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NRC’s PEM
Fuel Cell

Manufacturing
Technology




The project addresses PEM Fuel Cells Cost and Durability technology barriers

The main objective is the development of a breakthrough high-volume manufacturing process for the productio
of advanced Proton Exchange Membranes (PEM) and Membrane-Electrodes Assemblies (MEA) with improved
performance and durability and reduced cost for applications in Fuel Cell electric vehicles (FCEV).

Funding from NRCan through Energy Innovation
Program (EIP) and NRC through Vehicle Propulsion
Technologies (VPT) Program. (> 1 M$, over 4 years
2016-2020)

Attracted interest and support from
collaborators: Solvay, 3M, GM, and NREL.

Natural Resources Canada

Energy Innovation Program

S HE :iINREL 3M

NATIONAL RENEWABLE ENERGY LABORATORY

several

SOLVAY

Project Objective, Funding and Collaborators

Cost

DOE. FUEL CELL TECHNOLOGIES OFFICE. 2015 (U,

Fuel Cell System Cost and Targets

1 $124/kW in 2006

S$55/KkW in 2014* at high volume

*$280/kW atlow volume

o $46/kW in 2018
[ ]

S40/kW by 2020 °
S30/kW

Ultimate




production rates

o United States Patent (0 US 9,725,568 B2
el

Mokri 5) Date of Patent: Aug. 8,

= The advantages of NRC technology

Reduced production cost

a» United States Patent (10) Patent No.: US 9,543,607 B2
Mokrini (45) Date of Patent: Jan. 10,2017

Simplified production process
Remove reinforcement (e-PTFE)
Improved durability
Maintain performance
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Multilayer Melt-Blowing
The process




Key R&D Facilities

Polymer processing laboratory

Micro-scale Cast Film Line DSM-
Xplore

Formulation development

Materials prescreening

Batch volume: 5mL

Screw speed: 1-400 rpm

Film line with three slit dies (width /

thickness)
*« 35mm/0.1,0.2, 04 and 0.6 mm
« 50mm/0.1and 0.2 mm
« 65mm/0.1and 0.2 mm

Lab-Scale 500 g - 5 Kg

SMALL-SCALE CAST FILM LINE - LABTECH
3 single screw extruders (12.5mm - //d=30)

5 layers ABCBA

Two dies: 100 and 150 mm wide

Minimum / maximum thickness: 0.025/2 mm

1.5 kg/h for each extruder

Maximum speed 160 rpm

SMALL-SCALE BLOWN FILM LINE - LABTECH
5 single screw extruders (12.5mm - 1/d=30)
5 layers

Die diameter: 20 mm - lay flat max: 160 mm
Die gap available: 0.81, 1.2 and 1.5 mm
1.5 kg/h for each extruder

SEMI-INDUSTRIAL CAST FILM LINE -
DAVIS-STANDARD / LABTECH

Single screw extruder (25.4 mm — 1/d=27)

Horizontal and vertical extrusion mode

Two sheet dies:(width / thickness):
-200mm/ 1.9, 3.2,4.4and 7.6 mm
-350mm /1, and 4 mm

Maximum speed:

SEMI-INDUSTRIAL BLOWN FILM LINE -
BRAMPTON ENGINEERING

§ single screw extruders

5 layers; ABCDE: 38, 32, 38, 32 and 32 mm

Die diameter: 100 mm — lay flat max: 865 mm

Blow-up ratio4.5: 1

Maximum speed: 100 m/min




Bi-functional additive
Rheology

NR-40 + 1.6 mol TZ /mol SO3H
NR-40 + 2.5 mol TZ/mol SO3H
NR-40 + 3.6 mol TZ/mol SO;H

S
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10° 10’ 10°
o [rad/s]

Comparison of complex viscosity (n*) obtained from
frequency sweep tests on Nafion® at 240°C and different
additive (1,2,4-Triazole) content

Used as proton carriers in anhydrous
PEM especially nitrogen based

Amphoteric character, ability to |form
hydrogen bonds

High boiling point, and water soluble.
Bi-functional additives:
Protection of functional groups
(SO3H)
rheology modifiers (Plasticizers/)

Antifungal function and radical
scavengers.
®



Process validation with different PFSA ionomers

lab-scale melt processing

Structure of different Perfluorosulfonic acid (PFSA) ionomers

IEC (mmol/g)

g Chemours

lon Exchange Capacity of reference membranes and PFSA ionomers

20

used as electrolytes in fuel cells
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Micro-scale Cast Film Line DSM-

