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Question and Answer

• Please type your questions to the chat box. Send to: (HOST)
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Webinar Outline
• Nanofiber Composite Fuel Cell Membranes

– The ideal membrane for a hydrogen/air PEM fuel cell
– Introduction to polymer fiber electrospinning; Needle and needle-less electrospinning
– Composite films made by dual nanofiber electrospinning

• Fabrication method with Nafion and polyphenylsulfone
• Physical properties and fuel cell durability tests
• Other nanofiber-based membranes for fuel cells

• Particle/polymer nanofiber mat electrodes for fuel cell membrane-electrode-
assemblies

– Why electrospin fiber mat electrodes?
– Fabricating fiber electrodes

• Preparation of ink and method of electrospinning
• Physical structure of the fibers

– Performance of fiber mat MEAs in a hydrogen/air fuel cell
• Power output
• Cathode durability
• The use of different binders

• Future Challenges, Acknowledgements, and References
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H2-Air Proton-Exchange Membrane (PEM) Fuel Cell
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The Ideal Membrane:
• Low sheet resistance (thickness/conductivity), so membrane should be thin with a high conductivity.
• Low areal dimensional changes during membrane hydration and dehydration
• Mechanically strong with moderate volumetric swelling
• Low fuel and oxygen crossover

But:
• High conductivity requires high membrane ion-exchange capacity
• Highly charged polymers swell greatly in water
• High water swelling will lower the effective (volumetric) concentration of membrane fixed charge sites and 

weaken the membrane mechanical properties.

Thus:
• A membrane composed of a single homopolymer may not work.
• Consider blends, block copolymers, and composites
• Consider polymer crosslinking or increasing the degree of polymer crystallinity
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Nanofiber Composite Membranes
1. Ionomer nanofibers surrounded by uncharged polymer.
2. Uncharged polymer nanofibers surrounded by (and reinforcing) an ionomer matrix.

These two membrane structures are created by simultaneously electrospinning nanofibers of 
ionomer and uncharged polymer.

(a) This “forced assembly” method of creating a polymer mixture, which allows for a wide 
choice of polymers for the ion conduction and inert (uncharged) polymers.

(b) Intimate mixing of polymer components

(c) Decouple mechanical and proton-conducting functions of the membrane.

(d) Control independently both the size and loading of the proton-conducting phase.

(e) Eliminate the need for a separate polymer impregnation step.
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Nanofiber Electrospinning 

Syringe filled with
polymer solution or melt

Process Variables:
1) Concentration of polymer in solution (there must 

be interchain polymer entanglements)
2) Applied voltage
3) Syringe-to-collector distance 
4) Solution flow rate
5) Humidity
6) Solvent type: evaporation rate, conductivity.

www.nano.mtu.edu/Electrospinning_start.html 

Brief history: Cooley, Morton (1902) and Prof. Darrell Reneker, Univ. of Akron (1995)
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Needleless and Centrifugal Electrospinning 

Centrifugal (rotary jet) electrospinning

Needleless electrospinning
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Creating a Nanofiber Composite Membrane by Dual Fiber 
Electrospinning

bbaa

Inter-fiber voids are 
filled with ionomer

Interconnected 3-D 
network of uncharged 
polymer nanofibers that 
provides mechanical 
strength

Interconnected 3-D 
network of ionomer 
nanofibers 

Interfiber voids are filled with the 
uncharged polymer matrix that 
provides mechanical strength 
and controls swelling 

Simultaneously electrospin a dual 
fiber mat – one fiber is the ionomer 
(e.g., PFSA) and the second fiber is 
an uncharged/inert polymer (e.g., 
polyphenylsulfone)

Mat Processing

Method #2
“Melt” 

ionomer 
around 

uncharged 
polymer 

nanofibers

Method #1
“Melt” 

uncharged 
polymer 
around 

ionomer 
nanofibers
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General Experimental Procedures

Polyphenylsulfone (PPSU) Poly(vinylidene fluoride) 
(PVDF)

(CF2CF2)x (CFCF2)y
(OCF2CF)z OCF2CF2 SO3H

CF3

CF2 CF2 CF

O

CF2

SO3H

CF2

CF2

CF2

n

DuPont’s Nafion®

3M Co. low EW PFSA
825EW: n=5
733EW: n=4

• Prepare an electrospinning solution (polymer and solvent)
• We must add a carrier polymer when spinning PFSA ionomers like Nafion

• Identify the electrospinning conditions and solution composition that yields well-formed fibers 
(e.g., no beads)

• Process the fiber mat into a dense and defect-free membrane

Possible polymers (ionomers for proton transport and uncharged polymers for reinforcement):

Poly(ethylene oxide) 
(PEO) – carrier
polymer for PFSA

http://upload.wikimedia.org/wikipedia/commons/e/ea/Polyvinylidenfluorid.svg
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Uniform mats were made: 
16 cm long, 10 cm wide; 10~120 μm thick

Electrospinning – Rotating Drum Apparatus

Collector

Dual fiber electrospinning:
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Examples of Electrospun PFSA Fibers with 825 EW PFSA and PEO 
as the Carrier Polymer

10 wt% 
solution

1.21 mmol/g IEC PFSA polymer from 3M Corp.

5 wt% 
solution
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Converting a Dual Nanofiber Mat into a Composite Membrane:  
Nafion + Polyphenylsulfone

1) Hot Press (Compact) @ 6,000 psi at 
127oC, 4x 10 sec. presses

2) Anneal (150oC for 2 hrs in vacuum)

3) Boil in 1M Sulfuric Acid

4) Boil in Water

Nafion softens/flows to fill 
inter-fiber voids

1) Cold Press (Compact) @ 1500 psi at 
RT, 4x 5 sec. presses

2) Chloroform Vapor Exposure (16 
min. at RT)

3) Anneal (150oC for 2 hrs in vacuum)

4) Boil in 1M Sulfuric Acid

5) Boil in Water

PPSU flows to fill 
inter-fiber voids

Dual Fiber Mat Surface

Cross-section Surface after PPSU RemovalCross-section

Nafion with PPSU fibers PPSU with Nafion fibers
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(measured in 25oC in water)

Volumetric swelling 
(measured at 100oC in water)

 Conductivity can be predicted by a volume fraction Mixing 
Rule (dashed line, above)

 Electrospun membranes have an exceptionally low 
percolation threshold (≤ 9 vol% Nafion)

 Volumetric swelling is controlled by PPSU

 Volumetric swelling is lower than that 
predicted by a Mixing Rule.

Conductivity and Volumetric Swelling:  Nanofiber Composite 
Membranes Made with Nafion + Polyphenylsulfone
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DOE-Sigma 

		0.6880691393		0.64		0.2

		0.3337869641		0.6296		0.4

		0.4726019265		0.401		0.6

		0.9769723508		0.504		0.8

		0.55		0.55

		0.6723974351		0.618

		0.807		0.3062964744

		0.57520708		0.3033155767

		0.6865609112		0.209

		0.7360809929		0.5694623389

		0.719		0.6759728831

		0.6757148575		0.6307640162

		0.9949991046		0.1655837972

				0.087

				0.6649487057



PPSU-Fibers/Nafion-Matrix

Nafion-Fibers/PPSU-Matrix

Rule of Mixture (Cond.)

Nafion Volume Fraction

Proton Conductivity (S/cm)

0.0703944223
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0.006
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Data

		

						In bold is based on conductivity				Room Temp Water [S/cm]		Boiling Water [%]																In bold is based on conductivity				Room Temp Water [S/cm]		Boiling Water [%]

		Composite Membrane (PPSU Fibers/Nafion Matrix)		IEC [meq/g]		Vol % Nafion		Dry Density [g/cm3]		Conducivity		In-plane Swelling		Vol Swelling		Mass Swelling		Lambda		Mass Swelling of Nafion phase				Inverse Strucutres (Nafion fibers - PPSU Matrix)		IEC [meq/g]		Vol % Nafion		Dry Density [g/cm3]		Conducivity		In-plane Swelling		Vol Swelling		Mass Swelling		Lambda		Notes

		Nafion 117		0.917		100.00%						41.00%		63.33%		32.67%		19.79						9/22/10_s2				35.79%				0.034		1.63%		11.10%		18.00%		0.00

		Nafion 212		0.92		100.00%				0.095		37.50%		74.75%		36.33%		21.94						9/29/10_s1				44.21%				0.042		8.20%		15.90%		15.10%		0.00

		6/30/10 IEC -M		0.684		68.81%				0.070		2.95%		44.83%		30.55%		24.81		40.64%				9/30/10_s2 (used standard processing - 16 min chloroform)				69.47%		1.77		0.066		7.20%		28.20%		24.60%		0.00

		7/8/10 IEC -M		0.422		33.38%				0.025		0.98%		14.00%		13.32%		17.54		28.73%				9/30 S4		0.66		64.00%				0.062		10.12%		40.08%		27.70%		23.32

		7/14/10 IEC -M		0.566		47.26%				0.047		1.23%		19.98%		21.92%		21.51		35.24%				10/14-s1 (BRITTLE)				0.00%				n/a		7.17%		28.19%		24.60%		0.00

		8/26/10 M2		0.892		97.70%				0.094		50.95%		105.24%		57.35%		35.72		58.42%				10/18 s1 (normal - 12 min chloroform)				62.80%		1.71		0.060		10.66%		42.73%		27.17%		0.00

		7/1/2010 M1		0.636		55.00%				0.048		0.84%		22.53%		19.97%		17.44						10/18-s2 (normal - 8 min chloroform)				53.49%		1.55		0.051		7.48%		41.46%		32.64%		0.00

		8/31/2010 M1- IEC		0.683		67.24%				0.064		3.21%		46.35%		32.60%		26.52		43.44%				10/18 s3(annealed first)				66.03%		1.65		0.063		15.45%		53.09%		35.39%		0.00

		9/13/2010 M1- IEC (smaller fiber diameters)		0.778		80.70%				0.081		8.27%		54.53%		36.43%		26.01						10-18 s4 (normal - 16 min chloroform)				68.42%		1.71		0.065		10.3%		40.9%		29.3%		0.00

		10/14/10 S3 (small fiber diameter)		0.642		57.5%		1.58		0.057		3.89%		26.50%		22.90%		19.82						10-11s_				52.63%				0.050		22.6%		42.9%		28.4%		0.00

		10/20/10 s3 (no Nafion extra layer on edges)		0.742		68.66%		1.63		0.066		3.17%		39.90%		30.70%		22.99						9/29 s3				43.16%				0.041		8.6%		15.1%		20.3%		0.00

		11/11/10 M1		0.742		73.61%		1.75		0.073		7.68%		61.40%		30.10%		22.54						9/29 s4				47.37%				0.045		5.2%		12.5%		18.6%		0.00

		11/12/10 #1, M1		0.723		71.90%		1.76		0.072		11.73%		53.70%		49.70%		38.19						10/27_s1		0.695		62.96%		1.60		0.062		13.5%		31.0%		28.4%		22.69		Not convinced this fully densified

		11/12/10 #2, M1		0.722		67.57%		1.65		0.070		6.10%		45.69%		28.67%		22.06						10/25_s2 (also made inverse)		0.478		40.10%		1.54		0.034		1.9%		17.4%		11.0%		12.83

		11/18/10 M2 (also made inverse)		n/a		49.47%		1.54		0.047		1.74%		22.08%		17.92%								11/1/10 M1 (also made inverse)		0.571		50.40%		1.57		0.040		5.0%		18.8%		14.0%		13.62

