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Fuel Cell Electric Vehicle is Almost Here!

Manufacturer Launch

8 &2 Ford ~2017
~2020
~2015
2013-2015

(JL) Daimler ~2017
l@i Nissan ~2017

&P ) Toyota ~2015
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M ot Ivat I O n Projected Transportation Fuel Cell System Cost

-projected to high-volume (500,000 units per year)-

« Balance of plant (BOP) costs have 3o o
risen in importance with —
£ 0 SO ssTAW  sssmw $40W ,g;
decreasing stack costs. (L
* Decrease overall fuel cell system T I I I / | I
costs by lowering BOP material 0 L oe oy s e oz ff s
COStS . grea;kdbovtvn of
Stackand
BOP M Balance of
. 51% 49% Plant (5/kW)
* System contaminants have been a Stack (5/k)
shown to affect the
performance/ durability of fuel Examples of common additives
in automotive thermoplastics:
cell systems. . Glass fiber
* Increase performance and * Antioxidant

* UV Stabilizer

* Flame retardant
* Processing aids

* Biocides

* Catalysts

* Residual polymer
* Residual solvents
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durability by limiting contamination
related losses

Record Source: http://www.hydrogen.energy.gov/pdfs/13012_fuel_cell_system_cost_2013.pdf




Fuel Cell Stack & Balance of Plant (BOP)

Fuel Cell Stack Fuel Cell System = Fuel Cell Stack + Balance of Plant

NA
L2

Back-Pressure
Cathode Loop Valve

90 kWe _
e Harecire pmp

FC Stack

L[]
| Anode Loop H<:Iydrogen

\4
v

Water Separator

Cathode Humidifier

Air Compressor

CoolantLoop

Air CoolanfPump

Radiator
| ——— ——

D.A. Masten, A.B. Bosco Handbook of Fuel Cells (eds: W. Vielstich, A. Lamm, H.A. Gasteiger),
Wiley (2003): vol. 4, chap ter 53, p. 714.
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System Contaminants Originate From the System Itself
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Material Selection

Materials chosen based on: Material Selection Prioritization:

1. Physical properties based on wetted surface area, total mass/volume,

- Operating conditions (0-100% RH, -40-90°C) proximity to MEAs, function, cost, and performance
. L ’ implications

2. Commercial availability 1 Structural materials

3. Cost 2. Coolants

4. Processability 3. Elastomers for seals

5. Input from OEMs and fuel cell system 4. Elastomers for (sub)gaskets
manufacturers 5. Assembly aids (adhesives, lubricants)
o GM (active project collaborator) 6. Hoses _
o Ballard Power Systems 7. Membrane degradation products
o Nuvera 8. Fuel Impuri’[ies

9. lons from catalyst alloys

Note: materials highlighted in red were chosen for this study

The materials selected for the study were not made specifically for fuel cell
application.

Identify and quantify what contaminants leach out from BOP materials

Understand where the contaminants come from (e.g., additives)

Determine impact on fuel cell performance

Help guide fuel cell developers & material suppliers select & design BOP materials for fuel
cell applications
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Example of BOP materials selected for the study
based on physical property and cost

Approximate Material Cost for Structural Plastics in a Fuel Cell System ($/#)**

PPS (4)

PBT (2) PSU (2) PPSU (1)

Polyamides (23) PEI

PA 6 < PA 6,6 (5) < PA 666 < PPA* (4) < PA 6,10 < PA 6,12 < PA 12 < PA 10,10*

$12.50 $30.00+

Approximate Price/#

** Prices are approximations based on 5/2010 dollars, they are dependent on market and specific material. Figure should be used as a general guideline
only. Scale is non-linear.

PA = polyamide (nylon); PPA = polyphthalamide; PSU = polysulfone; PPS = polyphenylene sulfide; PPSU = polyphenylsulfone; PEI = polyethylene imine;
PEEK = polyether ether ketone; PAIl = polyamide imide; PBT = polybutylene terephthalate
(Number of materials studied to-date)

<€

Size of Component

Information provided by GM
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Screened 60 BOP materials

