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Executive Summary: 
GE Global Research initiated a DOE Hydrogen Program on PEM fuel cells 
entitled "Design and development of high performance polymer fuel cell 
membranes". The objectives of the program were to design and develop novel 
polymer electrolyte membrane materials for fuel cell operation at high 
temperature (up to 120C) and low relative humidity (25-50%). The initial 
proposed approach was designed to improve on independent GE research on 
random and block copolymer PEM materials, specifically to investigate 
sulfonated graft copolymer architectures and the use of hydrophilic additives 
based on sulfonamide and imide structures. It was envisioned that this would 
promote phase separation and ionic aggregation leading to more efficient H+ 
conduction. In addition concentrating the acid groups on pendent chains while 
keeping a neutral polymer backbone to enable better mechanical and chemical 
stability under fuel cell operating conditions. 
Graft copolymers were prepared with a range of architectures (random and 
block), IEC levels (0.7-1.29 meq/G) and molecular weights (80,000 to 191,000 
Mw). Overall yields of these materials tended to lower than expected (-50%) due 
to the extreme water solubility of the graft section. Increase IEC levels past 
levels observed was challenging again due to water solubility. All graft 
copolymers provided ductile films, some random copolymer films were opaque 
while all block graft copolymer films were clear. Sulfonated graft copolymers 
based on polyarlyethers exhibited higher conductivity (matching that of Nafion 
1 17) as compared to both sulfonated random and block polyarylether 
copolymers. In addition, these graft copolymers provided dramatically improved 
water uptake across the desired temperature range.as compared to the 
analogous random and block copolymers. The best compositions matching that 
of Nafion in both conductivity and water uptake. 
Efforts next were focused on further improving conductivity levels by the use of 
hydrophilic additives. Numerous materials were prepared based on sulfonamide 
and imide structures. The addition of these hydrophilic additives had a significant 
positive impact on conductivity at low relative humidity, however, these 



compositions were unable to maintain that level of conductivity with increasing 
temperature. Further efforts to optimize the molecular architecture of either the 
graft copolymer or the hydrophilic additive failed to give results required to meet 
year 3 DOE targets. 
Alternative approaches were devised and discussed with DOE in early 2007 and 
experiments involving cross-linked electrolyte units in porous substrates were 
initiated. It was envisioned that this new approach would allow for even higher 
acid concentrations in support that would provide hydrolytic, thermal, oxidative, 
and dimensional stability that was not achievable in aromatic engineering 
polymers. Porous substrates were screened against a number of critical factors 
and expand PTFE was down selected. Initial silane sollgel systems were 
investigated which produced nice interpenetrating network films that had 
conductivities twice that of Nafion across all relative humidity conditions. These 
materials however exhibited high gas crossover in MEAs and high chemical 
leaching at elevated temperatures. Alternative electrolyte materials provided the 
possibility for high IEC composite membranes (1 -3.6meqlg) and substantially 
improved conductivities, especially at low relative humidty. These materials 
provide reasonable water uptake levels with excellent thermal and mechanical 
stability. Finally experiments conducted at GE at the end of year 2 easily passed 
DOE required milestones for that year (DOE target 0.07SIcm at 80% RH and 
room temperature, GE demonstrated 0.25 Slcm at 80% RH and RT) but were 
short of year 3 targets (DOE target 0.1 Slcm at 50% RH and 120C, GE 
demonstrated 0.073SIcm at 50% and 100C). 
Although the pore-filled cross-linked systems was found to be a promising 
approach to achieve high conductivity and reasonable water uptake and 
dimensional stability it was decided that GE would not continue to pursue PEM 
fuel cell technology. All research efforts were stopped before Dec 2007, and final 
reporting and presentations completed June 17, 2008. 

Project Objective: 
The objective of this project is to design, synthesize, and characterize new 
polymer electrolyte membrane (PEM) materials. New high-performance polymer 
structures with hydrophilic additives or pore-filled cross-linked electrolyte units 
will improve fuel cell membrane performance at high temperature and low 
relative humidity (RH). High proton conductivity (0.1 Slcm at 120°C, 25 %RH), 
economic feasibility ($20/m2), and durability with temperature and humidity 
cycling (2000 h at >80°C) of the best membranes will be demonstrated. 