		11/1/10 M3 (also made inverse)		n/a		43.16%		1.54		0.041		1.72%		17.11%		12.58%								10/13/10_m1		0.677		55.00%		1.43		0.052		5.8%		31.8%		29.7%		24.37

		11/30/10 #1 M1		0.9037		99.50%		1.94		0.093		50.59%		86.80%		46.00%		28.28						10/13/10 m2		0.694		61.80%		1.57		0.056		12.9%		33.7%		26.3%		21.05

		11/30/10 #1 M2		n/a		100.00%		1.99		0.093		50.40%		91.81%		48.43%								11/3/10 M1 (16 min chloroform) - (also made inverse)		0.371		30.63%		1.46		0.019		1.7%		7.8%		5.6%		8.39

		11/22/10 M2 (also made inverse)		n/a		62.11%		1.67		0.059		2.40%		46.40%		26.30%								11/3/10  M2 (12 min chloroform)		0.391		30.33%		1.37		0.020		1.8%		8.6%		6.3%		8.95

		11/23/10 M2 (also made inverse)		n/a		63.16%		1.61		0.060		4.43%		36.60%		23.70%								11/3/10 M3 (8 min Chloroform)						1.46		n/a		0.2%		7.1%		6.0%		0.00

		7/7/2010 M1, P2		n/a		69.47%		1.56		0.066		5.31%		42.60%		29.10%								11/17/10 M1		0.309		20.90%		1.19		0.013		0.7%		1.7%		9.3%		16.72

		6/24/10, M1, P2		n/a		66.32%		1.64		0.063		3.61%		41.80%		25.60%								10/27/10 M2		0.629		56.95%		1.60		0.051		11.6%		33.1%		29.0%		25.61

		11/18/10 m4 (also made inverse)		n/a		48.83%		1.65		0.046		2.20%		27.28%		16.59%								10/27/10 M3		0.664		67.60%		1.80		0.058		34.9%		57.1%		29.8%		24.93

		11/22/10 M4  (also made inverse)		n/a		62.11%		1.68		0.059		2.49%		43.76%		26.61%								9/13/10 M_		0.821		63.08%		1.36		0.053		18.5%		43.7%		49.8%		33.70

		11/23/10 M4 (also made inverse)		n/a		58.95%		1.67		0.056		2.77%		29.73%		21.51%								11/17/10 M3		0.22		16.56%		1.33		0.012		0.31%		-1.05%		2.29%		5.78

		10/25/10 MX (also made inverse)		n/a		40.00%		1.64		0.038		1.47%		24.41%		11.61%								11/18/10 M1 (also made inverse)		n/a		48.42%		1.62		0.046		3.54%		19.22%		15.35%		0.00

																								11/22/10 M1 (also made inverse)		n/a		61.05%		1.64		0.058		9.35%		30.00%		22.71%		0.00

								1.64		0.058		3.6%		33.2%		22.6%								11/23/10 M1 (also made inverse)		n/a		62.11%		1.68		0.059		11.18%		28.00%		25.63%		0.00

																								11/18/10 M3 (also made inverse)				48.42%		1.61		0.046		5.28%		20.99%		17.52%

																								11/23/10 M3 (also made inverse)				62.11%		1.70		0.059		9.25%		32.04%		26.04%

																								2-15-11, M1		0.109		8.70%		1.43		0.006		0.12%		5.90%		5.90%		30.07

		Cast Membranes																						2-21-11#6, M2		0.7048832272		66.49%		1.67		0.064		21.48%		39.45%		27.60%		21.75

		10/27 (75-25) (lots of PPSU chunks fell out during boiling)								0.046		34.5%		44.0%		30.3%								2-21-11#6, M3						1.55		0.065		20.09%		36.95%		33.18%

		10/28/10 25-75								0.000		1.3%		0.6%		2.3%

		Slope of 1						Slope of 1 - Volume Swelling (Based on N212)						Slope of 1 - In-Plane Swelling (Based on N212)

		0.2		0.019				0.2		0.178611513				0.2		0.075

		0.4		0.038				0.4		0.357223026				0.4		0.15

		0.6		0.057				0.6		0.535834539				0.6		0.225

		0.8		0.076				0.8		0.714446052				0.8		0.3

						1.78				32.5		1999		0.038

		1.29				1.78				26		1456		0.065

		1.94

		0.56

		1.654



ballenjb:
Not that uniform a membrane in terms of conducivity

ballenjb:
Just based on conductivity

ballenjb:
Just based on conductivity
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Just based on conductivity

ballenjb:
Just based on conductivity
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Just based on conductivity
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ballenjb:
Based on Conductivity

ballenjb:
Sample may have been damaged during boiling

ballenjb:
Avg. of Piece 1 and Piece 2

ballenjb:
Avg. of Piece 1 and Piece 2

ballenjb:
Avg. of Piece 1 and Piece 2
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Vol % Nafion

Mass Swelling of Nafion Component



DOE-Sigma and Vol Swelling_V1

		





DOE-Sigma and Vol Swelling_ V2

		





DOE In-Plane Swell_V1

		



Vol%

Lambda



DOE Lambda V1

		0.6880691393		0.64		0.2		0.6880691393		0.64		0.2

		0.3337869641		0.6296		0.4		0.3337869641		0.6296		0.4

		0.4726019265		0.401		0.6		0.4726019265		0.401		0.6

		0.9769723508		0.504		0.8		0.9769723508		0.504		0.8

		0.55		0.55				0.55		0.55

		0.6723974351		0.618				0.6723974351		0.618

		0.807		0.3062964744				0.807		0.3062964744

		0.57520708		0.3033155767				0.57520708		0.3033155767

		0.6865609112		0.209				0.6865609112		0.209

		0.7360809929		0.5694623389				0.7360809929		0.5694623389

		0.719		0.6759728831				0.719		0.6759728831

		0.6757148575		0.6307640162				0.6757148575		0.6307640162

		0.9949991046		0.1655837972				0.9949991046		0.1655837972

				0.087						0.087

				0.6649487057						0.6649487057



PPSU-Fibers/Nafion-Matrix (Cond.)

Nafion-Fibers/PPSU-Matrix (Cond.)

Rule of Mixture (Cond.)

PPSU-Fiber/Nafion Matrix (Swelling)

Nafion-Fibers/PPSU-Matrix (Swelling)

Nafion Volume Fraction (%)

Proton Condutivity (S/cm)

Volumetric Swelling (%)

0.0703944223

0.0622541376

0.019

0.4482749763

0.4007849734

0.178611513

0.025

0.062

0.038

0.1400365702

0.3100416446

0.357223026

0.047

0.0342117799

0.057

0.1997599926

0.1736738442

0.535834539

0.094

0.04

0.076

1.0524174761

0.188

0.714446052

0.048

0.052

0.2253021134

0.318

0.064

0.056

0.4635086732

0.337

0.081

0.019

0.545349505

0.078

0.057

0.02

0.265

0.086

0.066

0.013

0.399

0.017

0.073

0.051

0.614

0.331

0.0719375484

0.058

0.537

0.571

0.069982613

0.053

0.45688472

0.437

0.093

0.012

0.8679961491

-0.01051131

0.006

0.059

0.065

0.3695393993



DOE Lambda V2

		0.6880691393		0.64		0.2		0.6880691393		0.64		0.2

		0.3337869641		0.6296		0.4		0.3337869641		0.6296		0.4

		0.4726019265		0.401		0.6		0.4726019265		0.401		0.6

		0.9769723508		0.504		0.8		0.9769723508		0.504		0.8

		0.55		0.55				0.55		0.55

		0.6723974351		0.618				0.6723974351		0.618

		0.807		0.3062964744				0.807		0.3062964744

		0.57520708		0.3033155767				0.57520708		0.3033155767

		0.6865609112		0.209				0.6865609112		0.071

		0.7360809929		0.5694623389				0.7360809929		0.209

		0.719		0.6759728831				0.719		0.5694623389

		0.6757148575		0.6307640162				0.6757148575		0.6759728831

		0.9949991046		0.1655837972				0.4947368421		0.6307640162

				0.087				0.4315789474		0.1655837972

				0.6649487057				0.9949991046		0.4842105263

								1		0.6105263158

								0.6210526316		0.6210526316

								0.6315789474		0.4842105263

								0.6947368421		0.6210526316

								0.6631578947		0.087

								0.4882689158		0.6649487057

								0.6210526316		0.3695393993

								0.5894736842

								0.4



PPSU-Fibers/Nafion-Matrix (Cond.)

Nafion-Fibers/PPSU-Matrix (Cond.)

Rule of Mixture (Cond.)

PPSU-Fiber/Nafion Matrix (Swelling)

Nafion-Fibers/PPSU-Matrix (Swelling)

Nafion Volume Fraction (%)

Proton Condutivity (S/cm)

Volumetric Swelling (%)

0.0703944223

0.0622541376

0.019

0.4482749763

0.4007849734

0.178611513

0.025

0.062

0.038

0.1400365702

0.3100416446

0.357223026

0.047

0.0342117799

0.057

0.1997599926

0.1736738442

0.535834539

0.094

0.04

0.076

1.0524174761

0.188

0.714446052

0.048

0.052

0.2253021134

0.318

0.064

0.056

0.4635086732

0.337

0.081

0.019

0.545349505

0.078

0.057

0.02

0.265

0.086

0.066

0.013

0.399

0.073

0.051

0.614

0.017

0.0719375484

0.058

0.537

0.331

0.069982613

0.053

0.45688472

0.571

0.093

0.012

0.2208341997

0.437

0.006

0.1710641846

-0.01051131

0.065

0.8679961491

0.1921501692

0.9181189809

0.3000214018

0.464

0.2800152022

0.366

0.2099191375

0.426

0.3203983419

0.418

0.059

0.2728038537

0.3944899517

0.4375713898

0.2972933421

0.2440632847



		0.6880691393		0.64		0.2

		0.3337869641		0.6296		0.4

		0.4726019265		0.401		0.6

		0.55		0.504		0.8

		0.6723974351		0.55

		0.807		0.618

		0.57520708		0.3062964744

		0.6865609112		0.3033155767

		0.7360809929		0.0015

		0.719		0.209

		0.6757148575		0.5694623389

		0.4947368421		0.6759728831

		0.4315789474		0.6307640162

		0.6210526316		0.1655837972

		0.6315789474		0.4842105263

		0.6947368421		0.6105263158

		0.6631578947		0.6210526316

		0.4882689158		0.4842105263

		0.6210526316		0.6210526316

		0.5894736842		0.087

		0.4		0.6649487057

				0.2009174312



PPSU-Fiber/Nafion-Matrix

Nafion-Fiber/PPSU-Matrix

Nafion Volume Fraction (%)

In-Plane Swelling (%)

0.0295346027

0.1012195122

0.075

0.0098039216

0.1350158378

0.15

0.0122974938

0.0192748185

0.225

0.0084211296

0.05

0.3

0.0321012658

0.0576

0.0827084889

0.1287

0.0389

0.0165

0.0317

0.0183

0.0768

0.1173

0.0067

0.0610191104

0.1158

0.0174

0.3486

0.0171899141

0.185

0.024

0.0030805676

0.0443

0.0354199372

0.0531

0.0935474144

0.0361

0.1118220784

0.0220183486

0.0528301887

0.0249487539

0.0924724376

0.0276959691

0.0012

0.0147108356

0.2148317371



		0.6880691393		0.64		1

		0.3337869641		0.6296

		0.4726019265		0.401

		0.9769723508		0.504

		0.55		0.55

		0.6723974351		0.618

		0.807		0.3062964744

		0.57520708		0.3033155767

		0.6865609112		0.209

		0.7360809929		0.5694623389

		0.719		0.6759728831

		0.6757148575		0.6307640162

		0.9949991046		0.1655837972

				0.6649487057



PPSU-Fiber/Nafion-Matrix

Nafion-Fiber/PPSU-Matrix

Nafion 212

Nafion Volume Fraction (%)