Xplore

Formulation development

Materials prescreening

Batch volume: 5mL

Screw speed: 1-400 rpm

Film line with three slit dies (width /
thickness)

« 35mm/0.1,02, 04 and 0.6 mm

« 50mm /0.1 and 0.2 mm

« 65mm/0.1 and 0.2 mm
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lonomers properties S FUEL:
- C=ELL"*
Glass Transition Temperature (Tg) SOLVAY  seumuit s enevay exrosmion

DMTA analysis of PFSA ionomers with different side 160
chain length —_
1.4 9 2"‘_’1 140 €=~ __’___h
T ramp slope : ~+ 2 ° G/min . _""‘-:.._.
. Frequency (const.) = 6.28 (rad/s) g‘ 120 _CFZ_[_EF_]T == -.?__
< Method : ASTM D4065 O —CF,—[—CF—]F" Te~l -
Z 100 i:z, J; ) - o ‘_‘
t S 80 Lo i et
= * 2 [
2 60 i -
0.8 © éOZH CFa—iF
2 Y 40 : : - i
i 0.6 % i i::
0.4 0 T T T T
0 1 2 3 4 5 6 7
02 Side Chain Length
g LR 3 ——t — » The ionomer side-chain length strongly affects the glass
25 35 45 55 65 75 85 94 105 115 135 135 §l45 155 165 175 185 195 205 agn P .
Temperature () { transition temperature (i.e. the softening temperature) of
Tg Nafion ™ 100 degC | the material.
Tg3Mlonomer~125degC » Higher Tg means higher operating temperature.
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lonomers Blends Approach

< FUEL%
S Fehw.

water uptake of SSC Aquivion® vs LSC Nafion® " s neararosmon

Water Uptake at 60C (%)

180
- =-@--55C Water Uptake
160 =-=k=--SCWU 50
140 o SSC Lambda
120 N LSC Lanbda 40
100 30 }‘S
80 £
~ 4]
60 e 20
RN A
40 . - 10
20
0 0
600 700 800 900 1000 1100
EW (g/eq)
120+ - - -
~ 100 . : i
55 ‘ ‘ ‘ ® Aquivion
@ — —
< ® A \aNafion |
-
o 60 d -4
=) R s ]
§ 40 4+~ — 1
2 2 | l B
2 ‘ | o
0+
600 800 1000 1200 1400
EW (g/eq)

Water uptake from liquid water at 100 °C for
Aquivion® and Nafion® membranes as a function of the EW

L. Merlo et all Solvay Specialty Polymers presentation 2012
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X-Rays Diffraction

Nafion® solution-cast

31 Aionic cluster peak

Crystalline peak
4(100) peak

amorphous peak/(101) peak

X-ray diffraction pattern for 10 micron D2020 DuPont Nafion PFSA film, annealed 2 hr. at 140 °C in N,
(data collection at 23 °C, 40% RH).

T.N. Blanton et al. JCPDS-International Centre for Diffraction Data 2015 ISSN 1097-0002

Nano-Phase-Separation with Hydration
more Hydrophobic

Hydration shell

Bound water ‘1“} \

Small-angle peak 2 theta =1 -3.5° assoaat
with ionic domains clusters /
Diffraction peaks at 2 theta=17.5° correspj/nds

d-spacing of 5.5A can be deconvoluted to t /t
peaks assigned to crystalline and amorpho/Js //

domains in the main chain [/
Diffraction peaks at 2 theta = 39.67 d 4

attributed to amorphous PTFE domaln of
Nafion®




X-Rays Diffraction
LSC-PFSA (Nafion®) solution-cast vs. Melt-blown

* Solution-Cast (SC) 100000
50000 7 | D —MB LSC-PFSA EW=1000 wet
- LSC-PFSA (NRE211 (EW=1100) 80000 E L —MB LSC-PFSA EW=1000 dry
and D2020 (EW=1000) T e SC LSC-PFSA EW=1000 cry
- Higher EW (lower IEC), lower — —SCLSC-PFSA EW=1100 dry
2theta, higher the distance ET
between ionic domains 8 Bragg’s Law
2 40000 | .
* Melt-Blown (MB) é 30000 - ﬂ T 2dhkt" S 9
- Same 2 theta (2.9) and d- 10000 |
spacing (3 nm) as SC . | ‘ ‘
- Lower 2 theta after hydration o 1 2 3

2theta (deg)

