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Overview

Timeline

Start October 15, 2013
End September 30", 2016
50% complete

Budget

Total Project funding $4.2 million

$3.1 million - DOE

$1.1 million - contractor cost
share (26%)

Funding in FY 2014

$678,000

Funding in FY 2015

$476,000 (Through March 2015)

Barriers
Durability

Performance
Cost

Partners
3M Company M. Yandrasits (Project lead)
General Motors C. Gittleman

Vanderbilt University Professor P. Pintauro



Project Relevance & Project Approach/Collaborations

Collaborations: Flow Of Samples & Information

Objective: Meet all of the DOE Fuel Cell Technologies Office Multi-year RD&D Plan
membrane performance, durability and cost targets simultaneously with a single membrane.

Task 1: lonomer development 3V

Green shading indicates

M”““”g"” approximate task completion
CF,
S om Task 3:lonomer 3M
{”} and Membrane W Task4:MEA 3M
Testing — Fabrication and - Task 5: Stack
o Fuel Cell Testing @1 Testing

Task 2: Nanofiber 3M
development \ ¥4 General Motors,
e * Chemical and mechanical property
1 testing
| * Single cell performance testing

Dual Fiber V Nanofiber 3M : Iizasikn:iiiler]fw analysis
Electrospinning Support el
(ionomer and support fibers) (3M Korea and 3M St. Paul) Vanderbilt University

* Electrospinning expertise
* Dual fiber electrospinning




Accomplishments and Progress

Milestone Summary

Reviewed in this talk

Milestone Requirement Date Status
Completed
1 lonomer conductivity Jan, ‘14 v
2 Nanofiber down select Apr, ‘14 v
3 Electrospin lonomer May, ‘14 v
4 Go/No Go Durability & performance Oct, 14 v
5 lonomer conductivity Mar, ‘15 v
6 Fiber surface treatment Apr, ‘15 v
selection
7 Durability & ASR Started
8 Go/No Go Durability, ASR, short res. Started

H,&O, crossover, & cost

Full Milestone List in Technical Back-Up Slides



Milestone #4 Go/No Go

Accomplishments and Progress

MS#4: Develop a laboratory produced membrane that passes the chemical stability
(OCV hold) and mechanical stability (RH cycle) tests while still showing performance
in single cell above supported 725 EW 3M membrane not to be less than 0.5 Vat 1.5
A/cm2 at 95C, 50%RH.(see detailed milestone in technical back-up slides)

Apparent
A Fiber |lonomer EW of
Run ID Description . . . .
P Fiber basis | fraction EW composite
wt (gsm) (vol%) | (g/mol) | (g/mol)
PFIA, 14um,4.3gsm
0514218A| S-15,w/additive 4.3 20.6 620 766
V@ 1.5A/cm2, 95°C, 50% RH 0.8
0.6 = 0.7
5
£
< 06
o g
§ e = 05
E_ 0.5 & ./ Ea Pass criteria | 2
:_H,-,'; r// if 0.4
2— —l-Milestone #4 Membrane %
% ~@-725EW with S and add. Y 03
2 04
S s
0.2
0.1
0.3
1.6 1.8 2 2.2 2.4 2.6 2.8 3 0
Cathode Stoich

60

lonomer: Lab made PFIA

Support: Fluoropolymer (FC1) based nanofiber
made in pilot scale quantities (~100 linear meters)
Additive: Inorganic peroxide scavenger at the same
loading as 3M’s commercial membrane for
automotive market.

Pass criteria

-e-051223A_825EW+spt
-8-0513277A_725EW-+spt

--0514218A_PFlA+spt

65 80 85

Cell Temperature (C)




Milestone #4 Go/No Go

Average
Membrane lifetime (hrs) 95% C.I.
725EW - Supported Control 894 226
PFIA - SupportedMilestone #4 742 175

Accomplishments:

* High current performance targets met
* OCV target exceeded

* RH Cycle target exceeded

1.2

0.6

Potential (Volts)

0.4

0.2

0.0

90/61/61°C
696 / 1657 SCCM H, / Air

14.5/14.5 psig

—725EW - Supported control (4)
—PFIA - Supported, Milestone #4 (4)

—500 Hours - Pass Criteria

200 400 600 800
Test Duration (Hours)

1000 1200

Leak Rate @ 10/0 psig (SCCM)

80°C
RH Cycle 4 min / cycle

Accomplishments and Progress

Wet: 150% inlet RH, 1000 SCCM Air, 0 psig

12 Dry: 0% inlet RH, 2000 SCCM Air, 0 psig
11
10
9
3 ——PFIA- Supported, Milestone #4
——PFIS- Supported, Milestone #4
7 ——20000 Cycles - Pass Criteria
6 ——10 SCCM - Fail Criteria
5
a4
3
2
1

