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high temperature polymer electrolyte membrane fuel cells (HT PEMFCs)
pyridine based aromatic polyethers for HT PEMFCs

side chain functionalized copolymers

cross-linking of aromatic polyethers: chemistry & properties

HT PEMFCs performance based on cross-linked membranes



HT PEMFCs

¢ High Ionic Conductivity
Membrane Requirements : , ci.ctrical Insulator
¢ Chemical & Oxidative Stability
¢ Mechanical & Thermal Integrity
¢ Low Gas Permeability

¢ Low Production Cost

HT vs LT PEMECs :

Kinetics of both electrode reactions are enhanced resulting in higher catalytic activity

CO tolerance of the catalyst is dramatically increased -
© 10-20 ppm at 80 °C

B NO NEED FOR
©1000 ppm at 130 °C HIGH PURITY H,
© 30000 ppm at 200 °C

—

The Complexity of the system is reduced

THE OVERALL PROCEDURE ) © No need for humidification of the feed gases

IS DRASTICALLY SIMPLIFIED © Simplified cooling system
O Effective heat recovery




HT PEMFCs

(PBI - Polybenzimidazole)

(- ] )
KT ] foro,
N n y

@ High thermal stability (Td=500°C)
@ High Tg(~440°C)
@ High ionic conductivity
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Qingfeng, L., Jensen, J. O., Savinell, R.F., Bjerrum, N. J. Progress in Polymer Science 34 (2009) p.p. 449-477




Aromatic Polyethers bearing Pyridine Groups

Route to Design and Synthesis of Novel Polymers

f- PO~ 600%
) |

Protonation sites —

e ey '\ Thermal, Chemical Stability

/

sl O HA A o=

O Monomer Preparation

O Polymerization via polycondensation
Structural O Characterization via H-NMR, GPC,

Characteristics * DMA, TGA, FT-iR, Tensile testing

O Selection of the best membranes for
MEA construction and testing

J. K. Kallitsis, M. Geormezi, S. Neophytides, Polymer International, 58, 1226—1233, (2009)



Copolymers of Aromatic Polyethers
Bearing Pyridine &/or Methyl Groups

d ) @% %‘ PPycoPSF

- @ & 0@2@H:%M§H0@ TMPySF

0]
« CHs
{ mo—< }l\:{ Hf C >—,,{ % 3-dPPycoSF
Diversity of the macromolecular structures High Oxidative Stability
Excellent Solubility Properties independent of MWs High & controllable doping ability in strong acids (H;PO,)
High MWs Polymers and copolymers High ionic conductivity of the doped membranes

Excellent Thermal & Mechanical properties

N.Gourdoupi, A.K. Andreopoulou, V. Deimede, J.K. Kallitsis Chem.Mater., 15, 5044, 2003
E.K. Pefkianakis, V. Deimede, M.K. Daletou, N. Gourdoupi, J.K. Kallitsis Macromol. Rapid Commun., 26, 1724, 2005
M. Geormezi, Ch. Chochos, N. Gourdoupi, J.K. Kallitsis, S. Neophytides Journal of Power Sources 196 (2011) 9382— 9390



- Advent Technologies

the TPS® approach

%OO—X O—Y—0—X

= Low Cost
* Large scale manufacturing
= Durable, stable

Advent TPS® High Temperature MEASs

Currently Advent develops fully integrated
HT-PEMEFC systems for electricity
generation, also combined with water
electrolysers, MeOH or LPG reformers

cQ)Advent

Membrane

Issued patents:
US 7,786,244 31/08/2010
UsS 7,842,733 30/11/2010
US 7,754,843 31/07/2010
EP 2,134,768 15/09/2010
US 7,842,734 30/11/2010
us 7,842,775 30/11/2010



| Available lifetime data-New generation
Advent TPS® MEA

Temperature: 180°C

Ambient pressure
Current density: 0.22 A/cm?