©
Polyamide (PA), polyphthalamide (PPA)|DuPont, EMS, BASF, o
Structural Plastic (Nylon) Solvay, 23 I
Structural Plastic Polyphenylene sulfide (PPS) Chevron Phillips 4 =
Structural Plastic Polysulfone (PSU) Solvay 2 Es
Structural Plastic Polyphenylsulfone (PPSU) Solvay 1 2
Structural Plastic Polybutylene terephthalate (PBT) DuPont 2 g
Structural Plastic Epoxy Sumitomo 1 o
Structural Plastic Phenolic Sumitomo 1 e
Perfluoroalkylether/ "
Lubricant/Grease | polytetrafluoroethylene (PFAE/PTFE) DuPont 4 T
Adhesive/Seal Urethane 3M, Bostik, Henkel 6 <
Adhesive/Seal Silicone 3M 2 %‘
Adhesive Epoxy 3M, Reltek 3 £
Adhesive Acrylic acrylate LORD 1 Q
Thread Lock/Seal | Polyglycol dimethacrylate (PGDMA), Henkel 4 é’t’
Thread Sealant PTFE, Diacetone alcohol LACO, Rectorseal 3
Hose Silicone VenAir 3
Total 60

NATIONAL RENEWABLE ENERGY LABORATORY
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Approach/Experimental Methods

Leaching Protocol:
* Materials + DI water

e 90°C for 1 and 6 weeks
* Remove Material

Leachant Solutions
60 Materials

Ex-situ
Membrane Conductivity &
Electrochemical Testing
Determine membrane
conductivity & catalyst effect

Analytical

TOC/Conductivity GCMS/ICP/IC
Quantify |ldentify
organic/ionic organic/ionic
contaminants contaminants

In-situ
Fuel Cell Infusion

Determine impact on fuel
cell performance

{ Svoltage Ioss! |
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Interactive Web Tool

Input: Material Data
Selection Output
* Material type e Solution conductivity

* Material class Total organic carbon (TOC)

e Manufacturers

lon Chromatography (IC)

* Trade name & Use * Inductively Coupled Plasma
 Material Grade (ICP)
* Gas Chromatography Mass
Spectrometry (GCMS)

* Leaching Index

* Insitu fuel cell performance
impact

NATIONAL RENEWABLE ENERGY LABORATORY
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TOC and Conductivity Screening of Extract Solutions

Assembly Aids Materials

7300 600 900 1200 1500 1800 2100

TOC (ppm)

Structural Materials

T v T 7 T - T v v T v Y v T v T v
800+ = PFAE/PTFE . " . = PPA,PA
2004 - = Urethane | 1400- = PPS

_— § P = 1 = PBT o
e ) = Silicone = € 1200d = = PSU, PPSU
O 600- = = Epoxy O |
(7p) ! = PGDA ¢ 1000
2 500-' 1 = ! il

800+ =
2 400- ] 2 .
2 3004 ", {1 2 eo0{." = -
it I | u

| (S
S 20 -= & S 4004 . . .
© 1 . " . © d % | i
C 100+ c - ="
o { *.; 1 week soaked leachants, | © 200 _ ;'. _
o 0- (6 weeks for PFAE/PTFE) (&) 0- F . 6 week soaked leachants
L)

TOC (ppm)

) 560 ) 10'00 ) 15'00 . 20'00 ) 25'00 ) 30'00 ) 3500

* Potential contaminants consist of a mixture of species: organics, inorganics and ions.

* Likely target BoP materials: low TOC and low solution conductivity

* Higher cost, non-commodity materials (PFAE/PTFE, PPS, PBT, PSU, PPSU) leached out
less ionic and organic contaminants.

TOC = Total Organic Carbon
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Leaching Index as a Quick Material Screening Method

a 2500
GM screened and categorized (e |
34 plastic materials into groups w00 | o
. . B b< <
based on their basic polymer x Q;\ob
0 1500 .
resin and brands £ Bt B\
o Leaching index (conductivity + £ 1000
total organic carbon) is a quick 2 $%
way to screen plastic materials >
o Leaching index shows trends 0 Z . |
with voltage loss and material S FE Tl @
cost; In general, the higher the o 2 - - >
leaching index, o Decreasing material cost
— Higher cell voltage loss = &/lb<t
— Lower material cost 100
S W 6<5/1b<10 ¢
80
-E- $/1b>10 e\O"
g 60 x2%
B ©
BES = Bakelite epoxy-based material — Sumitomo; S a0 . Q;(\e‘
BPS = Bakelite phenolic-based material — Sumitomo; S o
S = Solvay; C = Chevron Philips; B = BASF; D = Dupont; E = EMS ~ ° | I
0 1 I
Dinh, H.N. "Effect of System Contaminants on PEMFC Perf d o ! R 00 K S $
Dunrability." DOeECH(x)/dr?)I;eenrz\ngnFuaer:1 Cneallns Iirzngram Anm(:z:I(l)\l/’lr(:]raitn FC{‘Z\?iZw and Peer '9?} q‘;b,‘-: Q‘a‘s‘,ch’g Q’é’ QVQQ‘Q;\OQQV'O Q?'«’QQV& Qg‘, Q?Q
Evaluation Meeting, Washington, DC, on June 18, 2014. ¥ R Information provided by GM
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Elemental speciation by ICP