0 5,000 10,000 15,000

Test Duration (cycles)

20,000 25,000

* 0.35mg/cm? total loading Pt

» Same level of peroxide scavenging additive as
used in performance testing for both 725 control
PFIA based membranes

* Lifetimes can be increased with higher levels or
different additives

* Membranes oriented with machine direction (MD)
parallel to channels (most challenging
configuration)

» Unsupported PFIA fails at 8,000 cycles

» Test terminated at 23,700 cycles due to
equipment failure




New lonomers — Task 1 Approach

. PFIA for Milestones:
Synthetic Approach 44 Lab made

H7 Pilot scale

#8  Pilot scale (A-Path)
%CQCFZ%CFQCF NH, ‘ T
S - CFy Q
‘CFZ C‘:FZ FSOgCF2CF2CF2’SOZF (‘:FQ
CF, CE, G2
‘ CF H
CFy Chy 2 |
CE, SO,NH, Cszsoszfsoz{CFﬁgsogH
SO.F . .
Perfluoro Imide Acid (PFIA)
NH, , FSO5CEyCF,CE-SOoF
PFICE for Milestones: Nomenclature PFICE-X
Nwwwwgw :Z tag ma:e B-Path X=number of acids per side chain
éFZ ab made (B-Path) *  PFICE-2 =1 imide + 1 acid (aka PFIA)
L S CFy *  PFICE-3 =2 imide + 1 acid
CF, H ) o .
CFZ{SOZNSOZ{CF2%803H PFICE-4 = 3 imide + 1 acid
2,3,...

PFICE (Perfluoro lonene Chain Extended)

Accomplishments

» First pilot scale polymer completed (800 EW backbone starting polymer)

* Aseries of polymers with 2, 3, and 4 acid groups per side chain have been
3M synthesized and characterized (700 EW backbone starting polymer) 7




Technology Transfer

Task 1: lonomer Development

Pilot scale batch of ionomer completed in January of 2015

e 800 EW backbone sulfonyl fluoride starting polymer

* PFIA Lot-1 EW titrated to be about 650 g/mol

* lonomer used to fabricate membranes:
e 20 um with no support and no additive for ionomer characterization
e 14 um with support and additive as MS#7 candidate
* 10 um with support and additive as MS#8 candidate

o .o e
SpinWorks 4: Project# 0017100001 80°C Conductivity
cral_19f_wide MeOD /opt/topspin3.0 MSchaberg 51 1

800EW backbone starting polymer

-CF,-SO,NHSO,-CF,-

,/ V/ -CF,-SOH,

3M pilot scale PFIA

i
|
D e . __
,J\JJL,JUM “ e

I T T T T [ T T T T T I [ T
PPM  -112.0 -113.0 -114.0 -115.0 -116.0 -117.0 -118.0 -119.0 -120.0 -121.0 -122.0 -123.0 -124.0 -125.0 -126.0 -127.0 0.01

Conductivity (S/cm)
o
=

0 10 20 30 40 5 60 70 8 90 100
Humidity (%RH)

Conductivity for 20um membrane with no additives and no support 8




Accomplishments and Progress

Milestone #5

MSH#5: Prepare at least one additional MASC o Jer, )
polymer. Demonstrate conductivity of 0.1 S/cm or e

CE, CF, %/ CF, CF %/
S 2
/{/ CFM “cFln crfl “cFln
o o
CF, CF
/

2

2 CF, CFJ
CFJ *CF, CF
. o . 2, ,CF L2
higher at 80°C and <40% RH. Evaluate in a o
: . HN, S0 0.
supported membrane in Fuel Cell and ex situ tests. 5o,
CFZ: 2 ;02 HN/\SO
K HN, )
Theoretical | Titration SOH oF L oFf
lonomer #Imides (EW) (EW) CF2/\soi,u C::Nso
PFICE-2 1 501 534 +7 or, %
PFICE-3 2 431 475+5 or
PFICE-4 3 397 438+3 ’
PFICE-2 PFICE-3 PFICE-4
80°C Conductivity In Cell Resistance (90°C, 1.5 A/cm2)
1 0.08
700EW backbone starting polymer 1
1
:«EJ 0.07
Milestone #5 Target '
E 5 0.06
3 : .
Z o4 8 0.0 \ -e-725EW PFSA
2 . 2 U. \l
Z z -o-PFICE 2
3 « .\'\ -o-PFICE 3
£ o PFICE-2 &
5 % 0.04 % PFICE 4
e PFICE-3 8 =
v
PFICE-4 ©
e Milestone #5 Target < 0.03
3M 725 EW
0.01 0.02
0 10 20 30 40 50 60 70 8 90 100 0 20 40 60 80 100 120

Humidity (%RH) Inlet RH (%)

Accomplishment: Milestone #5 conductivity target met




Milestones #1 & 5

Accomplishments and Progress

In-Plane Conductivity @ 80°C
1.00
Y
CF
PFICE-4 &
CE,[ H
CFZ{SOZNSOZ{CFZ%»S%H
PFIA 2.3...