Lambda (mol H2O/mol H+)

24.8094984937

23.3187733188

21.9384057971

17.5366318009

22.6860011322

21.5133571056

12.8268546946

35.7196313086

13.6213271064

17.4406574977

24.3722304284

26.5179405152

21.0534742235

26.0137161723

8.3857442348

19.8165455175

8.9514066496

22.9859239293

16.7206040992

22.536687631

25.6138491433

38.1896419241

24.9330655957

22.0626087809

33.6987413723

28.2782782783

5.7830210502

21.7536813922



		0.6880691393		0.64		1

		0.3337869641		0.6296

		0.4726019265		0.401

		0.55		0.504

		0.6723974351		0.55

		0.807		0.618

		0.57520708		0.3062964744

		0.6865609112		0.3033155767

		0.7360809929		0.209

		0.719		0.5694623389

		0.6757148575		0.6759728831

				0.6307640162

				0.1655837972

				0.087

				0.6649487057

				0

				0

				0

				0

				0

				0

				0

				0

				22.6860011322

				12.8268546946

				13.6213271064

				24.3722304284

				21.0534742235

				8.3857442348

				8.9514066496

				0

				16.7206040992



PPSU-Fiber/Nafion-Matrix

Nafion-Fiber/PPSU-Matrix

Nafion 212

Nafion Volume Fraction (%)

Lambda

17.4406574977

23.3187733188

21.9384057971

26.5179405152

22.6860011322

26.0137161723

12.8268546946

19.8165455175

13.6213271064

22.9859239293

24.3722304284

22.536687631

21.0534742235

38.1896419241

8.3857442348

22.0626087809

8.9514066496

24.8094984937

17.5366318009

21.5133571056

0

0

0

0

23.3187733188




Data

		89.31%																										56.0%		1.65

		47.2%

										Room Temp Water [S/cm]		Boiling Water [%]																				Room Temp Water [S/cm]		Boiling Water [%]

		Composite Membrane (PPSU Fibers/Nafion Matrix)		IEC [meq/g]		Vol % Nafion		Dry Density [g/cm3]		Conducivity		In-plane Swelling		Vol Swelling		Mass Swelling		Lambda		Mass Swelling of Nafion phase				Inverse Strucutres (Nafion fibers - PPSU Matrix)		IEC [meq/g]		Vol % Nafion		Dry Density [g/cm3]		Conducivity		In-plane Swelling		Vol Swelling		Mass Swelling		Lambda		Mass Swelling of Nafion phase		Notes

		Nafion 117		0.917		100.0%						41.0%		63.3%		32.7%		19.79						9/30 S4		0.66		64.0%				0.062		10.12%		40.08%		27.70%		23.32		38.2%

		Nafion 212				100.0%				0.095		37.5%		74.8%		36.3%								10/27_s1		0.695		63.0%		1.60		0.062		13.5%		31.0%		28.4%		22.69		37.2%

		8/26/10 M2		0.892		97.7%				0.094		50.9%		105.2%		57.4%		35.72		58.4%				10/25_s2 (also made inverse)		0.478		40.1%		1.54		0.034		1.9%		17.4%		11.0%		12.83		21.0%

		11/30/10 #1 M1		0.0904		99.5%		1.94		0.093		50.6%		86.8%		46.0%				46.0%				11/1/10 M1 (also made inverse)		0.571		50.4%		1.57		0.040		5.0%		18.8%		14.0%		13.62		22.3%

		11/30/10 #1 M2				100.0%		1.99		0.093		50.4%		91.8%		48.4%				48.4%				10/13/10_m1		0.677		55.0%		1.43		0.052		5.8%		31.8%		29.7%		24.37		39.9%

		6/30/10 IEC -M		0.684		68.8%				0.070		3.0%		44.8%		30.5%		24.81		40.6%				10/13/10 m2		0.694		61.8%		1.57		0.056		12.9%		33.7%		26.3%		21.05		34.5%

		7/8/10 IEC -M		0.422		33.4%				0.025		1.0%		14.0%		13.3%		17.54		28.7%				11/3/10 M1 (16 min chloroform) - (also made inverse)		0.371		30.6%		1.46		0.019		1.7%		7.8%		5.6%		8.39		13.7%

		7/14/10 IEC -M		0.566		47.3%				0.047		1.2%		20.0%		21.9%		21.51		35.2%				11/3/10  M2 (12 min chloroform)		0.391		30.3%		1.37		0.020		1.8%		8.6%		6.3%		8.95		14.7%

		7/1/2010 M1		0.636		55.0%				0.048		0.8%		22.5%		20.0%		17.44		28.6%				10/27/10 M2		0.629		56.9%		1.60		0.051		11.6%		33.1%		29.0%		25.61		42.0%

		8/31/2010 M1- IEC		0.683		67.2%				0.064		3.2%		46.4%		32.6%		26.52		43.4%				10/27/10 M3		0.664		67.6%		1.80		0.058		34.9%		57.1%		29.8%		24.93		40.8%

		9/13/2010 M1- IEC (smaller fiber diameters)		0.778		80.7%				0.081		8.3%		54.5%		36.4%		26.01		42.6%				9/13/10 M_		0.821		63.1%		1.36		0.053		18.5%		43.7%		49.8%		33.70		55.2%

		10/14/10 S3 (small fiber diameter)		0.642		57.5%		1.58		0.057		3.9%		26.5%		22.9%		19.82		32.5%				11/17/10 M3		0.22		16.6%		1.33		0.012		0.31%		-1.05%		2.29%		5.78		9.5%		Not convinced this fully densified

		10/20/10 s3 (no Nafion extra layer on edges)		0.742		68.7%		1.63		0.066		3.2%		39.9%		30.7%		22.99		37.7%				11/18/10 M1 (also made inverse)				48.4%		1.62		0.046		3.54%		19.22%		15.35%		0.00

		11/11/10 M1		0.742		73.6%		1.75		0.073		7.7%		61.4%		30.1%		22.54		36.9%				11/22/10 M1 (also made inverse)				61.1%		1.64		0.058		9.35%		30.00%		22.71%		0.00

		11/12/10 #1, M1		0.723		71.9%		1.76		0.072		11.7%		53.7%		49.7%		38.19		62.6%				11/23/10 M1 (also made inverse)				62.1%		1.68		0.059		11.18%		28.00%		25.63%		0.00

		11/12/10 #2, M1				67.6%		1.65		0.070		6.1%		45.7%		28.7%								11/18/10 M3 (also made inverse)				48.4%		1.61		0.046		5.28%		20.99%		17.52%

		11/18/10 M2 (also made inverse)				49.5%		1.54		0.047		1.7%		22.1%		17.9%								11/23/10 M3 (also made inverse)				62.1%		1.70		0.059		9.25%		32.04%		26.04%

		11/1/10 M3 (also made inverse)				43.2%		1.54		0.041		1.7%		17.1%		12.6%								2-15-11, M1		0.109		8.7%		1.43		0.006		0.12%		5.90%		5.90%

		11/22/10 M2 (also made inverse)				62.1%		1.67		0.059		2.4%		46.4%		26.3%								2-21-11#6, M2		0.7048832272		66.5%		1.67		0.064		21.48%		39.45%		27.60%		21.75		35.6%

		11/23/10 M2 (also made inverse)				63.2%		1.61		0.060		4.4%		36.6%		23.7%								2-21-11#6, M3		0.686		60.4%		1.55		0.065		20.09%		36.95%		33.18%		26.87		44.0%

		7/7/2010 M1, P2				69.5%		1.56		0.066		5.3%		42.6%		29.1%								2-15-11#2, M1				50.5%		1.71		0.048		10.0%		25.4%		16.9%				0.0%

		6/24/10, M1, P2				66.3%		1.64		0.063		3.6%		41.8%		25.6%						Compressed to 5000 lbf and Welded at high RH		2-28-11 M2		0.665		66.3%		1.76		0.066		5.7%		27.6%		22.0%		18.35

		11/18/10 m4 (also made inverse)				48.8%		1.65		0.046		2.2%		27.3%		16.6%								11-29-10 M1				38.9%		1.66		0.037		2.8%		30.6%		28.5%

		11/22/10 M4  (also made inverse)				62.1%		1.68		0.059		2.5%		43.8%		26.6%								3-8-11#2 M2				56.8%		1.71		0.054		4.4%		29.2%		20.0%

		11/23/10 M4 (also made inverse)				58.9%		1.67		0.056		2.8%		29.7%		21.5%								3/9/11 M1				52.6%		1.66		0.050		8.7%		34.0%		26.8%

		10/25/10 MX (also made inverse)				40.0%		1.64		0.038		1.5%		24.4%		11.6%								3/8/11#2 M1				61.1%		1.65		0.058		3.9%		21.4%		21.3%

																								2-28-11 M3				65.3%		1.63		0.062		9.7%		23.3%		25.4%

																								2-8-11 MA				45.3%		1.63		0.043		8.0%		15.8%		18.2%

																								2-15-11#2 M3				54.7%		1.69		0.052		6.8%		26.9%		19.4%

																								2-21-11#6 M4				72.6%		1.83		0.069		10.96%		43.79%		28.41%

																								2-28-11 M4				65.3%		1.80		0.062		4.94%		30.2%		23.7%

		Cast Membranes

		10/27 (75-25) (lots of PPSU chunks fell out during boiling)								0.046		34.5%		44.0%		30.3%

		10/28/10 25-75								0.000		1.3%		0.6%		2.3%

		3-21-11 100% Nafion								.090*		42.29%		82.17%		38.46%

		3/22/2011 Composite

		Slope of 1

		0.2		0.019

		0.4		0.038

		0.6		0.057

		0.8		0.076

						178.0%				32.5		199900.0%		3.8%

		1.29				178.0%				26		145600.0%		6.5%

		1.94

		0.56

		1.654



ballenjb:
Not that uniform a membrane in terms of conducivity

ballenjb:
Sample may have been damaged during boiling

ballenjb:
Avg. of Piece 1 and Piece 2

ballenjb:
Avg. of Piece 1 and Piece 2

ballenjb:
Avg. of Piece 1 and Piece 2

ballenjb:
Weighted Average, very uneven thickness may introduce error (i.e. Max. cond was 0.098 and lowest was 0.085)



Data

		



Vol % Nafion

Mass Swelling of Nafion Component



Vol-Swelling Model

		





Mass Swelling Model

		



Normal

High Compression/High RH

Proton Conducitvity

In-Plane Swelling



In-Plane Swelling

		



Normal

High Compression/High RH

Proton Cond.

Vol. Swelling



Vol-SwellingGraph w- Model

		

		Vol Swelling of Pure, Densified Nafion		89.31%

		Vol Swelling of Pure, Densifieid PPSU		0.00%

		Fitting Parameter - First Modified		1.1

		Fitting Parameter - log Modified		0.233

		Vol Fraction Nafion		Vol. Swelling of Composite - Rule of Mixtures		Vol. Swelling of Composite - Rule of Mixtures modified for effect of PPSU		Vol. Swelling of Composite - Rule of Mixtures modified for effect of PPSU  - log

		0		0.00%		0.00%		0.00%

		0.1		8.93%		0.98%		3.57%

		0.2		17.86%		3.93%		10.36%

		0.3		26.79%		8.84%		18.38%

		0.4		35.72%		15.72%		27.18%

		0.5		44.65%		24.56%		36.58%

		0.6		53.58%		35.37%		46.44%

		0.7		62.51%		48.14%		56.70%

		0.8		71.44%		62.87%		67.29%

		0.9		80.38%				78.17%

		1		89.31%				89.31%

										Big Red Dot was densifed at high humidity!

