react further, as shown in reactions
1−4 below, leading to the formation of the C−H and CO
groups detected in this study.

− + → − +• •R CF H O R CF H HOOF 2 2 2 F 2 (1)

− + → − +• •R CF H O R CF OH HOF 2 2 2 F 2 (2)

− + → − +R CF OH H O R CO H 2HFF 2 2 F 2 (3)

− + → − +• •R CF H R CF H HF 2 2 F 2 (4)

The results presented in this study illuminate the major
difference between ex situ experiments performed on model
compounds (MCs) for the ionomer membranes and in situ
experiments in an operating PEMFC: The ex situ studies are
performed in the presence of hydroxyl radicals, HO•, which are
considered major aggressors of the PEM and of the MCs. The
situation in a PEMFC is, however, more complicated: The
membrane is subjected not only to hydroxyl radicals, but also to
H• radicals.6b We anticipate that ex situ experiments performed
in the presence of HO• and H• radicals be more representative
of reactions in a FC.
The increased degradation in the anode area indicated in the

in-depth analysis presented here is in accord with a scanning
electron microscopy study of cross-sectional images of MEAs,
which showed that the anode side is more degraded than the
cathode in terms of membrane thinning.20 The present results
indicate, specifically, a maximum degree of degradation at 82
μm from the cathode in a Nafion membrane of thickness 125
μm.
Finally, the in-depth approach described above is expected to

be generally applicable not only to membranes in FCs, but also
to polymeric materials that degrade as a result of exposure to
environmental factors, leading to a spatial variation of the
extent of degradation that can be visualized by in-depth
profiling using micro FTIR.
In this study we have presented a micro FTIR in-depth 2D

profiling of cross sections for Nafion 115 membranes in MEAs
degraded at open circuit conditions (OCV) for 52 or 180 h at
90 °C and 30% relative humidity. As a result of degradation,
CO and C−H bands appeared in the FTIR spectra. Cross-
sectional line profile analysis of the MEA degraded for 180 h
showed that the highest intensity of degradation bands is at a
depth of 82 μm from the cathode. Weaker degradation bands
were also observed, at a depth of 22 μm from the cathode.
Degradation at these depths is most likely associated with the
location of a Pt band formed after catalyst dissolution and Pt

Figure 4. Comparison of the FTIR spectra of nondegraded Nafion
115 MEA (A) with the FTIR spectrum recorded at a depth of 82 μm
for the membrane degraded during 180 h (B).

Figure 5. The intensity variation of the C−H and CO absorption
bands as a function of depth from the cathode for the MEA degraded
during 180 h. The band at 1740 cm−1 corresponds to the vibration of
CO group, and bands at 2856, 2928, and 2962 cm−1 are due to C−
H vibrations. Cathode and anode sides are indicated by gray bars.
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migration inside the membrane. Single frequency depth profiles
of CO and C−H vibrations showed that the anode side
suffered more damage.
The appearance of the degradation bands, CO and C−H,

at the same depth strongly suggests that they are generated by
the same mechanism. This result was rationalized by a very
important first step: Abstraction of the fluorine atom from the
main chain and in the side chain by hydrogen atoms, H•. This
reaction is expected to cause main chain scission and to
generate both −COOH groups and RCF2H fragments.
The results presented in this study have shown that high

spatial resolution techniques such as micro FTIR can provide
valuable information on the location of membrane degradation
sites, on the spatial distribution of functional groups over the
degraded area, and on the mechanism of membrane
degradation in operating fuel cells.
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