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%é Agenda

ZBT and HT-PEM: Oportunities and challenges
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z Zentrum fur BrennstoffzellenTechnik GmbH:
T The fuel cell research center

The fuel cell research center :

m Research and development of fuel cells, hydrogen
and battery technology

m Focus on industry demand

m Independent service provider and R&D partner

(part of research organization JRF) te

m 90 full time employees + 20 students JRF

Infrastructure:
1200 m? laboratory
4 confidential laboratories with 220 m?

3 climatic chambers incl. vibration testing
First accredited testing laboratory for fuel cells
120 m? injection molding/compound laboratory

Prototype production line
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%é Examples of European Projects performed by ZBT

FP 6

m SAPHIR: Safe, integrated & controlled production of high tech multifunctional materials
and their recycling - FP6 (2006-2010)

FP 7

m LiquidPower - development of fuel cell systems and hydrogen supply for early markets
FP 7 JTI JU (2012-2015)

m |IRMFC - Development of a portable internal reforming Methanol high temperature PEM
Fuel Cell System
FP 7 JTI1 JU (2013-2016)

m Alkammonia - Ammonia-fueled alkaline fuel cells for remote power applications
FP 7 JTI JU (2013-2016)

m Power-UP - Demonstration of 750 kW, alkaline fuel cell system with heat capture
FP 7 JTI1 JU (2013-2016)

H2020

m Design of 2 Technologies & Applications to Service - D2Service
HORIZON2020 (2015-2018)

Eureka Eurostars

m HyRIS - Development of a combined Hydrogen and Power production system with High
Temperature PEM fuel cells - Eurostars Eureka (2010-2012)




ZBT R&D / service portfolio

membrane fuel cells / components

Bipolar plates

m Compound based

m For LT & HT PEM

- m Production & qualification

Gasket technologies
m ForLT & HT PEM
m Processing

m Qualification

MEA technologies

m optimization of catalysts,
membranes

m layer and coating development
m analytical tools

MMEA development

. m Silicon based micro fuel cell
m Micro structuring

m MEMS technologies

Flow analysis for Fuel Cells

m Flow measurements (in-situ,
ex-situ) in fuel cells

m Flow simulations (CFD) with
electrochemical coupling

\@ LT-PEM stacks
m Design / setup / qualification
m Portable / automotive

m Pressurized operation

m Long term / cycling testing

HT-PEM Stacks

| = Stack development
* m Cooling concepts
m Material qualification

DMFC stacks & systems
m Stack development
m Thermal management

m System design

m Stack & system testing

Automotive systems

m stack & system
design

m Operational
optimization

m Peripheral
components

Stationary systems

m system design

m Operational

: optimization

~ m Peripheral

components

(Climate) testing

m Testing of stacks,
components and
systems

Modelling and design
Functional requirements
CAE (CAD, CFD)

Stress, thermo mechanics
Mechanical cell verification
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History
HT PEM development at ZBT

Basics

single cell tests
Components
Stacks

Systems / Integration

.

MetallHydride Adsoption Chiller 3kW reformer coupling

2006 2008 2010 2012 2014 2016
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Goals and topics
HT PEM at ZBT

technical targets

higher operation temperature
(max 220°C)

long term stability of materials
reduced loss of phosphoric acid
iIncreased electrode stability
production cost optimization
peripherals

efficient cooling technologies

production methods / stack development
m injection moulding large scale BPP
m qualification of gaskets
m production FKM gaskets
m liquid cooling
= integration of pipes
= heat pipes
= vaporization

system / operation

m optimizing operation

m heat integration of reformer
m ageing

m air contaminants
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%é Agenda

Bipolar Plate Materials
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zZ
_E;é Materials for bipolar plates in HT PEM stacks

Requirements:

Good electrical and thermal conductivity

Mechanical stability at elevated temperatures towards compression forces
Supplying hydrogen and air

Homogeneously distribution of media

Separation of reaction gases - Gastight and low permeability coefficient
Long term stability against hydrothermal stress and chemical attack