		Modified Rule of Mixtures:

		PPSu-fiber/Nafion matrix (nafion vol %)		vol%

		68.81%		44.83%

		33.38%		14.00%

		47.26%		19.98%

		97.70%		105.24%

		55.00%		22.53%

		67.24%		46.35%

		80.70%		54.53%

		57.5%		26.50%

		68.66%		39.90%

		73.61%		61.40%

		71.90%		53.70%

		67.57%		45.69%

		49.47%		22.08%

		43.16%		17.11%

		99.50%		86.80%

		100.00%		91.81%

		62.11%		46.40%

		63.16%		36.60%

		69.47%		42.60%

		66.32%		41.80%

		48.83%		27.28%

		62.11%		43.76%

		58.95%		29.73%

		40.00%		24.41%

		Nafion-fiber/PPSU matrix (nafion vol %)		vol %

		62.96%		31.0%

		40.10%		17.4%

		50.40%		18.8%

		55.00%		31.8%

		61.80%		33.7%

		30.63%		7.8%

		30.33%		8.6%

				7.1%

		20.90%		1.7%

		56.95%		33.1%

		67.60%		57.1%

		63.08%		43.7%

		16.56%		-1.05%

		48.42%		19.22%

		61.05%		30.00%

		62.11%		28.00%

		48.42%		20.99%

		62.11%		32.04%

		8.70%		2.80%

		66.49%		39.45%

		68.42%		36.95%



ballenjb:
From Anton



Volumetric Swelling

		

		Mass Swelling of Pure, Densified Nafion		47.21%

		Mass Swelling of Pure, Densifieid PPSU		0.00%

		Fitting Parameter																Big Red Dot was densifed at high humidity!

		Vol Fraction Nafion		Mass. Swelling of Composite - Rule of Mixtures		Mass. Swelling of Composite - Rule of Mixtures modified for effect of PPSU - log fie=t		Mass. Swelling of Composite - Rule of Mixtures modified for effect of PPSU - linear fit		Mass. Swelling of Composite - Rule of Mixtures modified for effect of PPSU - pwer fit

		0		0.00%

		0.1		4.72%						0.56%

		0.2		9.44%		1.86%		2.23%		2.29%

		0.3		14.16%		5.66%		5.03%		5.18%

		0.4		18.88%		10.25%		8.94%		9.25%

		0.5		23.61%		15.44%		13.97%		14.51%

		0.6		28.33%		21.11%		20.11%		20.97%

		0.7		33.05%		27.17%		27.37%		28.61%

		0.8		37.77%		33.57%		35.75%		37.46%

		0.9		42.49%

		1		47.21%

		Experimental Data (Yellow has been excluded)

				Nafion Vol. Fraction		Mass Swelling		Mass Swelling of Nafion Component

		PPSU-Fiber/Nafion-Matrix		97.7%		57.4%		58.4%

				71.9%		49.7%		62.6%

				99.5%		46.0%		46.0%

				100.0%		48.4%		48.4%

				68.8%		30.5%		40.6%

				33.4%		13.3%		28.7%

				47.3%		21.9%		35.2%

				55.0%		20.0%		28.6%

				67.2%		32.6%		43.4%

				80.7%		36.4%		42.6%

				57.5%		22.9%		32.5%

				68.7%		30.7%		37.7%

				73.6%		30.1%		36.9%

				67.6%		28.7%

				49.5%		17.9%

				43.2%		12.6%

				62.1%		26.3%

				63.2%		23.7%

				69.5%		29.1%

				66.3%		25.6%

				48.8%		16.6%

				62.1%		26.6%

				58.9%		21.5%

				40.0%		11.6%

				64.0%		27.70%		38.2%

				63.0%		28.4%		37.2%

		Nafion-fiber/PPSU-Matrix		40.1%		11.0%		21.0%

				50.4%		14.0%		22.3%

				55.0%		29.7%		39.9%

				61.8%		26.3%		34.5%

				30.6%		5.6%		13.7%

				30.3%		6.3%		14.7%

				56.9%		29.0%		42.0%

				67.6%		29.8%		40.8%

				16.6%		2.29%		9.5%

				48.4%		15.35%

				61.1%		22.71%

				62.1%		25.63%

				48.4%		17.52%

				62.1%		26.04%

				66.5%		27.60%		35.6%

				68.4%		33.18%

				8.7%		5.90%

				63.1%		49.8%		55.2%



ballenjb:
Avg. of Piece 1 and Piece 2



Volumetric Swelling

		



Rule of Mixtures

Experimental Data

Modified Rule of Mixtures - log

Modified Rule of Mixture = Linear

Linear - 2



Mass Swelling

		



Vol % Nafion

Mass Swelling of Nafion Component

Effect of PPSU of swelling of Nafion Componet

y = 0.2355294Ln(x) + 0.4771407
.477714 ~ Mass Swelling of Pure Nafion
R2 = 0.8206966



Fitting - Pure Nafion Component

		



Vol % Nafion

Mass Swelling of Nafion Component

Effect of PPSU of swelling of Nafion Componet



Mass Swelling w Models

		