T \

- @)

S [

£ 0.10 CF

€ Gy

2 | T T CF,

S T - Nafion NR112 Chy

o et e 825EW Control (~'05) SO3H

e L 725EW Control (~'10)
PFIA from MS#1 (Feb '14)
-~ ,,/' ,/" ——PFICE4 from MS#5 (March '15)
A e ® Milestone #1
’,/’ ® Milestone #5
0.01
20 .~ 30 40 50 60 70 80 90 100
Humidity (%RH)
Accomplishments:

* State of the art conductivity improved by 5x at 80°C and 40% RH.

* 100mS/cm conductivity threshold moved from 80% to 40% RH compared to Nafion®.
m * 100mS/cm conductivity threshold moved from 50% to 40% RH since the start of project.

10




M i I eStO n e #5 Accomplishments and Progress

In-Plane conductivity (4 point probe)

L ) |
%— I \ Conductivity @ 80°C, 40% RH
o1
x e 3M PFSA w/o Support
293 g/mOI ' = 032369005 3M PFSA w/Support

| R?=0.9697 PFIA w and w/o Support

: e PFICE-2,3,&4
—_ O All Dat
£ 01 o
L ' — = lonene limit (EW=293)
< {
Z I
2 [
= |
-g ' D\Q
o ! !
S o.01 | ~& 1

1 @

! ApparentEW = (1 |, ( (1-% fiber)

! EWJ | 100

1

'

0.001 !
200 400 600 800 1000 1200 1400 1600
Apparent EW

Accomplishments:
* Simple model establishes conductivity as a function of ‘apparent’ equivalent weight
*  PFICE-4 conductivity is very close to ‘ionone limit’. — Additional chain extension would

m provide little addition gains. 11




Accomplishments and Progress

Task 3: lonomer and Membrane Testing
Swell and Water Solubility

Samples boiled in water for Samples refluxed in Soxhlet
3hrs and measured at RT extractor for 4 hrs
PFSA and PFICE Swell Water Solubility
250 90
80
|
200 | ¢ 70
< g 60
£ 150 Z
2 PFSA only 5 >0 o PFSA
e ° PFIA(800bb) 3 49 o PFIA
g 100 PFICE-2,3,&4 g PFICE-2,3&4
OPFIA- Lot 1 =30 o PFIA -Lot1
50 o 20
%. + I 10 ;.\é —
o o o °
0 0
400 500 600 700 800 900 1000 1100 200 400 600 800 1000 1200
EW (g/mol) Equivalent Weight (g/mol)

e Swell increases with decreased EW for all ionomers

* Water solubility is a key limiting factor in very low EW PFSAs

* PFIA and PFICE solubility defined primarily by polymer backbone

* PFICE polymers show low water solubility down to EW of 440 g/mol

12




Accomplishments and Progress

Task 2: Nanofiber Development

Modulus of hydrated ionomer and modulus of fiber support can be used to
predict composite membrane swell

Average Stress-Strain for 825EW lonomer
8, 12, 16 gsm B1 Fiber Average Stress/Strain Data
50 50
45 ——8 gsm DW (Es=737+221) 45
——8 gsm CW (Es=358%53)

40 E DW ———12gsm DW (Es=835+227) 40

35 s? ——12gsm CW (Es=499+124) 35 —825EW Dry (Ei=244£27)
- ——16gsm DW (Es=882+129)
S 30 ——16gsm CW (Es=487+104) T 30 825 EW Boiled (Ei=36 MPa)
2 s
x 25 225
] 9]
520 520
5 E,CW 3

15 15

10 10

5 5 «— Hydrated ionomer, E;
0 0
0 50 100 150 0 50 100 150
Strain (%) Strain (%)

*Stress calculated from the condensed thickness of support fibers ) .
Modulus of ionomer at the wet condition

Modulus of support at the dry condition
Swelling strain of the free-standing ionomer