ZBT has chosen to concentrate on carbon filled compound materials:
m Graphite ensures the required electrical and thermal conductivity
m Polymer matrix retains the process ability and secures gas tightness

m Conventional processing methods (extruding, compression moulding or injection
moulding) are possible

m Very good stability in low temperature stacks (up to 110 °C) proven

-> Identification of suitable thermoplastics
(amorphous or semi-crystalline) for higher temperature stability

© by ZBT - all rights reserved. Confidential — no passing on to third parties
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z Compound development
B . . . .
Té variation of polymer binder materials

Compound development:

m High performance thermoplastics (PEEK, PPS, LCP,...

m Mixing of different polymers (polymer blends)
m Use of modifiers

Hochtemperatur- 300°C
Kunststoffe
B
PEEK ‘
LCP, PPS
PES, PPSU | PTFE, PFA
PEI, PSU | ETFE, PCTFE
PC-HT | PVDF
Konstruktions- 150°C
Kunststoffe
PA 46, PA 6/6T
PET, PA 66
PET, PA &
POM
PMP
PA 11, PA12
Standard- 100°C
Kunststoffe —
PMMA
PS, ABS, SAN
amorph  teilkristallin Source: G.Schmid GmbH
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4 Compounds for bipolar plates

functions of fillers
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Graphite Polymer Binary compound
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%é Extrusion of highly filled materials

compound

twin screw extruder

A e e conductive fillers

degassing

IOOI}lmer l /\
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Z
_E;é Ex-Situ material characterization before in-cell-test

d ' °| -] i ¥

Bending strength (MPa)

Bending strain (%)

Ex-situ accelerated ageing (H3P04 ¢c=85% @ 180 °C) Mechanical testing

pressure force

| gas diffusion layer
© ©
R

Q R,
KI | ]
sample @ ©
gold coated needles
pole
pressure force J
Surface properties Electrical characterization Permeability testing
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Z
_E;é Compound development — variation of binder materials

Materials designed
= Mat.l PPS-1
= Mat.2 PEEK
= Mat.3 PEEK/PPS
= Mat.4 PPS-2
= Mat.5 PPS-3
= Mat.6 PPS/LCP
= Mat.7 PPS + Mod.1
= Mat.8 PPS + Mod.2
= Mat.9 Phenolic resin
= Mat.10 LCP
= Mat.11 LCP +1% CNT
= Mat.12 LCP +2% CNT
= Mat.13 LCP-2

Test specimen produced for different
ex-situ testing methods

- ®
i) e-®
Db R & N
’a,uvd ! ( ] ’ \ s:.

b

Laboratory kneader & Hot pressed plates &
produced compound milled specimen

Supported by: B
ZI M $ Federal Ministry
( for Economic Affairs

(EISENHUIH)

Zentrales and Energy
Innovationsprogramm
Mittelstand

on the basis of a decision
by the German Bundestag © by ZBT - all rights reserved. Confidential — no passing on to third parties



thermal conductivity [W/{mK)]

Z Compound development — variation of binder materials
T thermal conductivity

Mat.1 PPS-1
Mat.2 PEEK I Through-plane Al‘\
Mat.3 PEEK/PPS :

Mat.4 PPS-2 ) — )
Mat.5 PPS-3
Mat.6 PPS/LCP In-plane I

Mat.7 PPS + Mod.1 . .
Mat.8PPS +Mod.2 > Thermosetting plastic shows
Mat.9 Phenolicresin  petter thermal conductivity than

Mat.10 LCP thermoplastic materials at NETZSCH LFA 457 MicroFlash, DIN EN ISO 22007-4
Mat.11 LCP +1% CNT

Mat.12LcP +2% cNT  comparable filling grades
Mat.13 LCP-2
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4 Compound development — variation of binder materials
T chemical stability

Ex-situ accelerated ageing (H;P0, ¢ =85% @ 180 °C 1000 h / 3300h)

124 ? Voltage loss _20
Mat.1 PPS-1 5 10] i
Mat.2 PEEK N s . 2
2 ] [c2

Mat.3 PEEK/PPS d £ :

< o 204 8 £
Mat.4 PPS-2 8 s :
Mat.5 PPS-3 © 2 % . ]
Mat.6 PPSILCP ’ Graphite Phenolic resin PPS ’ Phenolic resin PPS
Mat.7 PPS + Mod.1 Content of PA in samples after Content of PA & voltage loss in bipolar plates
Mat.8 PPS + Mod.2 3300 h ex-situ test after 500 h single cell test