Vol % Nafion

Mass Swelling of Nafion Component

Effect of PPSU of swelling of Nafion Componet



		0.64		1		0.6634795617

		0.6296		1		0.3894736842

		0.401		0.9769723508		0.5684210526

		0.504		0.9949991046		0.5263157895

		0.55		1		0.6105263158

		0.618		0.6880691393		0.6526315789

		0.3062964744		0.3337869641		0.4526315789

		0.3033155767		0.4726019265		0.5473684211

		0.5694623389		0.55		0.7263157895

		0.6759728831		0.6723974351		0.6526315789

		0.6307640162		0.807

		0.1655837972		0.57520708

		0.4842105263		0.6865609112

		0.6105263158		0.7360809929

		0.6210526316		0.719

		0.4842105263		0.6757148575

		0.6210526316		0.4947368421

		0.087		0.4315789474

		0.6649487057		0.6210526316

		0.6039882109		0.6315789474

		0.5052631579		0.6947368421

				0.6631578947

				0.4882689158

				0.6210526316

				0.5894736842

				0.4



Nafion-Fiber/PPSU-Matrix

PPSU-Fiber/Nafion-Matrix

Nafion-Fiber/PPSU-Matrix - High Compression/High RH

Nafion Vol %

In-Plane Swelling

In-Plane Swelling

0.1012195122

0.41

0.0571514423

0.1350158378

0.375

0.0279

0.0192748185

0.5094976463

0.043732977

0.05

0.5059424783

0.0867499959

0.0576

0.5040488517

0.0386458857

0.1287

0.0295346027

0.0970943356

0.0165

0.0098039216

0.0804858347

0.0183

0.0122974938

0.0675232194

0.1158

0.0084211296

0.1095982219

0.3486

0.0321012658

0.0493589408

0.185

0.0827084889

0.0030805676

0.0389

0.0354199372

0.0317

0.0935474144

0.0768

0.1118220784

0.1173

0.0528301887

0.0610191104

0.0924724376

0.0174

0.0012

0.0171899141

0.2148317371

0.024

0.2009174312

0.0443

0.100464346

0.0531

0.0361

0.0220183486

0.0249487539

0.0276959691

0.0147108356



		0		0.6880691393		0.6296		0		0.9

		0.1		0.3337869641		0.401		0.1		1

		0.2		0.4726019265		0.504		0.2

		0.3		0.55		0.55		0.3

		0.4		0.6723974351		0.618		0.4

		0.5		0.807		0.3062964744		0.5

		0.6		0.57520708		0.3033155767		0.6

		0.7		0.6865609112		0.071		0.7

		0.8		0.7360809929		0.209		0.8

		0.9		0.719		0.5694623389		0.9

		1		0.6757148575		0.6759728831		1

				0.4947368421		0.6307640162

				0.4315789474		0.1655837972

				0.6210526316		0.4842105263

				0.6315789474		0.6105263158

				0.6947368421		0.6210526316

				0.6631578947		0.4842105263

				0.4882689158		0.6210526316

				0.6210526316		0.087

				0.5894736842		0.6649487057

				0.4		0.6842105263



Modified Rule of Mixtures

PPSU-Fibers/Nafion-Matrix

Nafion-Fibers/PPSU-Matrix

Rule of Mixtures

Nafion Volume Fraction

Volumetric Swelling of Composite

0

0.4482749763

0.3100416446

0

0.8037518085

0.0098236332

0.1400365702

0.1736738442

0.0893057565

0.893057565

0.0392945329

0.1997599926

0.188

0.178611513

0.0884126989

0.2253021134

0.318

0.2679172695

0.1571781314

0.4635086732

0.337

0.357223026

0.2455908304

0.545349505

0.078

0.4465287825

0.3536507957

0.265

0.086

0.535834539

0.4813580275

0.399

0.6251402955

0.6287125258

0.614

0.017

0.714446052

0.537

0.331

0.8037518085

0.45688472

0.571

0.893057565

0.2208341997

0.437

0.1710641846

-0.01051131

0.464

0.1921501692

0.366

0.3000214018

0.426

0.2800152022

0.418

0.2099191375

0.2728038537

0.3203983419

0.4375713898

0.028

0.2972933421

0.3944899517

0.2440632847

0.3695393993



		0.64		1		0.6634795617

		0.6296		1		0.3894736842

		0.401		0.9769723508		0.5684210526

		0.504		0.9949991046		0.5263157895

		0.55		1		0.6105263158

		0.618		0.6880691393		0.6526315789

		0.3062964744		0.3337869641		0.4526315789

		0.3033155767		0.4726019265		0.5473684211

		0.5694623389		0.55		0.7263157895

		0.6759728831		0.6723974351		0.6526315789

		0.6307640162		0.807

		0.1655837972		0.57520708

		0.4842105263		0.6865609112

		0.6105263158		0.7360809929

		0.6210526316		0.719

		0.4842105263		0.6757148575

		0.6210526316		0.4947368421

		0.087		0.4315789474

		0.6649487057		0.6210526316

		0.6039882109		0.6315789474

		0.5052631579		0.6947368421

				0.6631578947

				0.4882689158

				0.6210526316

				0.5894736842

				0.4



Nafion-Fiber/PPSU-Matrix

PPSU-Fiber/Nafion-Matrix

Nafion-Fiber/PPSU-Matrix - High Compression/High RH

Nafion Vol %

In-Plane Swelling

Volumetric Swelling

0.4007849734

0.6333

0.2756294071

0.3100416446

0.7475

0.3057391788

0.1736738442

1.0524174761

0.292473079

0.188

0.8679961491

0.3399354789

0.318

0.9181189809

0.2140616353

0.337

0.4482749763

0.2329729918

0.078

0.1400365702

0.1582808148

0.086

0.1997599926

0.269311145

0.331

0.2253021134

0.4379487161

0.571

0.4635086732

0.3016638227

0.437

0.545349505

-0.01051131

0.265

0.1921501692

0.399

0.3000214018

0.614

0.2800152022

0.537

0.2099191375

0.45688472

0.3203983419

0.2208341997

0.059

0.1710641846

0.3944899517

0.464

0.3695393993

0.366

0.2535724289

0.426

0.418

0.2728038537

0.4375713898

0.2972933421

0.2440632847



		0.64		1		0.6634795617

		0.6296		1		0.3894736842

		0.401		0.9769723508		0.5684210526

		0.504		0.9949991046		0.5263157895

		0.55		1		0.6105263158

		0.618		0.6880691393		0.6526315789

		0.3062964744		0.3337869641		0.4526315789

		0.3033155767		0.4726019265		0.5473684211

		0.5694623389		0.55		0.7263157895

		0.6759728831		0.6723974351		0.6526315789

		0.6307640162		0.807

		0.1655837972		0.57520708

		0.4842105263		0.6865609112

		0.6105263158		0.7360809929

		0.6210526316		0.719

		0.4842105263		0.6757148575

		0.6210526316		0.4947368421

		0.087		0.4315789474

		0.6649487057		0.6210526316

		0.6039882109		0.6315789474

		0.5052631579		0.6947368421

				0.6631578947

				0.4882689158

				0.6210526316

				0.5894736842

				0.4



Nafion-Fiber/PPSU-Matrix

PPSU-Fiber/Nafion-Matrix

Nafion-Fiber/PPSU-Matrix - High Compression/High RH

Nafion Vol %

In-Plane Swelling

Mass Swelling

0.277027027

0.3267

0.2196029777

0.2838018742

0.3633

0.2847222222

0.1103622578

0.5735144003

0.2

0.14

0.459972863

0.2681564246

0.297

0.4842767296

0.2125984252

0.263

0.3054545455

0.2540322581

0.056

0.1332082552

0.182448037

0.063

0.2191780822

0.1941391941

0.29

0.199660647

0.284148398

0.298

0.3260115607

0.2365269461

0.498

0.3642960813

0.0229007634

0.229

0.1535008977

0.307

0.2270977675

0.301

0.2563218391

0.497

0.1752066116

0.2867256637

0.2604166667

0.1791666667

0.059

0.1258023107

0.2760084926

0.263

0.3318077803

0.237

0.1692627207

0.291

0.256

0.1659292035

0.2660550459

0.2150900901

0.1161458333



		0.9949991046

		1

		0.6880691393

		0.3337869641

		0.4726019265

		0.55

		0.6723974351

		0.807

		0.57520708

		0.6865609112

		0.7360809929

		0.64

		0.6296

		0.401

		0.504

		0.55

		0.618

		0.3062964744

		0.3033155767

		0.5694623389

		0.6759728831

		0.1655837972



Nanofiber Membranes (Both Structures)

Vol % Nafion

Mass Swelling of Nafion Component

Effect of PPSU of swelling of Nafion Componet

0.459972863

0.4842767296

0.4063795853

0.2872500289

0.3523887894

0.2856779698

0.4343638656

0.4261046709

0.3245950156

0.376509434

0.3691509434

0.381961507

0.3715966985

0.2101038799

0.223117338

0.3992171344

0.3448559078

0.1373584906

0.1466240409

0.419554849

0.4084036145

0.0947258848



		0.9949991046		0		0		0

		1		0.1		0.1		0.1

		0.6880691393		0.2		0.2		0.2

		0.3337869641		0.3		0.3		0.3

		0.4726019265		0.4		0.4		0.4

		0.55		0.5		0.5		0.5

		0.6723974351		0.6		0.6		0.6

		0.807		0.7		0.7		0.7

		0.57520708		0.8		0.8		0.8

		0.6865609112		0.9		0.9		0.9

		0.7360809929		1		1		1

		0.6757148575

		0.4947368421

		0.4315789474

		0.6210526316

		0.6315789474

		0.6947368421

		0.6631578947

		0.4882689158

		0.6210526316

		0.5894736842

		0.4

		0.64

		0.6296

		0.401

		0.504

		0.55

		0.618

		0.3062964744

		0.3033155767

		0.5694623389

		0.6759728831

		0.1655837972

		0.4842105263

		0.6105263158

		0.6210526316

		0.4842105263

		0.6210526316

		0.6649487057

		0.6842105263



Nanofiber Membrane's Both Structures

Rule of Mixtures

Modified Rule of Mixtures - Log Fit

Modified Rule of Mixture - Linear Fit

Vol % Nafion

Mass Swelling of Composite (%)

0.459972863

0

0.4842767296

0.0472124796

0.3054545455

0.0944249593

0.0186109701

0.022344

0.1332082552

0.1416374389

0.0565661412

0.050274

0.2191780822

0.1888499185

0.102524556

0.089376

0.199660647

0.2360623981

0.1544341284

0.13965

0.3260115607

0.2832748778

0.2110862062

0.201096

0.3642960813

0.3304873574

0.2716821525

0.273714

0.229

0.377699837

0.3356543436

0.357504

0.307

0.4249123166

0.301

0.4721247963

0.2867256637

0.1791666667

0.1258023107

0.263

0.237

0.291

0.256

0.1659292035

0.2660550459

0.2150900901

0.1161458333

0.277027027

0.2838018742

0.1103622578

0.14

0.297

0.263

0.056

0.063

0.29

0.298

0.0229007634

0.1535008977

0.2270977675

0.2563218391

0.1752066116

0.2604166667

0.2760084926

0.3318077803
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In-Plane Swelling of Nafion/PPSU Composite 
Membranes

Swelling in 100oC in water

0%

5%

10%

15%

20%
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0% 20% 40% 60% 80%

Nafion Volume Fraction (%)
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w
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) PPSU-Fiber/Nafion-Matrix

Nafion-Fiber/PPSU-Matrix

 

 PPSU-fiber/Nafion-matrix has lower in-plane 
swelling

 PPSU-fibers/Nafion-matrix can expand more 
easily in the thickness direction (there is no 3-D 
connectivity of PPSU fibers)

 Limited thickness swelling for Nafion 
fiber/PPSU membrane (3-D PPSU connectivity 
creates isotropic swelling)

 Both membrane structures have the same 
volumetric swelling and conductivity for a given 
Nafion volume fraction

 In-plane swelling is significantly lower than 
Nafion for both composite membranes


DOE-Vol Swelling

		0.6880691393		0.64		0.2

		0.3337869641		0.6296		0.4

		0.4726019265		0.401		0.6

		0.9769723508		0.504		0.8

		0.55		0.55

		0.6723974351		0.618

		0.807		0.3062964744

		0.57520708		0.3033155767

		0.6865609112		0.209

		0.7360809929		0.5694623389

		0.719		0.6759728831

		0.6757148575		0.6307640162

		0.9949991046		0.1655837972

				0.087

				0.6649487057



PPSU-Fiber/Nafion Matrix

Nafion-Fibers/PPSU-Matrix

Nafion Volume Fraction (%)

Volumetric Swelling (%)

0.4482749763

0.4007849734

0.178611513

0.1400365702

0.3100416446

0.357223026

0.1997599926

0.1736738442

0.535834539

1.0524174761

0.188

0.714446052

0.2253021134

0.318

0.4635086732

0.337

0.545349505

0.078

0.265

0.086

0.399

0.017

0.614

0.331

0.537

0.571

0.45688472

0.437

0.8679961491

-0.01051131

0.059

0.3695393993



DOE-Sigma 

		0.6880691393		0.64		0.2

		0.3337869641		0.6296		0.4

		0.4726019265		0.401		0.6

		0.9769723508		0.504		0.8

		0.55		0.55

		0.6723974351		0.618

		0.807		0.3062964744

		0.57520708		0.3033155767

		0.6865609112		0.209

		0.7360809929		0.5694623389

		0.719		0.6759728831

		0.6757148575		0.6307640162

		0.9949991046		0.1655837972

				0.087

				0.6649487057



PPSU-Fibers/Nafion-Matrix

Nafion-Fibers/PPSU-Matrix

Rule of Mixture (Cond.)

Nafion Volume Fraction (%)

Proton Condutivity (S/cm)

0.0703944223

0.0622541376

0.019

0.025

0.062

0.038

0.047

0.0342117799

0.057

0.094

0.04

0.076

0.048

0.052

0.064

0.056

0.081

0.019

0.057

0.02

0.066

0.013

0.073

0.051

0.0719375484

0.058

0.069982613

0.053

0.093

0.012

0.006

0.065



Data

		

						In bold is based on conductivity				Room Temp Water [S/cm]		Boiling Water [%]																In bold is based on conductivity				Room Temp Water [S/cm]		Boiling Water [%]

		Composite Membrane (PPSU Fibers/Nafion Matrix)		IEC [meq/g]		Vol % Nafion		Dry Density [g/cm3]		Conducivity		In-plane Swelling		Vol Swelling		Mass Swelling		Lambda		Mass Swelling of Nafion phase				Inverse Strucutres (Nafion fibers - PPSU Matrix)		IEC [meq/g]		Vol % Nafion		Dry Density [g/cm3]		Conducivity		In-plane Swelling		Vol Swelling		Mass Swelling		Lambda		Notes

		Nafion 117		0.917		100.00%						41.00%		63.33%		32.67%		19.79						9/22/10_s2				35.79%				0.034		1.63%		11.10%		18.00%		0.00

		Nafion 212		0.92		100.00%				0.095		37.50%		74.75%		36.33%		21.94						9/29/10_s1				44.21%				0.042		8.20%		15.90%		15.10%		0.00

		6/30/10 IEC -M		0.684		68.81%				0.070		2.95%		44.83%		30.55%		24.81		40.64%				9/30/10_s2 (used standard processing - 16 min chloroform)				69.47%		1.77		0.066		7.20%		28.20%		24.60%		0.00

		7/8/10 IEC -M		0.422		33.38%				0.025		0.98%		14.00%		13.32%		17.54		28.73%				9/30 S4		0.66		64.00%				0.062		10.12%		40.08%		27.70%		23.32

		7/14/10 IEC -M		0.566		47.26%				0.047		1.23%		19.98%		21.92%		21.51		35.24%				10/14-s1 (BRITTLE)				0.00%				n/a		7.17%		28.19%		24.60%		0.00

		8/26/10 M2		0.892		97.70%				0.094		50.95%		105.24%		57.35%		35.72		58.42%				10/18 s1 (normal - 12 min chloroform)				62.80%		1.71		0.060		10.66%		42.73%		27.17%		0.00

		7/1/2010 M1		0.636		55.00%				0.048		0.84%		22.53%		19.97%		17.44						10/18-s2 (normal - 8 min chloroform)				53.49%		1.55		0.051		7.48%		41.46%		32.64%		0.00

		8/31/2010 M1- IEC		0.683		67.24%				0.064		3.21%		46.35%		32.60%		26.52		43.44%				10/18 s3(annealed first)				66.03%		1.65		0.063		15.45%		53.09%		35.39%		0.00

		9/13/2010 M1- IEC (smaller fiber diameters)		0.778		80.70%				0.081		8.27%		54.53%		36.43%		26.01						10-18 s4 (normal - 16 min chloroform)				68.42%		1.71		0.065		10.3%		40.9%		29.3%		0.00

		10/14/10 S3 (small fiber diameter)		0.642		57.5%		1.58		0.057		3.89%		26.50%		22.90%		19.82						10-11s_				52.63%				0.050		22.6%		42.9%		28.4%		0.00

		10/20/10 s3 (no Nafion extra layer on edges)		0.742		68.66%		1.63		0.066		3.17%		39.90%		30.70%		22.99						9/29 s3				43.16%				0.041		8.6%		15.1%		20.3%		0.00