Eix(1—f)xg;
Ei*(l_f)+Es*f

Ec =

Es

€

€. Swell strain of the composite membrane
f  Fiber fraction (vol%)
h  Thickness
A Area
FI

FS

Force due to swelling ionomer

13

Force of support resisting swell

Swollen membrane



Accomplishments and Progress

Task 2: Nanofiber Development
Swell Prediction Model

Eix(1-f)*g;

E. =
C
Eix(1-f)+Eg*f
Swell vs Fiber Content Swell vs Stiffness
30 30
Hydrated lonomer Modulus Ei = 36 MPa
25 x 25 o e B1(DW)
' ® B1Fibers - DW © BL(Cw)
FC1 (DW)
20 o O B1Fibers-CW = 20 ° FC1 (CW)
;\? °© —— Model Es= 820 Mpa %— ePTFE (DW)
< 15 . Model Es=450 Mpa 215 ePTFE (CW)
u;'» A v Model (Es = 1000 MPa)
W %
10 10
[ ]
5 5 o o °
® o? o ®
(] [ ]
o ° .
0 0
0 10 20 30 40 50 60 (] 100 200 300 400 500
Fiber Content (%) E.*f (MPa)
* Specific case where the fiber modulus is * General case where the fiber modulus and
constant over a range of fiber fractions fiber fraction varies.

e E*frepresents a ‘stiffness’ factor

Accomplishment: Model allows for evaluating candidate nanofiber materials
3M without the need for composite membrane fabrication and testing.

14




Accomplishments and Progress

Task 2: Nanofiber Development

Nanofiber experiments to reduce machine direction (MD) and transverse direction
(TD) differences in mechanical properties

* Line speed varied between normal and %2 normal set point.

* Fiber deposition rate varied between 30% and 170% of normal condition.

MD/TD Experiment MD/TD Experiment
1.8 Average Tensile Data
——141010#1MD (E=664+127)
* ) 4 90 — — 141010#1TD (E=265#55
1.6 1410104#2MD (E=655+75)
—_ 80 “ — —141010#2TD (E=241#31)
- +
£14 M D \ 4‘/|/ ——14101043MD (E=701+127)
p 70 | P — = 141010#3TD (E=240+31)
.2 1.2 141010#4MD (E=780+20)
< __60 141010#4TD1 (E=302450)
% 1 @ &
- E 50
S # Set Point #2 - de-"
= 0.8 n -
£ L o 40 ==
2 O Std Conditions | £ / S -
% 0.6 » 30 -~ - ee===T
o] - - - - - T
204 20 7/ ‘,:_’,-——ﬂ
i ,:'—'
. * / % - TD
0.2 10 '9
//,
0 o
0 0.2 0.4 0.6 0.8 1 1.2 0 10 20 30 40 50 60
Line Speed (Arb. Units) Strain (%)

Accomplishment and result:
* Samples successfully made over a large process window.
 MD/TD differences remain despite process changes.

15




Accomplishments and Progress

Task 3: lonomer and Membrane Testing

'é""'Pressure'Ram'ptb‘Burst'M'ode SR

a

34 | — :

a2 | Test Condltlo_n: 90°C, 10%RH :
o '
£ 2.8 ; : :
c 2.6 |- N '
& : Lt )
s 24 1. . :
~ . Ay i :
o 221 .- **'J': SR R
= 4. ; Ok A g AT e
3 . 2 VA e S R A . o ® éﬁ f_"*—_—— 8 _ﬁT_A
o 1.8 4 = e . 5 =5 = 3
E 16 - i .. ) BT 2~
= .. | ~ Electrospun nanofiber
o 14 1 . ;
N .
= 1.2 {7 - _ ) :
© 825EW, 5-15, f = 17.3% ] ]
€ 11| © ssEwsaisszaex | Basisweightand = |
= : 825EW, 513, f = 14.3% S .
© 08 | ' sesEw,sa35=107% -thickness varied to
z - " ¥ 825EW, S-15, f= 29.2% j . '
> 0.6 1| ¢ s2sEw,s15f=19.2% “make different

4 82SEW, ePTFE-4, f= 24.5% g SN

5 04 1| i 825EW, ePTFE-4, f = 16.4% ,ﬁber frachons
T : 825EW, ePTFE-4, f = 12.3% : :

0.2

. o i 1 1
10 100 1000

O -ucLcELL

Time to Failure (sec)

10000

4 h*

where

1724 (E(t,T,RH)p2a2 )”3

o 1s the stress at the center of blister;
E is the relaxation modulus;

p is the applied pressure;

a 1s the radius; and

h is the thickness of blister.