1.0 10 Feed : 71.3% H,, 2.1% CO, 26.6%CO, /air
. e ee W%, . 1 Anode: 1.3, Cathode: 2.2
05 ] 0.8
0.7 J Voltage > 1
> o.e-_-.__--.----__-.-""— f;'f’ﬂe—&“‘* - + e g U
Py 1 =
. O
g 051 S
S 04 Ambient pressure T 044
> ] : &)
0.3 Feed : H,/air
. Anode: 1.2
0.2+ 0.2
] Cathode: 2.0
0.1 1
0.0 — T T T T T T T T T T T T T T T T T T T T T T 0.0 T T T T T T T T T T
0 200 400 600 800 1000 12001400 1600 1800 2000 2200 2400 0 200 400 600 800 1000
Time, h Time, hrs

= Operation temperature: 150°C-200°C

= High carbon monoxide tolerance

= Long term stability with small voltage drop

= Endurance under differential pressure

= No need for humidified gases

= Zero degradation under cycling operating conditions
%Advent = Easier to mass production due to favorable membrane properties




Functional side groups

great versatility of the synthetic route

Sulfonated copolymers
= Q Q
{oo@g@}oo@g@%
y ‘ 1-x
SO3Na SOsNa
OO HOF ~OFO
NaO3;S

Phosphonate ester or phosphonic acid side groups

_ 0 PO(OE), o Jf@_c\_@d@p@i_{oéi%'%
- QOO FOH O OFOE T g

(Et0),0P

Weight / wt%

acid—base interactions between the pyridine
and the side phosphonic acid groups, with
no weight loss up to 550° C

200 300 400 500 600 700 800 900 1000
|. Kalamaras, M. K. Daletou, V. G. Gregoriou, J. K. Kallitsis, FUEL CELLS 11, 2011, No. 6, 921-931

Temperature / °C
K. Papadimitriou, A. Andreopoulou, J. Kallitsis, Journal of Polymer Science, Part A, 48, 2817-2827, (2010)



Functional side groups

great versatility of the synthetic route

Carboxylic acid side groups

b0 O OECH GOt 010)
—omw@d%@r@@}

COOH FTIR spectra:
no changes in the chemical structure

Before Fenton test
—— After Fenton test for 3 weeks

Absorbance

2400 2200 2000 1800 1600 1400 1200 1000 800
Wavenumber (cm’ )

C. Morfopoulou, K. Andreopoulou, J. Kallitsis, J. Polym Sci. Part A: Polym. Chem., 2011, 49, 4325.



Covalently Crosslinked Membranes

Increasing the fuel cells operation temperature above 180°C and even up to 220°C
offers several distinct advantages:

Increased conductivity of the H;PO, doped membranes at lower doping levels.

Increased tolerance of the catalytic layers to contaminants, most importantly CO and sulfur
species, due to their weaker chemisorption on the catalyst surface. Thus reformates of lower
purity can be adequately used as fuel, reducing the cost for H, purification.

Better heat management and heat utilization.

Efficient combination with other electrochemical devices e.g. a methanol or LPG reformers.

| /
v

Chemically Cross-linked PEMSs present superior stability

Increase in operating temperature
Increase in mechanical & chemical stability



Linear aromatic polyethers containing
side cross-linkable units

New diol monomers oo
Existing monomers

g A -
JO@YOO);@ —o- O,

\ Y : 0=P-Ph, SO,

pyridine and/or methyl bearing monomers

R = Crosslinking Sites

carboxylic units
double bonds
triple bonds

Characterization of the resulting crosllinked membranes :
thermal and mechanical analysis
evaluation of their phosphoric acid uptake
HT PEMFC performance.