Elemental analysis identify leached species, which Major Species Identified via ICP-OES
were linked to fillers and additives (base on Elemental Analysis
knov-vledge of the type of plastic, common additives ICP Results Urethanes
and information from datasheets). 200 B e 2000 fastoni”
160. = 3M marine 5200 fast white
HH H 1,2. 4 M ine 5200 std black .
Common additives in urethanes': 1201 Y m:::: 2200 :td w;‘i‘ie ]
* Flame retardant ] B Bostik marine 920 fast :
* Alumina trihydrate (hydroxide) [Al], K — 80'. I Loctite 39916 )
* Fillers and flame retardants 0. 40- ] L
* Limestone, dolomite, talc (Ca,Mg, Si) o 8 T T

* Catalysts
* K, Zn

Al B Ca KMgNa P S Si Zn

Analyte
Ag Be Cu Mg Pb Tl
Al Ca Fe Mn S U
As Cd K Na Se V
B Co Li Ni Si Zn
Ba Cr Mg P Sr

29 elements; ICP-OES elemental analysis

Macomber, C.S.; Christ, J.; Wang, H.; Pivovar, B.S.; Dinh, H.N. "Characterizing
Leachant Contaminants from Fuel Cell Assembly Aids, a Prelude to Effects on
Performance." ECS Transactions (50:2), 2013; pp. 603-618. ICP = inductive|y coup|ed p|asma

1. Manufacturer’s MSDS; 2. Lindholm, J., et al., J. Appl. Polym. Sci. 123(3): p. 1793-1800 (2011). OES = optical emission spectroscopy

NATIONAL RENEWABLE ENERGY LABORATORY 18



Anions Quantified by lon Chromatography [IC]

Observed species can be attributed to fillers and additives
40 — 40

B Epoxies
B PGDMAS 30

Bl Urethanes

B silicones 20
I PFAE/PTFEs

103 d

30-
20+

0

PPM
S

1

4

). 3

2

x L
0_. I'. v |

F-  Cl- Br- NO3-PO4-SO4-
Analyte | y

0

F- | ClI- | Br- |[NO; | PO, | SO,

Macomber, C.S.; Christ, J.; Wang, H.; Pivovar, B.S.; Dinh, H.N. "Characterizing Leachant
Contaminants from Fuel Cell Assembly Aids, a Prelude to Effects on Performance." ECS
Transactions (50:2), 2013; pp. 603-618.
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Organic Compounds ldentified via GCMS

Lubricant/ Grease PFAE/PTFE None

hydrolysis product of residual
monomer
hydrolysis product of a cyano
water scavenger

methyl benzenediamine

Adhesive/Seal Urethane 4- methyl benzenesulfoneamide

2-(2-ethoxyethoxy)-ethanol acetate
2-(2-ethoxyethoxy)-ethanol
benzyl alcohol
Adhesive/Seal Silicone 2-(2-ethoxyethoxy)-ethanol acetate
2-(2-ethoxyethoxy)-ethanol
benzyl alcohol

Residual solvent (added for
material flowability)

Adhesive/Seal Epoxy [p/o]-tert-butyl-phenol
Adhesive/Seal Acrylic Acrylate 2-methyl-2-hydroxyethyl ester, 2-propenoic acid
Lower molecular weight
Thread Lock/Seal PGDA polyethylene glycol dimethacrylate molecule derived from original

polymer

* Organic compounds come from polymer resins, additives, residual solvents, and by-products of
incomplete polymerization.
» The more expensive materials such as PFAE/PTFE are clean (no organics detected).

Macomber, C.S.; Christ, J.; Wang, H.; Pivovar, B.S.; Dinh, H.N. "Characterizing Leachant Contaminants from Fuel Cell Assembly Aids, a Prelude to Effects on Performance."
ECS Transactions (50:2), 2013; pp. 603-618.