Electrospun nanofiber supported
membrane (~16.1% fiber vol fraction)

S B B A R S

227415 1.0kV 8.0mm x2.00k SE(U) 04/08/2015

ePTFE supported membrane

(~16.4% fiber vol fraction) 16



Accomplishments and Progress

Task 3: lonomer and Membrane Testing
Effect of Fiber Content on Blister Strength

All membranes annealed at the same temperature

8 2.8 3 2.8 _ _

» o : |

8 26 - S 26 - - 4

= N : :

w 2.4 : : : ® 2.4 i

:$ : : : L : ¢

0 i ; ; B o i ; '

&3 2.0 | = | £ :2.0 | L 2 e

- 184 G T 1.8 - gB

@ : I N : :

Nqigl - m* T 1.6 ' |

p : : g : ¢ '

I | ¢ ePTFE 5 14 | | ePTFE

5 1. : : S 1. . .

> | M FcC1 | - | M FC1

%» 121 No Support S 1.2 1 f No Support

T 0 5 10 15 20 25 30 35 | 0O 5 10 15 20 25 30 35
' Fiber Fraction (%) | - Fiber Fraction (%) '

 Linear relationship between blister strength and fiber fraction for both support types

» At longer times, PEMs with ePTFE and FC1 nanofiber supports show similar burst
strength

« At shorter times, PEMs with ePTFE show higher burst strength than those with FC1

nanofiber supports m
17
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Accomplishments and Progress

Milestone #6

MS#6: Prepare dense electrospun films with and without surface treatment of the
support polymer with a maximum void fraction of <5%. Prepare and characterize the
resulting nanofiber composite membranes. Determine if surface treatment impacts
swell, tensile or tear properties of the membrane. Select surface treatment, if any.

‘ Plasma 0 sec Plasma 30 sec Plasma 120 sec Plasma 300 sec

Raw  §
PPSU mat

PPSU:
polyphenylsulfone

Raw
PFSA mat

Annealed
PFSA mat

| : L o . : "',:
) — -w.,':- .-' - . . ..-.-..:_ _._ 1o a0 bl EERER
PFSA fibers l PPSU fibers I

degrade degrade

Electrospun mats from PPSU and from PFSA, were subjected to oxygen plasma
(Reactive lon Etch RF 100W) for various periods (0-300 sec). Destruction of the

PPSU mat is evident after 300 sec (fiber surface roughening after 30 sec) and

PFSA mat degrades after 120 sec.

18
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Accomplishments and Progress

Milestone #6

While plasma treated membrane showed somewhat higher conductivity its modulus was lower
than that of the untreated membrane. Also the lateral swelling of the treated membrane was
higher than that of untreated membrane (7.9% vs. 6.5%).

PFSA Plasma Gravim.etric Lateral In-Plane Modulus
16 content 100W Swelling Swelling Cond (Air Dry)
144 [vol%] (Wt%) [%] [S/icm]  [GPa]
& e 100 - 58.2 28.9 0.120 0.17
= -0 - 392 6.5 0.071 0.78
o 0 60sec 457 '-7.9 0.079-’ 0.56
5 8 —
2
0w 6
S , , Dual fiber PFSA/PPSU (70vol% PFSA) were exposed to
o “B-PFSA 825EW oxygen plasma for 30 sec each side and then densified
- ~@-70% PFSA/PPSU - No Plasma (hotpressed at 160°C and annealed at 160°C for 1 hr). The
-©-70%PFSA/PPSU - 60sec Plasma resultant membranes were treated with boiling 1M H,SO,
0 | - - - for 1 hr. and then with boiling water for another 1 hr. The
0 25 50 75 100 125 150 basic membrane characteristics are shown below.

Tensile Strain (%)

Accomplishments

* Initial surface treatment studies have been completed.
* No surface treatment is selected at this time.

* Additional work is planned beyond Milestone #6 timing.

19

School of Engineering



Accomplishments and Progress

Task 2.2 Membrane Development and Fabrication

Mixed-fiber mats were prepared by concurrent electrospinning PFIA and polyamide-imide (PAl,
Torlon®) solutions on the same target. The mats contained 60-65vol% PFIA. The mats were
densified by exposure to solvent vapor (methanol, DMF) and then annealed for 15 min. at
200°C.

ual-fibe Mat Surface j

\ # - A | i p
= Mat densification Photo of two PFSA/PAI SEM micrograph of PFSA/PA
l (pore closure membranes (85vol% PFSA) membrane cross-section
ionomer annealing)

e The resultant PFIA/PAI membranes had expected proton
conductivity (ca. 60% that of pristine PFIA membrane) but
dramatically reduced in-plane swelling (less than 5% compared to
over 40% for pristine PFIA membrane film).

e Wet dual fiber composite membranes were significantly stronger
than wet pristine PFIA films, which easily broke into pieces during
handling.