Background: 
The performance of existing perfluorosulfonic acid (PFSA)-based and 
hydrocarbon-based membrane materials over a wide range of temperatures and 
relative humidities strongly indicates that entirely new polymer materials must be 
developed to achieve commercially viable high temperature PEM fuel cells. 
Currently, no membrane materials meet DOE'S targets of high conductivity (>0.1 
Slcm) at high temperature (120°C) and low relative humidity (25%). Many 



promising materials exhibit high proton conductivities at 100 %RH, but water 
uptake and swelling data indicate that large weight increases and dimensional 
changes also occur. Dimensional stability is absolutely crucial to the 
development of viable PEM materials. Therefore, all new polymer materials must 
also show a good balance of water uptake and proton conductivity. 

GE has developed first- and second-generation PEM materials based on 
engineering thermoplastic polymers. This work has clearly shown that proton 
conductivity, water uptake, and mechanical properties can be improved by 
controlling the polymer architecture, which strongly influences the resulting 
membrane morphology. 

Progress in New PEM Development - %q&%p-- w&E- 

GE lSt Generation GE 2nd Generation 
Random copolymers Block copolymers New Concepts 

(2003-2004) (2005-2007 1 Unique polymer architectures 
DOE Funded Effort 

Proton 0.l 912PC 
PE- cond~~fjv jw at 0.07 @ RT Nstion 

03 
25%f?H CS/cmj @ -200c -."-- - 

8 rn Water uptake --. < 100% - 
Durabihty >5090h 

U --.--- 
a 

C 
Cost $20 lm2 .--".------- . 0, Crossover 
.------ 2 mMcmZ 

O 40 D la I@I a 2 W€mZ 
Water swell 8 30°C -wc  

DOE Project Summary 
Third-generation membrane materials based on thermally stable aromatic 
hydrocarbon polymer architectures were designed to promote the formation of 
membrane morphologies that demonstrated good balance of proton conductivity 
and lower water uptake by enhancing hydrop hiliclhydrop hobic phase separation. 
Hydrophiliclhygroscopic organic additives were also designed to help retain 
water in combination with third-generation polymers. However, significant 
improvements in conductivities were not observed with these additives. The 
results of having concentrated proton conducting functionalities in the membrane 
are promising, as demonstrated with the block functionalized polymers. 
However, with increased acid concentration, thermoplastic polymers become 
more soluble in water and suffer possible leaching during fuel cell operation. 
Another problem is that with higher acid concentration, the polymers tend to have 



higher water uptake and swelling, thus compromising the dimensional stability 
and the operation lifetime. 

Conductivity vs. Water Uptake 
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Below are the typical membrane characterization procedures that were followed 
for new membrane compositions. Initial screening of proton conductivity, vapor 
uptake and water swell, was followed by ex-situ thermal and mechanical testing 
along with microscopy analysis for samples that demonstrated a strong balance 
between conductivity and water swell. Membrane compositions that 
demonstrated good overall performance characteristics were subjected to 
additional in-situ testing. 



Membrane characterization 

Proton conductivity (9 point) 
20°Cx1 00%RH and lOOCx75%RH 
humidity scan from 25 to 100%RH at 80°C 
temperature scan from 60 to 120°C at 50%RH 

Vapor uptake (1 2 point) 
UJ :1 ambient condition from 6%RH to 100%RH 

Water swell (4 point) 
weight and dimension change at ambient, 60,85 and 100°C water immersion 

Thermal (DSC, TGA, TG-MSTTG-IR) 
Tg, thermal stability 

Mechanical property (DMA and TMA) 
w dynamic modulus and stress-strain at dry, hydrous and immersion conditions 

Microscopy (SEM and TEM) 
membrane morphology, failure analysis 

Fuel cell testing 
performance (V-I curves) at different temperature and humidity conditions 

Accelerated durability test 
chemical and mechanical stability under accelerated cycling conditions 
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Starting in 2007, we shifted our focus from the thermoplastic polymer approach 
to cross-linked polyelectrolyte in order to have more concentrated proton 
conducting functionalities while better balancing water uptake/solubilities. This 
approach should allow for; high acid concentration with no leaching, control of 
cross-link chemistry and density, flexibility in base substrate for thermal and 
mechanical properties, and easy adoption to continuous manufacturing 
processes. 