Cross-linking through side carboxylic acids

BisTetrazole Route

socl,
(A)

COCI
(B)
DMF(d) NN
Py(c) — )=
reflux 3h N~
=N
O =N
v ~N
© =N

Excellent film integrity

1,3,4-Oxadiazole Bridges

Copolymer or Terpolymer

‘ Dihydrazide Route |

OS C NHNH,
o)

H,NHN

NMP/Py TDH
CaCl,
DPP
o)
NH
NH
o)
o)
NH
280°C NH
i o)
(©)

Good film integrity

=C. Morfopoulou, A.K. Andreopoulou, M.K.Daletou, S.G.Neophytides, J.K.Kallitsis Submitted 2012
=Andreopoulou, A.; Voege, A.; Paloukis, F.; Morfopoulou, C.; Papadimitriou, K.; Neophytides, S.; Kallitsis, J.; Daletou, M.; Kalamaras, J.

U.S. Pat. Appl. Publ. (2012), US 20120202129 A1 20120809.



Cross-linking through side carboxylic acids

Comparison of the two methods:
= through bistetrazole (BTT)
= through dihydrazide (TDH)

|
O
=
2|
O:n:0

0
OQO —8 X=55
X

1-x
COOH
100 4 i Sl LD PP Linear copol.x=55 Tg=240°C
1 - - --BTT 100%
90 4 100 { E-=]TDH 100% -
: ] , Tg=265C
T 80- 1
s —_ / N Tg=315°C
= 70- c roN
£ = TN
2 - ! *\:
60 ! !
2 60 = b
\ ]
504 [E==]Linear copol.x=55 10 - T !
- - —-TDH 50% cros I :er T‘I
-—cemme 0, 7 "“’ L} 2 wl X
40 - BTT 50% cros ] ’ M"""“Mw.'.q‘.“w""'*"‘" m:« '
| !
30 T T T 7 T J T T T T T T T T v T T T T | — T T T T T T
100 200 300 400 500 600 700 800 50 100 150 200 250 300 350 400
Temperature (°C) Temperature ('C)

C. Morfopoulou, A. Andreopoulou, M. Daletou, S. G. Neophytides, J. K. Kallitsis, SUBMITTED 2012



Cross-linking through side carboxylic acids

using bistetrazole (BTT) as the crosslinking agent x=70,y=20, z=10
COOH
@) @) @)
omo S o) o) S o@—o S
OO OF OO O$O07
X y z
I (Alcm?)

0.0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8

cell potential vs time @ 0.2A/cm? T
0,80 7] -
’ o | o | o 1 100% cross-linking
078 ] 200°C 210°C . 220°C 900 - normal flows
’ ] 1 1 1
0,76 - : : 800+
] 1 1
0,74 - | \ 700 |
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1 600 |
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7] 1 S
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1 1
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] \ : 100 -
0,62 - - ]
| : : 0 T T T T T T T T T T T T
060+ T T 0.0 0.5 1.0 15 2.0 2.5 3.0
0 50 100 150 200 250 300 350
Time, h I(A)
MEA active area 4 cm?
Feed: H, (A=1.2)/0, (A=2) Membrane 100% cross-linked
Doping 210 %
Thickness 175um

C. Morfopoulou, A. Andreopoulou, M. Daletou, S. G. Neophytides, J. K. Kallitsis, SUBMITTED 2012



Cross-linking through side double bonds
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Cross-linking through

Thermal Cross-linking bisazide H.PO, Cross-linking
/ / 0 \ through cationic
AT polymerization
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= K. D. Papadimitriou, F. Paloukis, S. G. Neophytides, J. K. Kallitsis, Macromolecules, 44 (12), 2011,pp 4942-4951

= |. Kalamaras, M.K.Daletou, S.G.Neophytides, J.K.Kallitsis J. Membr. Sci. 415-416, (2012), pp 42-50

= K. D. Papadimitriou, M. Geormezi, S. G. Neophytides, J. K. Kallitsis Submitted, 2012

= Andreopoulou, A.; Voege, A.; Paloukis, F.; Morfopoulou, C.; Papadimitriou, K.; Neophytides, S.; Kallitsis, J.; Daletou, M.;
Kalamaras, J. U.S. Pat. Appl. Publ. (2012), US 20120202129 A1 20120809.




