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Objectives 

This project will result in lifetime improvements 
of low-temperature proton exchange membranes 
(PEMs) by seeking technologies that will prevent 
membrane failure.

This will be accomplished by conducting research 
that elucidates failure mechanisms and lifetime 
extension technologies that yield membranes that 
meet or exceed a lifetime of 40,000 hrs operation 
with <10% degradation in performance.

We will identify characterization tools that are 
useful in defining changes in the chemical and 
physical properties of perfluorosulfonate ionomer 
(PFSI) membrane materials after accelerated 
chemical degradation testing.

•

•

•

Technical Barriers

This project addresses the following technical 
barriers from the Fuel Cells section (3.4.4.2) of the 
Hydrogen, Fuel Cells and Infrastructure Technologies 
Program Multi-Year Research, Development and 
Demonstration Plan: 

(A) Durability

(B) Cost

Technical Targets

This project is conducting fundamental studies 
of the durability of PFSA-based membranes.  Insights 
gained from these studies will be applied toward the 
design and synthesis of PEMs that will allow the 
following DOE 2010 targets to be met:

Durability: 5,000 hrs (transportation); 40,000 hrs 
(stationary).

Approach 

Our approach has involved the use of advanced 
characterization techniques (listed here) to do post-
mortem analysis of the physical and chemical properties 
of samples tested under accelerated degradation 
conditions. 

Morphology: environmental scanning electron 
microscopy (ESEM), transmission electron 
microscopy (TEM), Atomic force microscopy 
(AFM), small-angle x-ray scattering (SAXS), wide-
angle x-ray diffraction (WAXD) 

Chemical composition/structure: fluorine 19 solid-
state nuclear magnetic spectroscopy (19F SSNMR), 
fourier transform infrared (FTIR) spectroscopy, 
energy dispersive x-ray (EDX)

Mechanical/electrical properties:  tensile testing, 
dynamic mechanical analysis (counterion effects), 
dielectric spectroscopy

Transport properties: H+ conductivity, water 
diffusion by Pulsed field gradient spin echo nuclear 
magnetic resonance (PFGSE NMR) and solvent 
swelling, ionic mobility and gas transport

Through these studies, we will be able to expand our 
understanding of the chemical and physical mechanisms 
of degradation and to evaluate the beneficial effects 
of various chemical and mechanical modifications of 
new fuel cell membranes.  These understandings are 

•

•

•

•

•
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incorporated into physics-based models for predictive 
capability.  The structure/property information is 
correlated with control virgin characteristics to elucidate 
degradation mechanisms.  This fundamental information 
will provide input to DuPont for the stimulation of 
membrane improvements.

Accomplishments 

The fundamental relaxations of Nafion® were 
characterized using dynamic mechanical analysis 
(DMA) and correlated to morphological and chemical 
structure information from SAXS and nuclear magnetic 
resonance (NMR) studies as shown in Figure 1.  The 
high temperature α relaxation is now assigned to 
motions associated with the onset of a dynamic 
electrostatic network, while the low temperature β 
relaxation is assigned as true glass transition (Tg of H+-
form Nafion® is observed ca. -20°C).  After conducting a 
series of chemical degradation tests (using the standard 
Fenton’s reagent) to prepare degraded membranes, 
the DMA studies revealed that with degradation, the 
α relaxation shifts to higher temperatures.  The α 
relaxation for the virgin Nafion® films is approximately 
110°C and increases to ~135°C after being subjected 
to the Fenton’s Reagent for 45 hours.  A recent DMA 
study of Teflon® reinforced Nafion® versus extruded 112 
shows an increase in the α relaxation temperature from 
110°C to 120°C.  Being able to increase the α relaxation 
temperature of Nafion® could be crucial in running 
PEMFCs at elevated temperatures due to a more stable, 
static network of ionic aggregates.

After 45 hours in the Fenton’s reagent, large bubbles 
are formed throughout the membrane.  At the membrane 
surface, the bubbles rupture to yield surface cracks.  In 
the cross-section, interior lateral cracks are formed 
as the bubbles coalesce (see Figure 2).  In general, 
bubble formation is somewhat less pronounced in the 
chemically-stabilized (CS) membranes, relative to the 
non-CS membranes.  However, chemical stabilization 

does not completely prevent bubble formation.  Non-
uniform bubble formation in the CS membranes during 
the accelerated chemical attack may suggest chemical 
and/or physical heterogeneity.  A key question from 
these studies concerns the factors that lead to bubble 
nucleation.  Are these artificially-created defects linked 
to crack and pinhole formation observed following long-
time fuel cell operations?

Dielectric spectroscopy (DS) is being developed as 
a diagnostic tool in the study of chemical degradation.  
As shown in Figure 3, degradation broadens the 
distribution of relaxation times - modes are less distinct 
and shift toward faster motions.  The β relaxation is 
quite distinct with dielectric spectroscopy, and this 
relaxation (attributed to segmental motions) is strongly 

Figure 1.  Correlation of DMA Relaxations with Variable Temperature 
SSNMR and SAXS Data
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Figure 3.  Dielectric Loss Permittivity versus Frequency Plots from 
Membranes Before and After Treatment with Fenton’s Reagent
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Figure 2.  Bubble Formation in NRE 212 Membranes after 45 hr.  
Treatment with Fenton’s Reagent at 80°C
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affected by chemical degradation.  As expected, chemical 
stabilization of Nafion® yields little, if any, change in 
the characteristic dielectric relaxation profile of the 
membrane in the undegraded (virgin) state.  Chemical 
degradation (after 45 hrs in Fenton’s reagent) causes a 
distinct broadening.  Based on previous studies of other 
degradable polymers, this broadening of the distribution 
of relaxation times associated with the β relaxation is 
consistent with a broadening in the molecular weight 
distribution.  The shift of the broadened β relaxation in 
the 212 CS-Degraded membrane to higher frequencies 
suggests the formation of low molecular weight segments 
during chemical degradation.

Special Recognitions & Awards/Patents 
Issued 

1.  MRS Trophy Award at the 2005 Fall MRS Meeting for 
our work on the morphological and molecular origins of 
relaxations and transitions in Nafion®.
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