Dense Membrane Surface

1.9 kV X3.80K 18.8vm

School of Engineering 20



Accomplishments and Progress

Task 2.2 Membrane Development and Fabrication

Dual-Fiber PFSA/PAl Membranes

e Proton conductivity of the composite PFSA/PAI membranes was linearly
dependent on PFSA content and followed the law of mixtures.

e The water swelling showed non-linear dependence; membranes with PFSA
content below 80vol% had lateral swelling of 5% and less.

0.12

w
o

[ L 4
-2 ""”' .;n. 'f
= -
S . 008 - £ 20 !
(%] I
S& & 5% .
c =004 - — 10 - /
(o) Hd \ ,l
) 8 Py
a s >y
0 . T T T T 0 I [ l T
0 20 40 60 80 100 0O 20 40 60 80 100
lonomer Content [%] lonomer Content [%]
Annealing conditions: 170°C for 2 hr
21
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Future Work

Milestones #7 & #8

MS#7: Prepare an ionomer formulation (ionomer, stabilizing additive) with optimum
performance and durability...to be used for development of the supported membrane

described in milestone Q8.
MS#8: Produce membrane...which meets all of the 2020 membrane milestones in

Table 3.4.12...in the DOE Fuel Cell Technologies Office Multi-Year Research,
Development and Demonstration Plan, section 3.4, update July 2013.

14um supported

Pilot scale membrane w/add.
PFIA Lot-1
10um supported
membrane w/add. B Path
Lab made
PFICE -3 or 4 | 14um supported
membrane w/add.
Fiber fraction Predicted Predicted Estimated ASR
Membrane Composition (vol%) swell - DW [ swell - CW (Ohm*cm?2)
MS#7 14 um, 4.3 gsm S-15, w/Add 17.3 3.3 7.6 24.8
MS#8 candidate 10um, 3.2 gsm S-16, w/Add 18.0 3.1 7.3 18.0
DOE Req. Control 14um, 5.4 gsm ePTFE, w/Add 17.5 13.3 2.7 25.6

22



Approach

lonomer Cost

PFIA Manufacturing Cost Issues:

3M does not disclose manufacturing cost for any product.

Lower EW ionomers will always be more expensive than higher EWs due to the higher cost
of the functional monomer.

The bissulfonyl fluoride is similar in cost to the 3M monomer.

Material cost expected to be the major contributor to both PFSA and PFIA at production
volumes.

CF,=CF, << CF,=CFO-(CF,),-SO,F ~  FO,S-(CF,);-SO,F

S 555 555
- —
0 0
CFy CFy
(Fp CF
G (Fp 0
CFy CFy-S05-N-SO4fCF,ySO3H
SOgH 3
Traditional PFSA PFIA
CF,=CFO-(CF,),-SO,F %> CF,=CFO-(CF,),-SO,F

% FO,S-(CF,);-SO,F
23



Summary

Accomplishments and Progress

Data for single membrane construction shown each column

2017 & MS#4
2020 | 725 EW |[725EW-S| PFIA | PFIA-S | Associated
Characteristic Units |Targets| (20um) | (14um) |(20um)| (14 um) | Milestone

Maximum oxygen cross- 2 2 <0.5 <0.5 <0.5 <0.5 a8
over mA / cm . . . .
Maximum hydrogen cross- 5

mA / cm 2 1.5+0.1 | 1.1+0.3 | 0.9+0.3 | 1.1+0.2 48
over
Area specific proton
resistance at:
120°C and water partial 2 3 ) . )
pressure of 40 kPa Ohm cm 0.02 0.068 0.042 #8
80°C and water partial 2| 0.02 | 0027 | 0047 | 0.020 | 0.027 41,48
pressure of 25 kPa Ohm cm ’ ’ ’ ' ’ '
30°C and water partial 2

0.03 .

pressures up to 4 kPa Ohm cm 0.02 #8
'200(: ohm sz 0.2 0.1 #8
Minimum electrical 2| 1,000 | 16,000° | 5,600° | 6,900¢ | 5,700¢ #8
resistance Ohm cm ! ’ ! ! ’
Cost ‘ $/m’ ‘ 20 ‘ n/a | nfa | n/a | nfa #8
Durability
Mechanical Cycles with|

<10

€M | 50,000 | 8,300 | >20,000 | 12,000 | >23,000 | #4,47,48
crossover
hours

Chemical hrs | >500 | 47 894 - 742 #4,47,48

a. Calculated from through plane bulk measurements
b. In-cell test method under development
c. Data provided by GM