(higher d) = ionic domains




X-Rays Diffraction
LSC and SSC-PFSA solution-cast vs. Melt-blown e Expostion

Solution-Cast

Melt-Blown

Intensity (Counts)
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Proton Conductivity
LSC and SSC-PFSA solution-cast vs. Melt-blown

Proton Conductivity, S/em

Conductivity vs % Relative Humidity at 80°C

01

o
g

o

20 40 60 80

% Relative Humidity

MB SSC (EW-660) 14 microns
MB SSC (EW=790) 12 microns
MB SSC (EW=790) 12 microns

SC SSC (EW=790) 16 microns

e Melt-blown 12um

membrane matches the
conductivity of the
solution cast membrane
As expected, MB

membranes with lo
EW are more conductive
A 660EW melt-blow
12pum membrang h
best-in-class
conductivity

o0 -



Ex-situ Mechanical Durability
LSC and SSC-PFSA solution-cast vs. Melt-blown
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Burst mode.
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Schematic of blister testing.

= 16 blister samples per test

= 6 Pressure ramp rates: 1, 0.2,
0.1, 0.05, 0.02, and 0.01

= kPa/sec.

= Test condition: 90°C, 10%RH

Henky Normalized Pressure (kPa/mm)2?
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SEMINAR & ENERGY EXPOSITION

Mechanical Strength of PEM made of Aquivion

660EW — Cast vs. Extruded

Membrane Blister Strength
(Pressure Ramp to Burst Mode)

Test Condition: 90°C, 10%RH

Ostate-of-art supported PFSA PEM

+DE2020 (GM coated 12 pm)
& NRE211 (commercial 25 pm)

A Aquivion_Extruded_660EW_25um
B Aqujvion_Cast_660EW_25um

10 100

1000

Time to Failure (sec)

10000

Blister strength of Aquivion
660EW based membranes
generally have higher
blister strength than
Nafion.

Extruded membrane is
stronger than cast
membrane.

Extruded Aquivion
approaches strength of
state-of-art supported
PFSA PEM

Blister burst strength from
both cast and extruded
membranes have high
variability, suggesting
quality or uniformity issues.



Integration of SSC in catalysts layers
(CCGDLs, H,/0,)

Cathode-64°C
Anode-64°C 10
10 ——7——1——1——1—— 1200 : A A S N N B ! 4 !
; 1 ; T ! ! ' ; : 3 : H,= 1.5 stoich O, = 8.5 stoich : :
L .= 7.5 stoith O, 6.6 stoich | | | ‘ i : Ty =64°C ﬂ: =84C 1—;1? Bty : .
00 i T =eacTiT=esc T =eec ) L A 1000 09 - AN~ . Pan = 190 P2, Py, = 150 KPS, [ o i
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Y - & o o e ¥ .- 4 S iy S i S AR 3T
g T TSN O
0sd § | LSC (EW=1000) DE2020 | : | {00 i ; . Commercial GDE Pt-Co : :
A ¢ UBSC(EW=TI0)AQT90 TR ; 05 o S e LSC (EW=1000) DE2020 .: ... £ e i 200
| | | i i ; 5 | | % ‘ : 5SC (EW=790) AQ790 : : i
oadps 770 ; P A
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0.4 -4 0

L L L L L L L L AL L
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Current density (mA cm?) ,
Current density (mA cm™)

Polarization and power density curves of single MEAs using different ANODES (Left) and CATHODE (Right) materials prepared by/CCGDLS:
For all MEAs, approximately 0.2+0.05 mgp; cm2 c and for Anode (left) and 0.5+0.05 mgp; cm? cathode (right) were used Mith co
membrane (Nafion® NR211). I/C=0.8

ial 25 microns

o0



Integration of SSC in catalysts layers

(CCGDLs, H,/0,)

Anode-80°C

T T 7T T

1 : H, = 1.5 stoich O, = &.5 stoich
Do M _ anep e - 80eC

B T, = 80°C: T.7 = 80°C; Toop, = 80°C:
P..= 150 KPa P =150 kPa;

Cell Voltage (V)

Commercial GDE Pt-Co
LSC (EW=1000) DE2020
SSC (EW=790) AQ790 |

,,,,,,,,,,,,

054 i

,,,,,,,,,,,,,,,,,,

600 800 1000 1200

T T T —T
1400 1600 1800 2000

Current density (mA cm’E)

1200
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Cell Power (mW cm'2)

Cell Voltage (V)