PFAE/PTFE = Perfluoroalkylether/ polytetrafluoroethylene;
PGDA = Polyglycol Dimethacrylate GCMS = gas chromatography mass spectrometry

NATIONAL RENEWABLE ENERGY LABORATORY 20



In-situ infusion screening for impact on fuel cell

(=]

PFAE/PTFE example

30

10T0c1§ 10 eopm 25

o

Urethane example

Tgc - 1].';2802Ppm25

performance (at 0.2 A/cm?)

Epoxy example

5 qu - 11§95 elpm 25

0
0.9 — T T T 1.0 0.9 — T T 1.0 0.9 — T T T T 1 T T 10
_. Beginning of infusion I _ Beginning of infusion I _ Beginning of infusion
0.8 0.8 > 0.8
> ’ - J08 = } ‘ 108 S 7 i - 08
: 0.7 baseline ;\ ?’ 0.7 \ /.7r ] :l‘ ~07F — haseline J :‘\
B0 ——Krytox XHT SX ey S € g’o ' —— Bond-T 845 std £
S o6} i los Q0 .| M los © @osf —Bond{TB45thin | gg O
et — K rytox GPL 207 ? B Staftrecovery with DI water c' - G'
o - — o . =) —
S sk krytox XHT S g g 0.5 |=baseline T E g 05 o
Q Jo4 2 ) |=——23M 5200 std cure black Josa o @ 104 W
m .
qg 0.4 - T 2 0.4 3M 4000 fast cure white I 2 04 |- Start recovery with DI water I
1 [ *I
£ osl Jo2 & o3} {0z 03
>
0.2 0.2 ] 0.2
PR R IR S RPN | 0.0 1 1 1 1 L 0.0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (Hours) Time(Hours)

Material

Classification

by Result

clean Contaminates, Contaminates,

partially recovers

Does not recover

System contaminants can have an adverse effect on fuel cell performance, but the effect is complex.
Some contamination are recoverable while others are not.

Opu, M.S.; Ohashi, M.; Cho, H.S.; Macomber, C.S.; Dinh, H.N.; Van Zee, J.W. "Understanding the Effects of Contaminants from Balance of Plant Assembly Aids Materials on
PEMFCs-In Situ Studies." ECS Transactions (50:2), 2013; pp. 619-634.

21
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Performance Impact & Mitigation Strategy Remarks

Fuel Cell Performance Impact Considerations

 Contamination impact depends on operating conditions (current density, concentration, Pt
loading, RH interaction with Pt loading & concentration, temperature).

* Operating conditions (e.g., time, temperature) that cause more liquid/plastic contact need to
be considered in developing a fuel cell system

* Cost, resin type & additives need to be considered when selecting BOP plastic materials

Suggested mitigation strategies:
* Minimize extract solution concentration (low leaching index)

o

o

o

o

o

Minimize contact time of the plastic materials with water in the fuel cell system
Minimize exposure of plastic material to high temperature

Increase RH (water flush) or increase RH and potential cycling (ex-situ recovery)
Choose clean BOP materials (usually more expensive, resin type)

Modify commercial plastic materials to minimize contaminants (i.e., coating, less or alternative
additives)

* Add filter and/or consider other mitigation methods

NATIONAL RENEWABLE ENERGY LABORATORY
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Summary

* A relatively large material data base is now publicly
accessible & all of the information can be found in
one place

* Intended to help fuel cell industry select appropriate
BOP materials & in cost-benefit analyses.

* Help fuel cell developers and material suppliers
develop clean materials for fuel cell application

* Designed the web tool to be interactive, informative
& easy to use

* Will continue to improve the website, so feedback is
welcome

* Look for our publications for more in depth analysis
of the results

NATIONAL RENEWABLE ENERGY LABORATORY
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NREL Contacts
Website

http://www.nrel.gov/hydrogen/contaminants.html

Email: Huyen.dinh@nrel.gov

Golden, Colorado
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Question and Answer

* Please type your
guestion into the
guestion box

Fle View Help Ellﬁllif
(=] Audi

® Te a
O Mic & 9y -
Dial @ 1021
Access Code: 5 i@

Audio PIN: 24

If vou're H24# now.

[=] Questions

.: Enter a question for staff] / ‘

Send

Webinar Now
Webinar ID: 854-973-082

Golo\\Vebinar

hydrogenandfuelcells.energy.gov
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Thank You

David.Peterson@go.doe.gov

hydrogenandfuelcells.energy.gov
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