24



Proposed Future Work

Future Work

* Remainder of FY2015

— Task 1,2, &3
» Additional lab batches of PFICE 3 or 4 ionomer (Q3 & Q4 2015)
« Second pilot scale batch of PFIA ionomer (Q3 2015)
« Continued nanofiber development (ongoing)
— Milestone #7 (June ‘15)
+ Initiate durability testing (Q3, 2015)
« Complete performance testing (Q3, 2015)
— Milestone #8 Go/No Go (Sept. ‘“15)
+ Initiate durability testing on 10um pilot scale PFIA with support and additive (Q3 2015)
» Fabricate supported membrane made with PFICE 3 or 4 (Q4 2015)
« Select PFIA or PFICE based membrane to meet milestone targets(Q4 2015)

- FY2016

— Milestone #9 (Dec. ‘15)
» Fabricate sufficient quantities of membrane for stack testing (Q1 2016)

— Milestone #10 (March ‘16)
« Task 5; Fabricate MEAs and Initiate stack testing (Q2 2016)

25




Technical Back-up Slides
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Approach

Full Milestone Table

MS ID Full Milestone Date
Measure conductivity and fuel cell performance on at least two different control PFSA membranes and initial samples of MASC
1 ionomer membranes. Demonstrate MASC ionomer with conductivity of 0.1 S/cm or higher at 80°C and <50% RH. January 9, 2014
Identify one or more polymer systems for further development in a nanofiber support that provides a membrane with x-y swelling of <
2 5% after boiling in water. April 8, 2014
3 Develop electrospinning conditions for one or more 3M ionomers that provides fiber diameter of <1 micron. May 22, 2014

Develop a laboratory produced membrane using an optimized ionomer and electrospun nanofiber support that passes all of the tests
shown in tables D3 (chemical stability) and D4 (mechanical stability) of the FOA while still showing performance in single cell

4 - polarization experiments above state of the art, mass produced membranes (nanofiber supported 725 EW 3M Membranes) tested in
Go/No- the beginning of this program (not to be less than 0.5 V at 1.5 A/cm2 at 95C, 50%RH, 150 kPa inlet pressure, and 0.4 mg/cm2 total pgm
Go catalyst loading). October 16, 2014

Prepare at least one additional MASC polymer. Demonstrate conductivity of 0.1 S/cm or higher at 80°C and <40% RH. Evaluatein a
5 supported membrane in Fuel Cell and ex situ tests. March 6th, 2015
Prepare dense electrospun films with and without surface treatment of the support polymer with a maximum void fraction of <5%.
Prepare and characterize the resulting nanofiber composite membranes. Determine if surface treatment impacts swell, tensile or tear April 3rd, 2015 -
6 properties of the membrane. Select surface treatment, if any. ongoing
Prepare an ionomer formulation (ionomer, stabilizing additive) with optimum performance and durability that provides >500 hours in
test D3 (chemical stability), and equal or better area specific resistance (ASR) to the membrane described in the Q4 milestone of the
same thickness, evaluated in a 50cm2 fuel cell using the same MEA components and same support, to be used for development of the
7 supported membrane described in milestone Q8.

8 - Produce membrane comprising a MASC lonomer, a nanofiber support and a stabilizing additive which meets all of the 2020 membrane
Go/No- milestones in Table 3.4.12 (Technical Targets: Membranes for Transportation Applications) in the DOE Fuel Cell Technologies Office
Go  Multi-Year Research, Development and Demonstration Plan, section 3.4, update July 2013.

Develop a process for producing the membrane described in Milestone Q8 in quantities large enough to produce membranes for use
9 in Milestone Q10 (at least 20 linear meters)

Manufacture for stack testing at least 30 MEAs with a minimum cell area of 250 cm2. Evaluate in fuel cells and ex situ tests. Begin
10  stack testing.