- PA uptake in Graphite >> Phenolic resin/Graphite >> PPS/Graphite

i/ als A
b‘ " -’

- Decomposition of LCP-compounds
after 1000 h © by ZBT - all rights reserved. Confidential — no passing on to third parties

Mat.9 Phenolic resin
Mat.10 LCP

Mat.11 LCP +1% CNT
Mat.12 LCP +2% CNT
Mat.13 LCP-2

NEXT/ENERGY

EWE-Forschungszentrum flr
Energietechnologie e.V.
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Compound development — variation of binder materials
contact angle

Mat.8: contact angle 140° OCA 20, DataPhysics Instruments

s

contact angle [°]

l
Volume 5l
Rate Tul/s
Medium water 8
-
Mat. 3: contact angle 95°
180 3
Ountreated specimen mmilled surface blasted surface
I unbehandelt
160 gefrast
I B oesandstrahit
140 I
120 ‘I» — — — c% 24
100 &
1 ] ] ] — O
E
80 1 — ] S | ®
49 s
13 %
4| | 27 28 2 317 26 L?
60 114 < 11
10 i1 10 &
40 1 — — — —
20 4 ] ] ] —
0 04
Mat. 1 Mat. 2 Mat. 3 Mat. 4 Mat. 5 Mat. 6 Mat. 7 Mat. 8 Mat.1 Mat.2
PPS-1 PEEK

- Differences in contact angle by surface treatment of plates
- Higher content of phosphoric acid in surface treated plates

NEXT|ENERGY

EWE-Forschungszentrum fur
Energietechnologie e.V.

| |

Mat.8
PPS+Mod.2

Mat.7
PPS+Mod.1

Mat.4
PPS-2
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Compound development — variation of binder materials
electrical conductivity

| sample

Mat.1 PPS-1

Mat.2 PEEK

Mat.3 PEEK/PPS
Mat.4 PPS-2

Mat.5 PPS-3

Mat.6 PPS/LCP
Mat.7 PPS + Mod.1
Mat.8 PPS + Mod.2

gold coated
pole

pressure force
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- good electrical conductivity with all PPS materials
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- Mat. 3 not optimal conditions at compression molding of
PEEK/PPS-blend samples
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é Insides
ZBT's HT PEM bipolar plates

Ensinger Se

L
TECACOMP® PPS HTE black 4101 - Compounds

materials
m injection moulding (Pellets)

. h Ot p re SSI n g (P OWd e r) Chemical Designation Main features . ) Targer Industries
PPS (Polyphenylensulfide) » for hot compression moulding » bipolar plates for fuel cells
Colour + high electrical conductivity + heat exchanger
black + high thermal conductivity
Density
2 glem?
e Fillers
Stabl | Ity graphite
Mechanical properties parameler value unit norm comment
- - - - Flexural strength 40 MPa DIN EN IS0 178
m Phosphoric acid uptake minimal (compared to e i o wes owaisors
(lexural test)
- Bending strain 01 % DINEN 150 178
Standard HT P EM plate materlals) Impact strength (Charpy) 13 kJim? DIN BN 150 179-1eU
Thermal properties parameler value unit norm comment
. . Senice temperature short term 280 °C
. PPS IS Chemlcal Iy Stable Senice temperature fong term 200-240 °C -
Specific heat 0.8 Hg'K) DIN EN 821
Thermal conductivity in-plane 85,8 Wi(K*m)  DINEN821
T Thermal conductivity through-plane 258 WK m ) DIN BN 821
m PPS — Compound is even more stable Tomal iy s 159 s onouaz
Thermal diffusivity in-plane 50,9 mm?/s DIN EN 521
. . ape Electrical properties parameler value unit norm comjnent
B Minimum 5.000 hrs Stab|||ty expected Speoi aecirca concucivly 142:10_Sm__oNeNsow
Volume resistivity £.04x10°  O'm DIN EN IS0 3915
Other properties parameter value unit norm comment
Water absorption 23°C/ 50 % relative <01 % DN EM IS0 62 (1) No ligting at UL (Yellow
humidity up to saturation Card).
Flammability (UL94) WO DiM IEC 60685-11-10; 1)
Bulk density 0,55 alem?® EN SO 60