—
_—
=
SEMINAR & ENE
Cathode-80°C
T —T——T T T T T T T 1200
: éH—WﬁstocchO—Sﬁslomh } : |
: : [T, =80°C: T2 = 80°C; THT =80°C; g
094 o P, = 150 kP& P = 150 kP& ; ......... 74 1000
08 i NG T AT A
i R o Lo p S e RN S bt if 600
0.6—-15 --------------------------------------------------------------- oeecsencdeceeeif 400
: . Commermal GDE Pt-Co ‘ 1
0.5 gl A LSC (EW=1000) DE2020 - - - - 200
i $SC (EW=790) AQ790 §
o470
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Current density (mA cm)

Polarization (lines) and power (symbols) densities curves of single MEAs using different ANODE (Left) and CATHODE

CCGDLs: Red lines and squares PtCo CCGDL commercial electrode, Blue lines and disks DE2020 ionomer 1/C=0.8,

triangles AQ790 ionomer 1/C=0.8;

For all MEAs, approximately 0.2 and 0.5+0.05 mgp, cm for Anode and respectively cathode were used and a commercial

1%,

EXPOSITION

Cell Power (mW cm'z)



Integration of SSC in catalysts layers
(CCGDLs, H,/0,) rosimon

Comparison of MEAs with same ionomer in membrane and GDE

1 17— 1100
104 :H2=[].i4 anrnEO:=UE2 Ty 1000
1 T, =64 °C; TEM =64 °C; TN = 64 °C; : ; .
09— ----- P, =150 kPa: P =150 kPa: A S : ] 900 (] When Integratlng
0.8 - ; f f 5 800 :
o1 X N L new materials, the
< O N L '
5 1 1., 2 entire MEA needs
g 06 £ .
2 o5l Is0 & be re-optimized,
= 1 _ =) .
S oal w00 & testing protocols
i | ] -
03t b 00 © redesigned
0.2+ - ___ MB SSC EW790 + SSC EW 790/Pt 1200
1 . _ MB LSC NR40 +LSC DE2020/Pt b
0.1 — ----- ------ __ SC Nafion® NR211 + commercial electrode/PtCo 4 100
00 L — ] 0

[ 1 L T 1 L T [ 1 L T [ 1 L T [
0 200 400 600 800 10001200 1400 1600 1800 2000 22002400

Currrent density (mA/em™)



Integration of SSC in catalysts layers L o
(CCGDLs) LCELL™

Commercial Pt-Co/C Cathode NRC Pt/C + LSC (EW=1000) Cathode

SEM cross-section images (x1000) of
approximately 0.5+0.05 mgPt cm12
cathodes prepared in this work by|spra
deposition on Gas Diffusion Layeri Top
Right DE2020 ionomer 1/C=0.8 with 40
wt.% P1/C, Bottom-Left AQ790 ionome
1/C=0.8 with 40 wt.% Pt/C and Bottom
Right AQ660 ionomer I/C=0.8 with 40
wt.% Pt/C. Darker zones in cafalyst layers
are agglomerates of ionomerg (DE2020,
AQ790 and AQ660). As a compadrisgn,
commercial cathode is presented in Top-
Left.

pAL P ECE R ]
CNRG-NRC 10.0kV 11.4mm x1.00k SE(U) CNRC-NRC 10.0kV 11.7mm x1.0 ' ) . . 20




Comparison of CCM and CCGDL under O,

Cell Voltage (V)

Fuel Cell Performance

CCM and CCGDL (Validation with NREL) :iINREL o\ exvosiion

and air (NRE211 and D2020)

0.3
0.2

0.1

‘H /Alr 150I<Pa/150kPa 80°C 100%/100%RH‘

1 CCMNRC@NRC ! ' ! ' ! ! :
'_-0'“ """"" CCM @NREL 1 N

- Solvicore CCGDL e @NRC _under air -

[ Solwcore CCGDLiiO{'fS@NRC under ('8 ]

0.0

T T T T T T T
00 02 04 06 08 1.0 1.2 1.4 1.5 1.8 2.0 22 24 26

Current density (A cm'z)

NATIONAL RENEWABLE ENERGY LABORATORY

MEA @ NREL = 50 cm? square geometry
MEA @ NRC = 20 cm?rectangle geometry
Anode/Cathode: 0.15-0.2/ 0.5 mgp, cm™2
NREL & NRC use their respective standard protocols for
FC tests

Q00 -



Fuel Cell Performance
Catalyst Coated Membranes (CCM)

H,/Air, 150 kPa/150 kPa, 80°C, 100%/100% RH

—— Nafion-XL@NRC _ ; ; ]

027 —— NRC;n;r;{t;r;ng@NRC """"""""" pree poees o

o1l A - A - W
0.0 I T T T I I

0.0 0.4 0.8 1.2 1.6 2.0 2.4

Current density (mA cm?)