11  Begin post mortem analysis of MEAs to determine failure mode.

Prepare the MEAs, the number and size to be determined by 3M and the DOE, and deliver them for testing at a DOE approved facility.
12  Complete stack testing for a minimum of 2,000 hours.
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Accomplishments and Progress

Nanofiber Fabrication Task 2.1

Nanofiber Samples
Basis weight
Coded Sample  Form  Coded polymer Coded Source (g/m2) Objective
Q1 and Q2
samples

S1 roll B1 P1 4.3 Control
S2 roll B2 P1 3.2 Improved tear strength
53 roll B2 P1 43 Improved tear strength * Rolls of elect rospun
S4 test patch FC3 L2 n/a Electrospining feasibility . .
S5 testparch  FC4 2 /a Flectrospining feasibility nanofibers are typically 100
S6 test patch FC5 L2 n/a Electrospining feasibility .
S7 test patch FC6 L2 n/a Electrospining feasibility mete I’S |Ong by 25 Cm Wlde
S8 roll HC3 P1 4.3 Modulus study .
59 roll FC1 P1 43 Modulus study * Sheet Samples are typlcally
S10 roll FC1 P1 3.2 Modulus study
S11 sheet FC3 L1 5 Improved tear strength 1ocmx locm u p to zzcm X
S12 sheet FC3 L1 5 Improved tear strength
S13 sheet HC2 \Y 5.7 Modulus study 28 Cm
S14 sheet HC2 \Y 14.2 Modulus study

Q3 samples
S15 roll FC1 P1 4.3 New polymer
S16 roll FC1 P1 3.2 New polymer
S17 sheet H4 L3 4.0 New polymer
S18 sheet FC3 P1 4.1 New polymer
S19 sheet FC4 P1 4.2 New polymer
S20 sheet B1 P1 4.4 New process

Q4 Samples
S21 sheet FC1 P2 5.02 MD/TD (alternate supplier)
S22 sheet HC1 P2 4.33 MD/TD (alternate supplier)

Q5 Samples
S23 roll ePTFE-1 P3 2.25 ePTFE Comparison
S24 roll ePTFE-2 P3 5.66 ePTFE Comparison
S25 roll ePTFE-3 P3 6.33 ePTFE Comparison
S26 roll FC1 P1 4.4 MD/TD experiment
S27 roll FC1 P1 4.28 MD/TD experiment
S28 roll FC1 P1 4.36 MD/TD experiment
S29 roll FC1 P1 4.39 MD/TD experiment
S30 roll ePTFE-4 P3 5.40 ePTFE Comparison

Polymer Codes HC = Hydrocarbon Source Codes |L=Lab 28
FC = Fluorocarbon P =Pilot or production line
B =Blend V =Vanderbilit




Fuel Cell Performance

Standard 80°C 32% 1.5/2.0 Dry Pol 95°C 26% in 150 2.0/1.8
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* At standard, relatively wet, conditions all supported PEMs show similar performance and HFR
* At dry conditions supported PFIA PEMs show superior performance and lower HFR

* Latest scaled-up lot of supported PFIA PEMs has better performance at dry conditions than the
earlier lot
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Proton Transport Resistance
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o
DOE Target: <20 mQ-cm?
50
0
0 20 40 60 80 100

RH%

* ASR of supported 14um PFSA PEMs is lower than that of non-supported 20um PEMs
* Supported PFIA PEMs have lower ASR than supported PFSA PEMs

* Latest scaled-up lot of supported PFIA PEMs have lower ASR at dry conditions than the
earlier lot

QruciceEL




H, Crossover current (mA cm-2 atm-1)
w

Hydrogen Crossover
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* H2 Crossover of supported 14um PEMs is lower than non-supported 20um PEMs

* 825EW PFSA supported PEM has slightly higher crossover than 725EW PFSA & PFIA PEMs

QruciceEL




Plasma Treatment of PFSA and PPSU Mats

Contact angle with water was determined to quantify the effect of oxygen
plasma.

eSpun Mat Plasma RF 100 W
Type Osec 30sec 120sec 300 sec
Raw PPSU 1310 0o 0o 00
mat
Raw PFSA ;360 1180 1190 00
mat
Annealed o o o o
PFSA mat 136 146 138 145

e PPSU becomes hydrophilic after 30 sec exposure.

e Raw PFSA 825EW shows hydrophilicity after 300 sec exposure,
while annealed PFSA mat (partially welded/fused fibers) shows no
hydrophilicity even after 300 sec.

Optimum plasma exposure time: 30-120 sec.



Accomplishments and Progress

Milestone #4

In-cell area specific resistance measurements as a function of relative humidity.

PFIA with Support and Additive
80°C, 50% RH

0.09

0.08 =

0.07

= MS#4 membrane 14um - GM data
< 0.06 + MS#4 membrane 14um - 3M data
g O DOE Target
~ 0.05
E *
L
S 0.04 =
e S
< 0.03
a
0.02 o .
L 4
0.01 " =
0
0 20 40 60 80 100 120
RH(%)

Accomplishments:

* Very good agreement between 3M and GM in-cell measurements

* Membrane resistance of about 27 mOhm*cm2 does not meet the DOE
target of 20 mOhm*cm?2
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