Produced under license by Ensinger Compound

© by ZBT - all rights reserved. Confidential — no passing on to third parties
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%é Agenda

Bipolar Plate production methods

© by ZBT - all rights reserved. Confidential — no passing on to third parties
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éé Injection molding of HT plates
T PPS materials

Challenges with PPS:

m Small process window
m Higher absolute processing temp. = higher AT - more quick solidification

m Overheating PP - shorting molecule chains - lower viscosity

m Overheating PPS —>crosslinking = carbonizing

Approach to overcome the challenges with PPS:

m Reducing thermal conductivity by keeping the electrical conductivity at a high level
m Multi component compound containing fibers, carbon black and graphite

m Optimizing of IM-tool

m Thinking about new concepts

% oy K

R £ . 7
= Vil = TR ™ (3 e
ST, N N, - S

Multi component compound Optimizing of IM-tool
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é Injection molding of HT plates
process development

—WN

Testing series have been produced successfully — meanwhile a standard process at ZBT

- ALLIANZ
INDUSTRIE
FORSCHUNG, s euyses

hen Bundestages

16041N
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gé Injection molding of HT plates
T Isothermal process

Status 2012:

m Series injection molding of plates 50 cm? active area
successfully demonstrated

3.300 bar injection pressure
Cylinder temperature ~ 410 °C
|Isothermal mould

Central gate > 2 molds

Essential goals:

m Reducing injection pressure to < 2.500 bar (Standard
machines)

m Reducing processing temperature to < 360 °C (max.
temperature PPS)

m Increasing plate size

- ALLIANZ
r INDUSTRIE
FORSCHUNG.

aufgrund eines Beschlusses
nnnnnnnnnnnnnnnnnnn

© by ZBT - all rights reserved. Confidential — no passing on to third parties
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éé Injection molding of HT plates
T HT PEM Stack development — 163 cm? active

Design requirements
m ~2 kW goal
m ~ 250 mA/cm?
m ,Standard“ MEA size 163 cm?
m 2 plate concepts (3 Forms necessary):
= Both sides flow field (3 mm thick / wall 1,4 mm)
= Back side cooling (5 mm thick / wall 1,4 mm)
m 4 bipolar plates / 1 cooling plate
m Injection molding appropriate design
= Mold flow optimized
= Manifold holes optimized
= Ejector placement
= Central gate

L]
EETTTT A

N
-
o vy gy W S Y A W e W O I Y A e S, N A, ey A, W A\ Wi § @ [ |

Gefordert durch:

N ALLIANZ P—
L J [t
r INDUSTRIE und Tochnologie
FORSCHUNG.  ,umciessesnses
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éé Injection molding of HT plates

tool development for variothermal injection moulding

m Variothermal processing e

during injection: tool temperature ~ material temperature 5 / \ [ e Enormingsiemperat
£ 8¢ — 8, Massetemperatur
Cooling down for demolding i th | t tz Zykiuszer
Soldification of the melt is delayed : e
. Zeit t K dhizel
Longer flow paths possible avidischer Verlauf
Reduced injeCtion pressure Johannaber, F.; Michaeli, W.: Handbuch
o _ _ _ Spritzgiefsen. 2. Aufl. Minchen: Carl Hanser

Optimized mold heating is essential Verlag, 2004

Higher cycle times due to mold heating & cooling cycle and slower injection

m Mold tempering possible by

Induction

Resistance heating (plates / heat cartridges)
Infrared

Liquid media (water, steam, oil)

erstarrte Randschicht erstarrte Randschicht

kalte Werkzeugwand 9,

kalte Werkzeugwand 98, 9,< o

-~ ~ 3
chmelze mit Quelifluss 9, Schmelze mit Quellfluss

kalte Werkzeugwand

heiBe Werkzeugwand 9, 9,~ 9.