Spray deposition CCM

SEM cross-section of CCM with Nafion XL

Similar polarization curves
membranes prepared wit
process

o0



Fuel Cell Performance =,
Mechanical Durability (ADT protocol) bl

Tests terminated
after 40,000 cycles
Mechanical Durability Protocol
RH cycling: Cycle 0% RH (2 min.) to 90°C dew point (2 min.)
[Cell Temperature: ' 80°C
(Gas flow rates: | Air/air at 2 NLPM on both sides
H, takeover: Every 724 h - i
Total time: Until OCV decay to 200mV at t < 10s
Pressure VAmIV)ienl or no backpressure ——

Fuel cell testing lab at NRC—Bouﬂcherv_il/e

[/

DOE target

7]
9
(%]
>
o
[ven
=}
.
[}
£
£
=
c

reinforced membranes surpassing
mechanical durability of/ e-PTFE
reinforced solution-cast PEM

» The lower the EW the higher /the
IEC and gravimetric water/uptake,
and the higher H, permeability
upon cycling

e-PTFE reinforced

Solution Cast

o 23



Fuel Cell Performance

H, permeability — high T and low RH Myt

£5000

IS000

300oa

Z500a
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e
el
e
b
e
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=
=

Z00an

15000

10000

Tests terminated after 40,000 cycles

_"}:- ---m-- MB-E5C EWW=660 g'mol

---#-- MB-S5CEW=700 gfmol

100

Cell temperature (*C)

&-- MB-L5C EWW=1000 g/mol

RH calculated from Buck equation

Dew point Water Vapor pressure | Relative Humidity at Cell T=

Hum Temp °C 100°C

70.152 147.97% | 100.00% | 69.25%

» |[ncreasing cell temperature/
decreasing RH, improves
drastically H, permeability
upon cycling for SSC based
membranes



NRC’s PEM Manufacturing

Cost Analysis

Total Costs Drivers Comparison

Melt-Blown Cost

r } 100%
| I
— | e
a !
— | | 80%
S :}
P ‘ — 70%
> ; | 60%
B son
-
D | 40%
> .
| 30%
— 20%
—] 10%
0%
5000000 1300000 800000 300000 50000 10000
Volume per yr (m?)
W Total Labor cost @ lonomer M Solvent
W Additives M Back/cover sheet M Packing
M Tools B Electricity cost *Machine yrly cost

3 Building yrly cost ® Financial Cost

% Total Cost

ePTFE Solution Cast Cost

1

5000000 1300000 800000 300000 50000 10000
Volume per yr (m?)
B Total Labor cost ®lonomer M Solvent

B Additives M Back/cover sheet M Packing

H Tools M Electricity cost

% Building yrly cost = ePTFE = Financial Cost

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

Machine yrly cost

% Total Cost

The cost of the solutio
cast process is driven by
the financial cost, the |
and the e-PTFE

The cost of the Mel
Blowing process is
by the financial ¢
and the ionome



NRC’s PEM Manufacturing = e,
Cost Analysis \ \

Veh Production/yr  Unit 1,000 5,000 30,000 80,000 130,000 500,000

Total yrly production*®

NRC’s Melt-Blowing cost 508.42 19.30 15.43 12.42 8.76
e-PTFE Solution Cast cost
NRC study 2016 1316.31 347.98

Actual cost Nafion XL, Nafion
211, Nafion HP (lon Power Inc.)

e-PTFE Solution cast cost
DOE study 2015 (B.D. James)

* 80 kW FC stack for automotive (FCEV), with 10 m? of PEM / stack

M. Toupin, A. Mokrini. World Electric Vehicle Journal Vol. 8 - ISSN 2032-6653 (2016)



Conclusions and outlooks Seth

* A new manufacturing process developed and successfully used for PEM with different | \
PFSA ionomers (side chain length and EW) |

« For all APR scenarios considered, the melt-blowing cost advantages are significant (60 to
80% cost reduction)

« DOE membranes cost target for 2020 (20 $/m?) is achieved with this process at an
intermediate APR of 30,000 FCEV/year

- Capital Investment for equipment of e-PTFE solution cast process is much higher tha
melt-blowing process, due to lines duplication requirements for solution cast process to
increase production . e-PTFE elimination from melt-blown process brings S|gn|f|9ant ost
saving

,/'
/

SSC in CL, activation and testing protocols, QC, etc. / / o
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