		11/11/10 M1		0.742		73.61%		1.75		0.073		7.68%		61.40%		30.10%		22.54						9/29 s4				47.37%				0.045		5.2%		12.5%		18.6%		0.00

		11/12/10 #1, M1		0.723		71.90%		1.76		0.072		11.73%		53.70%		49.70%		38.19						10/27_s1		0.695		62.96%		1.60		0.062		13.5%		31.0%		28.4%		22.69		Not convinced this fully densified

		11/12/10 #2, M1		0.722		67.57%		1.65		0.070		6.10%		45.69%		28.67%		22.06						10/25_s2 (also made inverse)		0.478		40.10%		1.54		0.034		1.9%		17.4%		11.0%		12.83

		11/18/10 M2 (also made inverse)		n/a		49.47%		1.54		0.047		1.74%		22.08%		17.92%								11/1/10 M1 (also made inverse)		0.571		50.40%		1.57		0.040		5.0%		18.8%		14.0%		13.62

		11/1/10 M3 (also made inverse)		n/a		43.16%		1.54		0.041		1.72%		17.11%		12.58%								10/13/10_m1		0.677		55.00%		1.43		0.052		5.8%		31.8%		29.7%		24.37

		11/30/10 #1 M1		0.9037		99.50%		1.94		0.093		50.59%		86.80%		46.00%		28.28						10/13/10 m2		0.694		61.80%		1.57		0.056		12.9%		33.7%		26.3%		21.05

		11/30/10 #1 M2		n/a		100.00%		1.99		0.093		50.40%		91.81%		48.43%								11/3/10 M1 (16 min chloroform) - (also made inverse)		0.371		30.63%		1.46		0.019		1.7%		7.8%		5.6%		8.39

		11/22/10 M2 (also made inverse)		n/a		62.11%		1.67		0.059		2.40%		46.40%		26.30%								11/3/10  M2 (12 min chloroform)		0.391		30.33%		1.37		0.020		1.8%		8.6%		6.3%		8.95

		11/23/10 M2 (also made inverse)		n/a		63.16%		1.61		0.060		4.43%		36.60%		23.70%								11/3/10 M3 (8 min Chloroform)						1.46		n/a		0.2%		7.1%		6.0%		0.00

		7/7/2010 M1, P2		n/a		69.47%		1.56		0.066		5.31%		42.60%		29.10%								11/17/10 M1		0.309		20.90%		1.19		0.013		0.7%		1.7%		9.3%		16.72

		6/24/10, M1, P2		n/a		66.32%		1.64		0.063		3.61%		41.80%		25.60%								10/27/10 M2		0.629		56.95%		1.60		0.051		11.6%		33.1%		29.0%		25.61

		11/18/10 m4 (also made inverse)		n/a		48.83%		1.65		0.046		2.20%		27.28%		16.59%								10/27/10 M3		0.664		67.60%		1.80		0.058		34.9%		57.1%		29.8%		24.93

		11/22/10 M4  (also made inverse)		n/a		62.11%		1.68		0.059		2.49%		43.76%		26.61%								9/13/10 M_		0.821		63.08%		1.36		0.053		18.5%		43.7%		49.8%		33.70

		11/23/10 M4 (also made inverse)		n/a		58.95%		1.67		0.056		2.77%		29.73%		21.51%								11/17/10 M3		0.22		16.56%		1.33		0.012		0.31%		-1.05%		2.29%		5.78

		10/25/10 MX (also made inverse)		n/a		40.00%		1.64		0.038		1.47%		24.41%		11.61%								11/18/10 M1 (also made inverse)		n/a		48.42%		1.62		0.046		3.54%		19.22%		15.35%		0.00

																								11/22/10 M1 (also made inverse)		n/a		61.05%		1.64		0.058		9.35%		30.00%		22.71%		0.00

								1.64		0.058		3.6%		33.2%		22.6%								11/23/10 M1 (also made inverse)		n/a		62.11%		1.68		0.059		11.18%		28.00%		25.63%		0.00

																								11/18/10 M3 (also made inverse)				48.42%		1.61		0.046		5.28%		20.99%		17.52%

																								11/23/10 M3 (also made inverse)				62.11%		1.70		0.059		9.25%		32.04%		26.04%

																								2-15-11, M1		0.109		8.70%		1.43		0.006		0.12%		5.90%		5.90%		30.07

		Cast Membranes																						2-21-11#6, M2		0.7048832272		66.49%		1.67		0.064		21.48%		39.45%		27.60%		21.75

		10/27 (75-25) (lots of PPSU chunks fell out during boiling)								0.046		34.5%		44.0%		30.3%								2-21-11#6, M3						1.55		0.065		20.09%		36.95%		33.18%

		10/28/10 25-75								0.000		1.3%		0.6%		2.3%

		Slope of 1						Slope of 1 - Volume Swelling (Based on N212)						Slope of 1 - In-Plane Swelling (Based on N212)

		0.2		0.019				0.2		0.178611513				0.2		0.075

		0.4		0.038				0.4		0.357223026				0.4		0.15

		0.6		0.057				0.6		0.535834539				0.6		0.225

		0.8		0.076				0.8		0.714446052				0.8		0.3

						1.78				32.5		1999		0.038

		1.29				1.78				26		1456		0.065

		1.94

		0.56

		1.654



ballenjb:
Not that uniform a membrane in terms of conducivity

ballenjb:
Just based on conductivity

ballenjb:
Just based on conductivity

ballenjb:
Just based on conductivity

ballenjb:
Just based on conductivity

ballenjb:
Just based on conductivity

ballenjb:
Just based on conductivity

ballenjb:
From Anton

ballenjb:
From Anton

ballenjb:
Based on Conductivity

ballenjb:
Sample may have been damaged during boiling

ballenjb:
Avg. of Piece 1 and Piece 2

ballenjb:
Avg. of Piece 1 and Piece 2

ballenjb:
Avg. of Piece 1 and Piece 2
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Vol % Nafion

Mass Swelling of Nafion Component



DOE-Sigma and Vol Swelling_V1

		





DOE-Sigma and Vol Swelling_ V2

		





DOE In-Plane Swell_V1

		



Vol%

Lambda



DOE Lambda V1

		0.6880691393		0.64		0.2		0.6880691393		0.64		0.2

		0.3337869641		0.6296		0.4		0.3337869641		0.6296		0.4

		0.4726019265		0.401		0.6		0.4726019265		0.401		0.6

		0.9769723508		0.504		0.8		0.9769723508		0.504		0.8

		0.55		0.55				0.55		0.55

		0.6723974351		0.618				0.6723974351		0.618

		0.807		0.3062964744				0.807		0.3062964744

		0.57520708		0.3033155767				0.57520708		0.3033155767

		0.6865609112		0.209				0.6865609112		0.209

		0.7360809929		0.5694623389				0.7360809929		0.5694623389

		0.719		0.6759728831				0.719		0.6759728831

		0.6757148575		0.6307640162				0.6757148575		0.6307640162

		0.9949991046		0.1655837972				0.9949991046		0.1655837972

				0.087						0.087

				0.6649487057						0.6649487057



PPSU-Fibers/Nafion-Matrix (Cond.)

Nafion-Fibers/PPSU-Matrix (Cond.)

Rule of Mixture (Cond.)

PPSU-Fiber/Nafion Matrix (Swelling)

Nafion-Fibers/PPSU-Matrix (Swelling)

Nafion Volume Fraction (%)

Proton Condutivity (S/cm)

Volumetric Swelling (%)

0.0703944223

0.0622541376

0.019

0.4482749763

0.4007849734

0.178611513

0.025

0.062

0.038

0.1400365702

0.3100416446

0.357223026

0.047

0.0342117799

0.057

0.1997599926

0.1736738442

0.535834539

0.094

0.04

0.076

1.0524174761

0.188

0.714446052

0.048

0.052

0.2253021134

0.318

0.064

0.056

0.4635086732

0.337

0.081

0.019

0.545349505

0.078

0.057

0.02

0.265

0.086

0.066

0.013

0.399

0.017

0.073

0.051

0.614

0.331

0.0719375484

0.058

0.537

0.571

0.069982613

0.053

0.45688472

0.437

0.093

0.012

0.8679961491

-0.01051131

0.006

0.059

0.065

0.3695393993



DOE Lambda V2

		0.6880691393		0.64		0.2		0.6880691393		0.64		0.2

		0.3337869641		0.6296		0.4		0.3337869641		0.6296		0.4

		0.4726019265		0.401		0.6		0.4726019265		0.401		0.6

		0.9769723508		0.504		0.8		0.9769723508		0.504		0.8

		0.55		0.55				0.55		0.55

		0.6723974351		0.618				0.6723974351		0.618

		0.807		0.3062964744				0.807		0.3062964744

		0.57520708		0.3033155767				0.57520708		0.3033155767

		0.6865609112		0.209				0.6865609112		0.071

		0.7360809929		0.5694623389				0.7360809929		0.209

		0.719		0.6759728831				0.719		0.5694623389

		0.6757148575		0.6307640162				0.6757148575		0.6759728831

		0.9949991046		0.1655837972				0.4947368421		0.6307640162

				0.087				0.4315789474		0.1655837972

				0.6649487057				0.9949991046		0.4842105263

								1		0.6105263158

								0.6210526316		0.6210526316

								0.6315789474		0.4842105263

								0.6947368421		0.6210526316

								0.6631578947		0.087

								0.4882689158		0.6649487057

								0.6210526316		0.3695393993

								0.5894736842

								0.4



PPSU-Fibers/Nafion-Matrix (Cond.)

Nafion-Fibers/PPSU-Matrix (Cond.)

Rule of Mixture (Cond.)

PPSU-Fiber/Nafion Matrix (Swelling)

Nafion-Fibers/PPSU-Matrix (Swelling)

Nafion Volume Fraction (%)

Proton Condutivity (S/cm)

Volumetric Swelling (%)

0.0703944223

0.0622541376

0.019

0.4482749763

0.4007849734

0.178611513

0.025

0.062

0.038

0.1400365702

0.3100416446

0.357223026

0.047

0.0342117799

0.057

0.1997599926

0.1736738442

0.535834539

0.094

0.04

0.076

1.0524174761

0.188

0.714446052

0.048

0.052

0.2253021134

0.318

0.064

0.056

0.4635086732

0.337

0.081

0.019

0.545349505

0.078

0.057

0.02

0.265

0.086

0.066

0.013

0.399

0.073

0.051

0.614

0.017

0.0719375484

0.058

0.537

0.331

0.069982613

0.053

0.45688472

0.571

0.093

0.012

0.2208341997

0.437

0.006

0.1710641846

-0.01051131

0.065

0.8679961491

0.1921501692

0.9181189809

0.3000214018

0.464

0.2800152022

0.366

0.2099191375

0.426

0.3203983419

0.418

0.059

0.2728038537

0.3944899517

0.4375713898

0.2972933421

0.2440632847



		0.6880691393		0.64		0.2

		0.3337869641		0.6296		0.4

		0.4726019265		0.401		0.6

		0.55		0.504		0.8

		0.6723974351		0.55

		0.807		0.618

		0.57520708		0.3062964744

		0.6865609112		0.3033155767

		0.7360809929		0.0015

		0.719		0.209

		0.6757148575		0.5694623389

		0.4947368421		0.6759728831

		0.4315789474		0.6307640162

		0.6210526316		0.1655837972

		0.6315789474		0.4842105263

		0.6947368421		0.6105263158

		0.6631578947		0.6210526316

		0.4882689158		0.4842105263

		0.6210526316		0.6210526316

		0.5894736842		0.087

		0.4		0.6649487057

				0.2009174312



PPSU-Fiber/Nafion-Matrix

Nafion-Fiber/PPSU-Matrix

Nafion Volume Fraction (%)