Mikrostrukturen Mikrostrukturen

Walther, T.: Gerdte- und Verfahrenstechnik zur induktiven Werkzeugtemperierung beim
MikrospritzgiefSen. Dissertation Universitat Stuttgart, 2003
© by ZBT - all rights reserved. Confidential — no passing on to third parties 26



éé Injection molding of HT plates
T realised tool

m Oil tempered tool
m White part of design is T-cycled

m Plate design had to be adapted to
tool construction

- Bipolar plate 163 cm? active area

-
ALLIANZ Gefordertdurch:
INDUSTRIE
FORSCHUNG, ..
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éé Injection molding of HT plates

results 163 cm?

m Cycling time 1 ... 10 min

Variothermal injection molding
demonstrated

Process challenging, small processing
window

Hair cracks might occur due to
variothermal process

- ALLIANZ o smiissn
INDUSTRIE ~ |woiedwe
FORSCHUNG, ., qumcne

eeeeeeeeeeeeeeeeeeeeee

] |H\ ‘11 [ “u

|IH|' i w* x“f'HW
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Zé Injection molding of HT plates

B
T Summary

m Series injection molding is possible using HT-PPS
Compound

m Variothermal processes allow

= reduction of pressure & temperature

= |ncrease of plate size
m QOil variothermal processes too slow for mass production
m Option induction tempering under evaluation

N ALLIANZ ] e
r INDUSTRIE
FORSCHUNG,  iguisnemsonss

Gefordert durch:

Bundesministerium
fir Wirt
und Technologie

© by ZBT - all rights reserved. Confidential — no passing on to third parties
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%é Agenda

Gaskets

© by ZBT - all rights reserved. Confidential — no passing on to third parties
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z Gaskets for HT PEM
T technical requirements

m To seal media areas (also at pressurized operation)
(Gases: H,, Air, Steam
Liquids: Dest. Water / Water-glycol / oil)

m Minimal permeation against H,
m Temperature stability (LT 80°C / HT 160-220°C)

m Chemical stability (pH 1-4 diluted sulfuric acid (LT) /
phosphoric acid (HT))

m Chemical purity (catalyst damage!)
m Electrical isolation
m Low thickness tolerances (e.g. 0,2/ 0,4 mm £20 um)

© by ZBT - all rights reserved. Confidential — no passing on to third parties
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1

HT PEM fuel cell components
gasket qualification

Immersion test
REM/EDX

3D geometry scan
Force-deflection testing
Leakage / permeation
In-situ long term testing

‘ -~ s~ J
AAbasnanny

51
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z HT PEM fuel cell components
T gasket processing

Technical options

Sheet materials (punching, cutting, laser cutting)
Injection molded seals (loose / external partners)
Dispensing (on plate)

Injection molding (on plate / with external partners)
(Screen printing on plate)

bonding

- (1
© by ZBT - all rights reserved. Confidential — no passing on to third parties

33



Z ZBT stack development:
T ZBT's sealing solutions for graphitic and metallic bipolar plates

m Material design depending on J,'
= plate and gasket geometries { T

= Qperation |
Materials: Silicone based, FKM and customer specific
Automated sealing application

High design flexibility

Homogenous sealing height also for complex geometries
Profiled sealing contours

High yield

Short development times

No tooling cost

Process is scalable from small prototype production
to series production

© by ZBT - all rights reserved. Confidential — no passing on to third parties 34



%é Dispensing of FKM material for HT-PEM applications

Sealing while dispensing

Sealing after dispensing Sealing after curing

m Properties:
= Suitable mixture determined
= Material dissolves completely
= Material can be dispensed

= No air bubbles while dispensing and
curing

Seal contours don’t melt into each other
Good adhesion on the graphite BPP
Target height of 400 ym reached

Curing time reduced to 1,5 h

© by ZBT - all rights reserved. Confidential — no passing on to third parties 35
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%é Characterisation of dispensed FKM sealings

&8

Optical measurement of heights:

2600 [T

- ila 1 B s //1 :

e ae m e | &

BB e Tt st
s

e

69 138

—> equal height over the complete surface

0

Leakage and mark test:

—> technical tight at 600 mbar gauge (with GDL)
- homogenous marks over the whole surface

© by ZBT - all rights reserved. Confidential — no passing on to third parties
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z Gaskets for HT PEM
T Option: two-component injection molding