Thermal Cross-linking of double bonds

. ¥ . PPy(x)T(y)STF(z)S(w)
X HO— — — ~OH + 1-x HO < OH+ 1-z F < S F+z F S F
& Copolymer Mn Mw I
NMP
kcoy PPy(100)STF(20)S(80) 12000 20000 1.7
ey "2:’ S, g“ Lo < o8 2.0 PPy(80)T(20)STF(20)S(80) 10000 18000 1.8
Pi Pa a b
| PPy(75)T(25)STF(20)S (80) 9000 14000 1.6
s . | ,o# g S PPy(75)T(25)STF(15)S(85) 13000 25000 1.9
DA RS0k 2 /N 0k At} PPy(60)T(40)STF(7.5)5(92.5) 13000 21000 1.6
7)™ t PPy(60)T(40)STF(10)S(90) 9000 14000 1.6
- f”s PPy(60)T(40)STF(15)S(85) 21000 36000 1.7
P 52,5, PPy(60)T(40)STF(20)S(80) 13000 22000 1.7
Pl e Pyridine diol = Py content
N . (x) =60-100
R fs 3,3’-bis(4-vinylbenzene)-4,4’-difluorodiphenyl sulfone =
S S, s STF content
) (z) = 7.5-20%
s & T 7 T 6 s < a = 3zppm

I. Kalamaras, M.K.Daletou, S.G.Neophytides, J.K.Kallitsis J. Membr. Sci. 415-416, (2012), pp 42-50



Thermal Cross-linking of double bonds

PPy(60)T(40)STF(15)S(85)

200
1000 after (-e-) thermal treatment
] - 150
1before (-m-) treatment
x 100 4 <
% ] 4 \- = 1005_ 340 4
0 -\ :l | After thermal procedure
\. I 320
\.\. . ]
L5
10 4 N 300 4
] .#././ |
- 207 120°C
J T J T y T T T ¥ T T T 0 ) 1 o 0 840C
50 100 150 200 250 300 350 . 260 4 T 26C |62C
Temperature,’C 2 ]
100 240 -
90 220 -
80 - After cross-linking 1 Before thermal procedure
] 200
70 -
< 60 180 - : : : : :
g ] 10 15 20
= 501 Styrene content (%)
2 40 Before cross-linking
= 30 -
20 -
10
0

T T T T T T T T T T T T T T i itai
100 200 300 400 500 600 700 800 I. Kalamaras, M.K.Daletou, S.G.Neophytides, J.K.Kallitsis
Temperature (°C) J. Membr. Sci. 415-416, (2012), pp 42-50




Thermal Cross-linking of double bonds

Cross-linked PPy(60)T(40)STF(15)S(85)
Doping level: 160% wt
Membrane thickness:110um

D.L =160%

1000 -} D.L =160% 8,0x10
900 -
800 + 7,5x107
700 - -
- ;
600 - P 2 |
> - ® 7,0x10
€ 500 - 2
~ 400 2
400 3 6,5x10°
(o] c
300 | ——220°C S
1 o 731 mV
200 - 200°C 714 mvV 6,0x10°
100 | ——180°C 700 mV .
0 T T T T T T T T T 5 5 10-2
0,0 0,2 0,4 0,6 0,8 99X T
) 160
I, Alcm

Feed: H, (A=1.2)/0, (A=2)

=|. Kalamaras, M.K.Daletou, S.G.Neophytides, J.K.Kallitsis J. Membr. Sci. 415-416, (2012), pp 42-50

T T T T T T T T T
170 180 190 200 210
Temperature (°C)

=Andreopoulou, A.; Voege, A.; Paloukis, F.; Morfopoulou, C.; Papadimitriou, K.; Neophytides, S.; Kallitsis, J.; Daletou, M.; Kalamaras, J.