Approaches 
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A number of porous supports were investigated and ranked based on the 
following criteria: 

Mechanical strength 
Thermal / oxidative stability 
Porosity 1 pore size / surface area 
Pore morphology 
Compatibility with various polyelectrolytes 
Scalability and Ease of handling 
Overall Cost 

Based on these factors ePTFE was selected as the base substrate of choice. 
Initial electrolyte units were investigated in the silan sol/gel class of materials. In 
general higher conductivities were experienced across a range of relative 
humidities and temperatures. These conductivities could be further advanced 
with the addition of inorganic additives, especially at lower relative humidities. 
The composite membranes, however did experience issues related to leaching at 
elevated temperatures which was eventually minimized by optimization of the 
composition and process but not altogether eliminated. Although the composites 
also demonstrated excellent thermal stability and chemical resistance in initial 
screening, high gas cross over was observed with the sol/gel materials in MEAs. 
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A second class of cross-link chemistries were investigated and cross-link 
chemistry B (Gen 4B) was found to be the most promising in terms of proton 
conductivity and hydrolytic and thermal stability. Hygroscopic additives were 
added to the cross-linked polyelectrolyte and impregnated in a porous support 
(Gen 5B), resulting in a homogeneous dispersion in the membrane. Proton 
conductivity of the membrane was determined by standard 4-point AC 
impedance measurements at 60-1 20°C over 25-1 00% relative humidity. 
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As seen here, the proton conductivity of the cross-linked polyelectrolyte with 
hygroscopic additive (Gen 5B) increased substantially at low relative humidity 
compared to one without the additive (Gen 48). The increase in the conductivity 
at low relative humidity could be attributed to higher water retention due to the 
hygroscopic nature of the additive. The conductivity of Gen 5B is also higher 
than NafionB across a wide range of relative humidity. 

With this encouraging result, we continued optimizing the reaction conditions. 
We focused specifically on control of the acid functional group concentration and 
cross-linked density. These efforts resulted in a membrane with a high IEC 
(3.6meq/g), increased conductivity across the relative humidity range, and good 
dimensional stability. The proton conductivity results are shown below with 
comparison to NafionB. 

Temp ["C] 
80 
80 
80 
80 

% RH 
25 
50 
75 
1 00 

NafionB 1 I2 Gen 5B 
Conductivity Error Conductivity Error 

0.0031 0.0007 
0.01 29 0.0021 
0.0430 0.0034 
0.0763 0.0045 

0.0346 0.0032 
0.0622 0.0039 
0.1989 0.01 07 
0.41 69 0.0225 



Conductivity at 80 "C 
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Temp ["C] % RH Conductivity Error Conductivity Error 
60 50 0.0097 0.001 8 0.0446 0.0034 
80 50 0.01 29 0.0021 0.0622 0.0039 
100 50 0.01 55 0.0024 0.0732 0.0043 
120 50 0.0214 0.0027 0.0275 0.0030 
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As seen here, the proton conductivity of Gen 5B increased significantly 
compared to NafionB throughout a wide rage of temperatures and relative 
humidity. The conductivities of the membrane are about an order of magnitude 
higher than NafionB at low relative humidity (25 % RH). The conductivity 
increased with an increase in the cell temperature at 50 % RH and peaked at 100 
"C. The decline in the conductivity at 50 % RH and 120 "C needs to be 
investigated further. 

In addition to the high proton conductivity, the membranes demonstrated good 
initial hydrolytic stability. No leaching was observed after 2h heating in 100 "C 
water or in 100 "C 1 M sulfuric acid. The high cross-linking density may be 
responsible for preventing the leaching of material. 

Dimensional stability of these films was studied at room temperature. 