In-Plane Swelling (%)

0.0295346027

0.1012195122

0.075

0.0098039216

0.1350158378

0.15

0.0122974938

0.0192748185

0.225

0.0084211296

0.05

0.3

0.0321012658

0.0576

0.0827084889

0.1287

0.0389

0.0165

0.0317

0.0183

0.0768

0.1173

0.0067

0.0610191104

0.1158

0.0174

0.3486

0.0171899141

0.185

0.024

0.0030805676

0.0443

0.0354199372

0.0531

0.0935474144

0.0361

0.1118220784

0.0220183486

0.0528301887

0.0249487539

0.0924724376

0.0276959691

0.0012

0.0147108356

0.2148317371



		0.6880691393		0.64		1

		0.3337869641		0.6296

		0.4726019265		0.401

		0.9769723508		0.504

		0.55		0.55

		0.6723974351		0.618

		0.807		0.3062964744

		0.57520708		0.3033155767

		0.6865609112		0.209

		0.7360809929		0.5694623389

		0.719		0.6759728831

		0.6757148575		0.6307640162

		0.9949991046		0.1655837972

				0.6649487057



PPSU-Fiber/Nafion-Matrix

Nafion-Fiber/PPSU-Matrix

Nafion 212

Nafion Volume Fraction (%)

Lambda (mol H2O/mol H+)

24.8094984937

23.3187733188

21.9384057971

17.5366318009

22.6860011322

21.5133571056

12.8268546946

35.7196313086

13.6213271064

17.4406574977

24.3722304284

26.5179405152

21.0534742235

26.0137161723

8.3857442348

19.8165455175

8.9514066496

22.9859239293

16.7206040992

22.536687631

25.6138491433

38.1896419241

24.9330655957

22.0626087809

33.6987413723

28.2782782783

5.7830210502

21.7536813922



		0.6880691393		0.64		1

		0.3337869641		0.6296

		0.4726019265		0.401

		0.55		0.504

		0.6723974351		0.55

		0.807		0.618

		0.57520708		0.3062964744

		0.6865609112		0.3033155767

		0.7360809929		0.209

		0.719		0.5694623389

		0.6757148575		0.6759728831

				0.6307640162

				0.1655837972

				0.087

				0.6649487057

				0

				0

				0

				0

				0

				0

				0

				0

				22.6860011322

				12.8268546946

				13.6213271064

				24.3722304284

				21.0534742235

				8.3857442348

				8.9514066496

				0

				16.7206040992



PPSU-Fiber/Nafion-Matrix

Nafion-Fiber/PPSU-Matrix

Nafion 212

Nafion Volume Fraction (%)

Lambda

17.4406574977

23.3187733188

21.9384057971

26.5179405152

22.6860011322

26.0137161723

12.8268546946

19.8165455175

13.6213271064

22.9859239293

24.3722304284

22.536687631

21.0534742235

38.1896419241

8.3857442348

22.0626087809

8.9514066496

24.8094984937

17.5366318009

21.5133571056

0

0

0

0

23.3187733188
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• 80oC, 100% RH
• Anode and Cathode: 0.4 

mg/cm2 Pt loading with 30% 
Nafion binder content

Nafion 212 (51 μm)

Nanofiber composite (30 μm 
dry thickness; Nafion with a 
PPSU nanofiber 
reinforcement mat; (~60 vol% 
Nafion)

H2-Air Fuel Cell Performance – Nafion with a PPSU 
Reinforcing Fiber Mat

If membrane conductivity is low, use thinner films in a 
membrane-electrode-assembly to compensate for the lower 
conductivity of a nanofiber composite membrane.  Match 
the sheet resistance (thickness/conductivity).


Sheet1

		

		N 212 - Big Electrode  pressed w/ Dry Membrane.  80 deg C -100%RH								N 212 - Big Electrode  pressed w/ Wet Membrane.  80 deg C -100%RH								Composite :   "1/18 M1"- Big Electrode  pressed w/ Wet Membrane.  80 deg C -100%RH								Composite :   "1/25 M2"- Big Electrode  pressed w/ Wet Membrane.  80 deg C -100%RH

		Current ρ		Volt.		Power Density [w/cm^2]				Current ρ		Volt.		Power Density [w/cm^2]				Current ρ		Volt.		Power Density [w/cm^2]				Current ρ		Volt.		Power Density [w/cm^2]

		0.02		0.9763		0.000019526				0.02		0.9819		0.000019638				2.78		0.9708		0.002698824				0.02		0.9209		0.000018418

		0.02		0.9514		0.000019028				0.02		0.9514		0.000019028				2.78		0.9514		0.002644892				2.78		0.9015		0.00250617

		2.78		0.9015		0.00250617				2.78		0.9015		0.00250617				2.78		0.9015		0.00250617				19.4		0.8515		0.0165191

		22.18		0.8515		0.01888627				19.4		0.8515		0.0165191				19.4		0.8515		0.0165191				77.64		0.8016		0.062236224

		88.72		0.8016		0.071117952				91.5		0.8016		0.0733464				94.26		0.8016		0.075558816				230.2		0.7489		0.17239678

		238.4		0.7489		0.17853776				263.4		0.7489		0.19726026				271.8		0.7489		0.20355102				465.8		0.699		0.3255942

		454.6		0.699		0.3177654				510.2		0.699		0.3566298				521.2		0.699		0.3643188				720.8		0.649		0.4677992

		662.6		0.649		0.4300274				768		0.649		0.498432				748.6		0.649		0.4858414				942.6		0.6019		0.56735094

		829		0.6019		0.4989751				970.4		0.6019		0.58408376				920.4		0.6019		0.55398876				1125.6		0.552		0.6213312

		967.6		0.552		0.5341152				1142.2		0.552		0.6304944				1070.2		0.552		0.5907504				1264.2		0.502		0.6346284

		1100.6		0.502		0.5525012				1289.2		0.502		0.6471784				1183.8		0.502		0.5942676				1378		0.4521		0.6229938

		1192.2		0.4493		0.53565546				1403		0.4493		0.6303679				1275.4		0.4493		0.57303722				1500		0.3994		0.5991

		1269.8		0.3994		0.50715812				1513.8		0.3994		0.60461172				1344.6		0.3994		0.53703324				1602.6		0.3495		0.5601087

		1336.4		0.3495		0.4670718				1597		0.3495		0.5581515				1403		0.3495		0.4903485				1663.6		0.3023		0.50290628

		1403		0.3023		0.4241269				1696.8		0.3023		0.51294264				1458.4		0.3023		0.44087432				1724.6		0.2524		0.43528904

		1458.4		0.2524		0.36810016				1727.4		0.2524		0.43599576				1516.6		0.2524		0.38278984				1799.4		0.2025		0.3643785

		1508.2		0.2025		0.3054105				1777.2		0.2025		0.359883				1572		0.1997		0.3139284								0

		Limiting Current [mA/cm^2]=		~1						Limiting Current [mA/cm^2]=		n/a-corrupted file						Limiting Current [mA/cm^2]=		~0.1						Limiting Current [mA/cm^2]=		~1.2
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N212 - Normal

N212 - Big Electrodes,wet membrane

Composite (1/18-M1)

Composite (1/25-M2)

Current Density [mA/cm^2]

Voltage [V]

Fuel Cell Performance at 80 deg C and 100% RH 
(100 and 500 mL/hr H2 and air flow rates.  ~0.4 mg/cm^2 Pt loading,30%Nafion filler).  (1/18 M1 is ~39 microns dry thickness w sigma ~0.7-0.8 S/cm.  1/25 M2 is ~30 microns dry thickness w/ sigma ~0.7 S/cm).
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• 25 cm2 MEA
• 80oC
• Anode and Cathode: 0.4 

mg/cm2 Pt loading with 30% 
Nafion binder content

Nafion 212 (51 μm)

Nanofiber composite 
membrane – Nafion 
polymer with a PPSU 
reinforcement mat (dry 
membrane thickness - 30 
μm)

H2 /Air Fuel Cell Membrane Durability Test (at Open Circuit Voltage)

Nafion 212

Nanofiber 
Composite

• Cycling:  2 minutes 100% RH H2/Air, 2 minutes 0% RH H2/Air.  
25 cm2 cell, 125 mL/min H2, 500 mL/min air flow rates, 

• Nafion 212 failed after 546 hours
• The Nanofiber Composite Membrane failed after 842 hour (a 

54% increase in lifetime)
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Electrospinning Fuel Cell Catalyst into a Nanofiber Mat 
Electrode

Ink:
Catalyst+PFSA/PAA 

+ solvent

Electrospinning on 
Aluminum Foil or 

GDL or membrane

Hot Press to make 
MEA

• Nafion does not dissolve in alcohol/water solvents; if 
forms a micellar dispersion. 

• A carrier polymer is required to spin Nafion fibers: 
poly(acrylic acid) (PAA), PVDF, or polyvinylpyrrolidone 
(PVP).

• Catalyst powder (Pt/C and PtCo/C) content in dry fibers 
is high (> 50 wt.%). 

PFSA = Perfluorosulfonic 
Acid Polymer (Nafion)  

CF2 CF2 CF

O

CF2

SO3H

CF2

CF2

CF2

n

PAA = Polyacrylic 
acid polymer 
(carrier)

Electrode Issues:
 The need for high power at 

low Pt loading 
 Durability (minimize carbon 

corrosion and Pt dissolution)
 System operation, e.g., 

getting air/oxygen in and 
water out at high current 
densities.
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Experimental Electrospinning Conditions

PFSA = Perfluorosulfonic 
Acid Polymer (Nafion)  

CF2 CF2 CF

O

CF2

SO3H

CF2

CF2

CF2

n

PAA = 
Polyacrylic acid 
polymer 

Preparing an Ink:
1. Mix 0.15 g catalyst with 0.55 g water
2. Mix the wet catalyst with 0.26 g commercial Nafion stock solution and 0.45 g isopropanol
3. Sonicate the catalyst/Nafion suspension for 90 minutes with intermittent mechanical stirring
4. Add 0.24 g of a 15 wt% poly(acrylic acid) solution in 2:1 wt ratio isopropanol:water
5. Stir the ink mechanically for approximately 48 hours. 

Typical electrospinning conditions:
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Electrospun Nanofiber Electrode Mats

Fibers made with Johnson Matthey HiSpec 4000 Pt/C catalyst.
SEMs from Karren More at Oak Ridge National Lab

Nanofiber Composition
65-72 wt.% Pt/C
13-23 wt.% Nafion
12-15 wt.% poly(acrylic acid) PAA

The fiber morphology is retained after hot pressing onto a 
membrane or GDL and during/after fuel cell operation. 