Technical concept

m First step:
Injection molded inlay mainly for active area
(highly conductive compound)

m Second step:
Injection molded outlay (gasket material)
for manifolds, mechanical stability and sealing

m Already successfully demonstrated for
low temperature PEM

= Easy assembly

= Good long term stability

= (Good isolation of cooling media and gases / membrane
= Challenging CVM

© by ZBT - all rights reserved. Confidential — no passing on to third parties
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z Gaskets for HT PEM
T Option: two-component injection molding

Various Gasket Materials evaluated
m Chemical stability
m Processablity (IM)

Processability
m Mechanical link essential

m Most of the materials are possible to
be used

m Precise design & production are
essential

Supported by:

/ ZIM AR | ot sy
for Economic Affairs
( Zentrales and Energy

Innovationsprogramm
Mittelstand

on the basis of a decision
by the German Bundestag

(EISENHUTH)

’Km TU Clausthal

© by ZBT - all rights reserved. Confidential — no passing on to third parties
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%é Agenda

Stacks

© by ZBT - all rights reserved. Confidential — no passing on to third parties
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Development of HT-PEM Stacks
air cooled / liquid cooled

Stack-Technology

m Compound-Bipolar plates, milled (ZBT)
m hydrogen and reformate operation
Stack air cooled

m <0,5 kW, nominal load (various MEA)
m < 36 cells / 50 cm? active

m Air cooled / fin technology

Stack liquid cooled

m 163 cm? active

m Liquid cooling / integrated pipes

m Final stack under development

/f;x | 7‘:\1“.

© by ZBT - all rights reserved. Confidential — no passing on to third parties
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T

Development of HT-PEM Stacks
CHP applications

Stack-Technology

m Compound-Bipolar plates, milled (ZBT)

m liquid cooling

m hydrogen and reformate operation

Stack 2012

m 1,2 kW, nominal load (Advent MEA)

m 24 active cells and 8 cooling plates / 300 cm? active
m liquid cooling (standard cooling liquid)

Stack 2010

m 3 kW, nominal load @ 85 A (BASF Celtec P)

m 65 active cells and 65 cooling cells / 200 cm? active
m liquid cooling (Solvay Galden® HT230)

. - ————— ———
R, 3
e e, : Gelordertdurch
E - ALLIANZ _—
INDUSTRIE "
l FORSCHUNGH .. ocncscconec

© by ZBT - all rights reserved. Confidential — no passing on to third parties
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T

Development of HT-PEM Stacks
IRMFC = Internal Reforming Methanol Fuel Cell

Fuel: methanol and water &)

Oxidant: air

au
des Deutschen Bundestages

Basic technology: High Temperature Polymer Electrolyte Membrane Fuel L

Cell (HT-PEMFC) Ar .
Compartment as evaporator with superheater for methanol-water mixture 17115N
Compartment as methanol steam reformer

Thermal insulation of complete stack

Operation temperature at > 200 °C
Atmospheric pressure

Reformer

Ano;e\
Cathode

Evaporator

© by ZBT - all rights reserved. Confidential — no passing on to third parties
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m Conclusion

© by ZBT - all rights reserved. Confidential — no passing on to third parties
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Z ZBT —the fuel cell research center
T R&D partner for HT PEM

Challenges in HT PEM

m Material stability in special environment

m Phosphoric acid uptake is crucial

m Higher operating temperatures being investigated
m Cooling technologies

Solutions

Materials for bipolar plates & gaskets
Processing of bipolar plates and gaskets
Qualification of bipolar plates and gaskets
Cell & stack concepts

Long term operation

Ex-Situ and in-situ testing

© by ZBT - all rights reserved. Confidential — no passing on to third parties
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_éré Zentrum fur BrennstoffzellenTechnik GmbH

Thank you for your attention!

Contact:

Dr. Peter Beckhaus
p.beckhaus@zbt-duisburg.de
+49-203-7598-3020

www.zbt-duisburg.de

Most of the work has been
supported by German ministry of
economics in different projects

Supported by:

% Federal Ministry
for Economic Affairs

and Energy

on the basis of a decision
by the German Bundestag
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