Thickness X-axis Y-axis 
Uptake change change change 

Gen 58 (std) 84.6% (1 1.8%)67.9% (4.4 %)28.5% (3.6 %)8.4% (9.1 %) 

These numbers are comparable to thermoplastic polymers (Gen 3) with ion- 
exchange capacity of only 0.8 (meqlg). The results are remarkable considering 
the fact that Gen 5B has IEC of 3.6 (meqlg). The results demonstrate that the 
high cross-linking density suppresses the water uptake and the dimensional 
changes while allowing high acid concentration in the membranes. 

It is interesting to note that a type of a porous support also has an effect on the 
water uptake and the dimensional stability. It was found that a smaller pore size 
contributed to lower water uptake and more controlled dimensional stability, but 
did not affect membrane conductivities. 
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Despite these encouraging results and being well on the path to meeting 3Q year three 
deliverables before the end of the second year of the program GE decide to no longer 
pursue PEM fuel cell technology and withdrew from the program. A final presentation of 
all technology pursued, key learnings and recommendation for future research was 
prepared and presented to DOE in Arlington, DC on June 17,2008 by Dr. Joseph 
Suriano. 

Milestones versus actual accomplishments 



DOE Milestones 
,( ?3Q Year l(2006) - Demonstrate conductivity of 0.07 Slcm at 

100 OhRH at room temperature. 

GE Result 0.45 Slcm at 100% RH and 80 "C 

4 ?3Q Year 2 - Demonstrate conductivity of 0.07 Slcm at 80 %RH 
at room temperature. 

GE Result: 0.25 Slcm at 80% RH and 80 "C 

?3Q Year 3 - Demonstrate conductivity ~0.1 Slcm at 50 %RH 
at 120°C. 

GE Result 0.073 Slcm at 50% RH and 100 "C 

?3Q Year 4 - Demonstrate durability with cycling of best 
membranes (~500 hours at temperatures ? 80°C). 

?3Q Year 5 - Demonstrate durability with cycling of best 
membranes I2000 hours at temperatures ? 80°C). 
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Future Plans: 
Although the pore-filled cross-linked systems was found to be a promising 
approach to achieve high conductivity and reasonable water uptake and 
dimensional stability it was decided that GE would not continue to pursue PEM 
fuel cell technology. All research efforts were stopped before June 17, 2008. 

Publications/Presentations: 
1. Presentation at 2007 DOE Hydrogen Program Review - May 16, 2007, 

Arlington, VA. 

2. Final program summary presentation of entire program -approaches, 
results, key learning's, preferred path forward - June 17, 2008 Arlington 
VA. 



Task Schedule 

Task 
Number 

1 

2 

3 
4 

Project Milestones 

Design new polymers and 
additives 

Synthesize and characterize 
1' 2" , 3rd generation 

materials 
Synthesize and characterize 

4'h and 5'h generation 
materials 

Test proton conductivity and 
water uptake of new materials 

Year 1 proton conductivity: 
0.07S/cm at 100%RH, room 

temperature 

Year 2 proton conductivity: 
0.07S/cm at 80%RH, room 

temperature 

Year 3 proton conductivity: 
>0.1 S/cm at 50%RH, 120°C 
Year 4 durability with cycling: 

>500 h at 180°C 
Year 5 durability with cycling: 

>2000 h at 180°C 
Cost-benefit analysis on 

polymer candidate meeting 
performance targets 
Project management 

Progress 
Notes 

Completed 

Completed 

Completed 

Completed 
Completed. 
Will look for 
even better 
candidates 
Completed. 
Will look for 
even better 
candidates 

Strong initial 
progress. 

Terminated 
before 

achieving goal 

Not started 

Not started 

Not started 
Completed 

Original 
Planned 

03/31 120 1 1 

12/31/2006 

12/31/2007 

03/31/2011 

09/30/2006 

9/30/2007 

9/30/2008 

9/30/2009 

9/30/2010 

0313 1/20 1 1 
03/31/20 1 1 

Task Completion 

Revised 
Pianned 

611 7/08 

12/31/2006 

3/31 12007 

611 7/08 

611 7/08 

Date 

Actual Percent 
complete 

100% 

100% 

100% 

100% 

100% 

100% 

75% 

0% 

0% 

0% 
50% 



Project Spending and Estimate of Future Spending 