Hot-pressed @ 140oC and 
10MPa

Hot-pressed @ 140oC and 
16MPa

Hot-pressed @ 140oC and 
80MPa

Fiber mat electrodes have inter- and intra-fiber porosity.
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Preliminary Results - Comparison of Nanofiber and 
Painted Slurry Cathodes 
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Cathode Pt loading 
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MEAs:
• Johnson-Matthey Hi Spec 4000 Pt/C 

catalyst, Nafion 212,  5 cm2 MEA
• Nanofiber electrodes 65 wt% Pt/C, 23% 

Nafion, 12% PAA
• Painted electrode 77 wt% Pt/C, 23% 

Nafion (no PAA)
• Anode Pt loading constant at 0.10 

mg/cm2

Operating conditions
• 80oC, ambient pressure, 500 sccm air, 

125 sccm H2, 100% RH

Higher Power at the Same or Lower Pt Loading 
• For the same Pt loading (0.10 mg/cm2), there was a 33% increase in power at 0.65 V

• The power output of a nanofiber cathode at 0.065 mgPt/cm2 was higher than a painted 
GDE at a Pt loading of 0.10 mg/cm2

• Higher power is attributed to inter and intra-fiber porosity (higher electrode area and 
higher catalytic activity) and fast expulsion of product water
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Pt/C, PtCo/C, and PtNi/C Nanofiber Cathode MEAs
at 0.1 mg/cm2 Pt Loading 

Fuel Cell Conditions:
H2 (125 sccm) - Air (500 sccm) 
Pressure 100 kPa absolute
Temperature: 80 °C
100% RH
GDLs: Sigracet 29BC

PtCo/C (TEC36E52) Nanofiber cathode MEA 
Cathode: 0.1 mgPt/cm2 (PtCo/C)/Nafion/PAA – 55/30/15 (I/C = 1.6)
Membrane: Nafion 211
Anode: 0.1 mgPt/cm2 Johnson Matthey (Pt/HiSpec 4000)/Nafion/PAA – 65/20/15

Pt/C (Johnson Matthey on HiSpec 4000) Nanofiber cathode MEA
Cathode: 0.1 mgPt/cm2 (Pt/C)/Nafion/PAA – 65/20/15
Membrane: Nafion 211
Anode: 0.1 mgPt/cm2 Johnson Matthey (Pt/HiSpec 4000)/Nafion/PAA – 65/20/15
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PtNi/C (TECNiE22) Nanofiber cathode MEA
Cathode: 0.1 mgPt/cm2 (PtNi/C)/Nafion/PAA – 51/33/16 (I/C=1.2)
Membrane: Nafion 211
Anode: 0.1 mgPt/cm2 Johnson Matthey (Pt/HiSpec 4000)/Nafion/PAA – 65/20/15

Mass Activity at 
0.9V (mA/cm2)

Power Density at 
0.65V (mW/cm2)

Pt/C 180 376

PtCo/C 260 536

PtNi/C 241 520
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Cathode Durability Testing – Voltage Cycling Experiments

Carbon corrosion test – cycling 
between 1.0 and 1.5 V

Simulates long-term fuel cell start-stop 
operation 

Pt dissolution test – cycling between 0.60 
and 0.95 V

Simulates long-term fuel cell operation with 
acceleration/deceleration

Automotive fuel cell must operate for 5,000 hours (150,000 mile lifetime at 30 
mph).

Auto companies have devised voltage cycling (short-duration) accelerated 
stress tests (ASTs) to assess fuel cell durability.
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Carbon Corrosion AST: Beginning-of-Life (BoL) and End-of-Life 
(EoL) Performance for Nanofiber and Sprayed Electrode MEAs
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• 0.10 mgPt/cm2 cathode and anode with JM HiSpec 4000 Pt/C catalyst, Nafion 211 membrane, 25 cm2, 
80oC, 2.0 atm (abs), 8000 sccm air and 4000 sccm H2 (straight flow channels)

• The nanofiber electrodes had a composition of 72 wt.% Pt/C, 13 wt.% Nafion, and 15 wt.% PAA.  

• Sprayed GDE electrodes from Nissan Technical Center North America had a neat Nafion binder. 

• Start-stop cycling protocol: 1,000 cycles, triangular wave, 500 mV/s cycling between 1.0 and 1.5 V, 
(Carbon Corrosion Test) 

• Conclusion: Nanofiber cathode at EoL did not flood
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An Alternative Binder of PVDF or Nafion/PVDF for Pt/C 
Cathode Nanofibers

• PVDF is stable in a fuel cell environment, it is inexpensive, and it can be 
electrospun. We used Kynar® HSV 9000.  

• PVDF is hydrophobic, which should reduce the amount of water near the carbon 
support and slow/stop carbon corrosion 

C + 2H2O  CO2 + 4H+ + 4e-

PVDF CF2 CF2 CF

O

CF2

SO3H

CF2

CF2

CF2

n

Nafion

All mats are 70 wt.% catalyst and 30 wt.% 
total binder
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• 0.10 mgPt/cm2 cathode and anode (all anodes have Nafion/PAA binder), Nafion 211 membrane, 5 cm2

MEA,

80oC
500 sccm air and 
125 sccm H2
(ambient pressure)
100% RH
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Nafion/PVDF
■ 80/20
♦ 67/33

▲50/50
● 33/67
x 20/80
+ 0/100

Nafion/PVDF
■ 80/20
♦ 67/33

▲50/50
● 33/67
x 20/80
+ 0/100- - - conventional GDE - - - conventional GDE

• BoL power density is strongly dependent on binder composition; 80/20 Nafion/PVDF is best.

• EoL power densities are less dependent on binder composition.  33/67 Nafion/PVDF is best.  

• For high Nafion content binders EoL/BoL power is < 1 
• For low Nafion content binders, EoL/BoL power is > 1

BoL vs. EoL Pol Curves with Nafion/PVDF Binder (after 1,000 
voltage cycles, 1.0 to 1.5 V)
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PtCo/C Nanofiber Cathode MEAs:  Initial Performance and 
Durability after a Metal Dissolution Accelerated Stress Test

MEA (5 cm2) and Testing Conditions
Nanofiber Cathode: 
PtCo/C/Nafion/PAA – 55/30/15 
Loading: 0.1mgPt/cm2

Slurry cathode: PtCo/C/Nafion – 55/45
Loading: 0.1mgPt/cm2

Anode: 65/35 JM Pt(Hispec)/Nafion
Loading: 0.1mgPt/cm2

Feed gas: H2 (500 sccm); air (2000 sccm)
Membrane: Nafion 211
100% RH; 200 kPaabs
Temperature: 80oC

Nanofibers offer greater protection from load cycling degradation at 30,000 cycles. 

Nanofiber Cathode MEA Conventional MEA
mW/cm2 at 

0.65 V
mW/cm2 at 
Max Power

mW/cm2at    
0.65 V

mW/cm2at   
Max Power

At BoL 783 868 559 655
At EoL (30,000 cycles) 541 707 185 277
EoL/BoL 100% 69% 81% 33% 42%

Load cycling protocol
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Membranes:
• Cost: Make membrane thinner (lower sheet resistance) with good mechanical properties and 

low gas crossover.  Right now we are in the 15-20 µm range.
• Performance: Improve proton conductivity at low relative humidity. Create membranes that can 

hold onto water at high T and low RH.
• Durability:  Minimize polymer degradation during fuel cell operation (the use of additives and/or 

new polymers).

Electrodes:
• Cost: Lower Pt loading, but maintain high power. Use roll-to-roll manufacturing processes for 

MEAs.
• Performance: Generate higher power by optimizing the cathode porosity and binder properties 

to improve O2 access to catalyst sites, with fast removal of product water. Incorporate better 
oxygen reduction catalysts into MEAs. Decrease/control binder coating thickness on catalyst 
particles.  Improve power output at low feed gas humidity conditions. Can an MEA work well at 
both high and low RH?

• Durability: Adjust electrode composition/structure to minimize power losses when there is metal 
dissolution, carbon corrosion, freeze/thaw cycling, etc. 

Future Challenges
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Question and Answer

• Please type your questions to the chat box. Send to: (HOST)

31
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Q&A
1.  Slide 4 - does the hydrophilic/hydrophobic domain size of the charged polymers 

electrospun differ significantly from that of traditional polymer membrane.
Yes,  the domain size of both the ionomer and uncharged polymer is submicron 
(usually the diameter of the electrospun fibers, which is typically in the 
100-500 nm range).  After processing the fiber mat into a dense membrane, 
one of the fiber components is allowed to soften and flow, but the second 
component remains in fiber form, with a very small domain size.

2. How much Electric Voltage is on the spinneret? 
Typically the spinneret tip is polarized to about 8-12 kV relative to a grounded 
collector surface, but this is an experimental parameter that must be 
adjusted/optimized , to give well-formed fibers.

3. How does the conductivity compare to conventional Nafion as the temperature increases?  
For example at 60 or 85oC.  (Will James).

Yes, we still see the properties of Nafion at elevated temperatures in our 
composite films.  If Nafion losses water and conductivity at high T and low 
relative humidity, so will our reinforced composite films. We are not changing 
the properties of Nafion when we co-electrospin it with an uncharged polymer.
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Q&A
4.  Since the swelling is dfferent for in-plane versus thru plane for thee two types of composites 

(Nafion matrix-PPSU fibers, vs PPSU matrix-Nafion fibers) have you looked to see if there are 
differences in thru-plane versus in-plane conductivity for the two different arrangements? (John 
Kopasz).

We do not see a difference between in-plane and through-plane conductivity. 
It appears that conductivity is a function of total water content and this property 
is the same for the two difference nanofiber composite membrane morphologies 
(Nafion matrix-PPSU fibers and PPSU matrix-Nafion fibers). 

5.  Is the solvent for the catalyst ink aqueous or non-aqueous?
The solvent for inks containing Nafion + poly(acrylic acid) is a mixture of 
Isopropanol and water (see reference papers for details).

6.  Will these membranes work with PGM-free catalysts?
Yes, one can use nanofiber electrospinning to prepare electrodes with non-PGM 
catalyst. The electrode nanofiber morphology improves the performance of 
non-PGM cathode catalysts in fuel cell test, in terms of initial power and durability 
during long-term operation. We have a paper on this subject that will appear in print 
very soon. See: John Slack, Barr Halevi, Geoff McCool, Jingkun Li, Ryan Pavlicek, 
Ryszard Wycisk, Sanjeev Mukerjee, and Peter Pintauro, “Electrospun Fiber Mat 
Cathode with PGM-free Catalyst Powder and Nafion/PVDF Binder”, 
ChemElectroChem DOI: 10.1002/celc.201800283.
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Q&A
7.  Slide 23...are the MEAs sprayed on the membrane like a CCM or are they electrospun on a 

substrate and then hot pressed to the membrane?
For the results presented on slide 23, we compare two different electrode 
configurations:  a sprayed cathode MEA made a Nissan Technical Center North 
America and a nanofiber cathode MEA made at Vanderbilt University. The
nanofiber cathode MEAs were made by pressing an electrospun mat onto a 
Nafion membrane (CCM method), whereas the sprayed electrocatalyst layer 
was fabricated by spraying an ink onto a gas diffusion layer (GDE method).  

8.  What is the solvent for spinning PVDF based inks?
A mixed solvent was used for electrospinning inks with Nafion and PVDF.  The 
solvent contained dimethylformamide (DMF), tetrahydrofuran (THF), and acetone 
(see reference paper for details).  

9.  Your ionomer content in the fiber electrodes appears to be quite a bit lower than for traditional 
electrodes (which leads to low performance at low RH).  Have you tried optimizing I/C for better 
low RH performance? What is the highest I/C ratio you've been able to achieve? (John Kopasz)

We typically use an I/C (ionomer/carbon) ratio of 0.70-1.1 in our electrospun
cathode nanofibers, where it is assumed that all of the water soluble poly(acrylic acid) carrier is 
removed from the fibers during MEA break-in. We have not yet optimized the I/C ratio for 
optimum power density at low relative humidity (RH) operation. 
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