U.S. Pat. Appl. Publ. (2012), US 20120202129 A1 20120809.
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_Cross-linking of double bonds
through a bisazide

CHj u o} 0

/ \ | 11 1
K,CO3

allyl groups DMSO propenyl groups
Toluene

A

1 H /O
OO OO 21O
St e O

a
C__
b
B %@@b}«f@@%
X —
*

O O
*
a

v High molecular weights
v Excellent film forming properties intact double bonds

d after polymerization

b \
b N fic-. N
s s 7 & s 4 3 T

K. D. Papadimitriou, F. Paloukis, S. G. Neophytides, J. K. Kallitsis, Macromolecules, 44 (12), 2011,pp 4942-4951



Cross-linking of double bonds
through a bisazide

Library of prepared Side Chain Unsaturated Aromatic Polyethers
bearing propenyl groups
(0]
FOn

OO0+l j}{ﬁ@

Copolymer BI

+m@@b} {f{»@m

Copolymer Bl

L O j}{f Lok

Copolymer C

L j} OOk

Terpolymer B

K. D. Papadimitriou, F. Paloukis, S. G. Neophytides, J. K. Kallitsis, Macromolecules, 44 (12), 2011,pp 4942-4951




Cross-linking of double bonds
through a bisazide

O
Crosslinking agent : N3 O \/ O Ns Bisazide

’

/
R
X R y

o) o)
0 CH, o) _
OO ON- OO+ OO
i | O CH3 i ) \_
/R

Cross-Linked Polymer

=K. D. Papadimitriou, F. Paloukis, S. G. Neophytides, J. K. Kallitsis, Macromolecules, 44 (12), 2011,pp 4942-4951
=Andreopoulou, A.; Voege, A.; Paloukis, F.; Morfopoulou, C.; Papadimitriou, K.; Neophytides, S.; Kallitsis, J.; Daletou, M.; Kalamaras, J.
U.S. Pat. Appl. Publ. (2012), US 20120202129 A1 20120809.



Cross-linking of double bonds
through a bisazide

Example of DMA curves between a
cross-linked membrane and its virgin

analogue Characteristic example of the doping

ability between a cross-linked membrane
and its virgin analogue

— Virgin Polymer CopBI_

1600 - — Cross-linked Polymer CopBIeCL 180
] - A
1400 230°C - 160 —m— Virgin Polymer CopBI_
] — S L 140 3001  —A—Cross-linked Polymer CopBI “*
1200 -
] - 120
m 250
’81000 - 290 °C I =
o ] -100 = .
< 8004 i T T 2004
Ll 1 -80 & S
600 - =
] - 60 5 150
400 I g
L 40 £
1 i § 100 -
200 L0
0 T T T T T T T T T T T T T T T 0 501
0 50 100 150 200 250 300 350 400 1
T (°C) 0-

T T T T T T T T
0 10 20 30 40 50
Doping time (h)

O High doping levels
O Higher doping ability of the cross-linked membranes
due to the formation of the aziridines and amines

K. D. Papadimitriou, F. Paloukis, S. G. Neophytides, J. K. Kallitsis, Macromolecules, 44 (12), 2011,pp 4942-4951



_Cross-linking of double bonds

through a bisazide

Electrochemical Characterization:

(- O-Gr-O-~O+Ok

I-V Curves and Long -Term Durability Test
of the Cross-linked with Bisazide TerpolB5Ct

1000 MEA active area 25 cm?
900 { Membrane B(Ile)
800 - Iy Doping 320 % wt
200 4 \'§¥\ Thickness 70-115um
g 600 - | \i$i§ — %
b \¥\- ; . <
£ 500- | —a S
> .
3 4004 —=—180°C 3
S ] o | 658 mv S
3004 —*=200 Oc | 673 mv
200 - 210°Cc | 682 mV
1 (0]
100]—v—215°C | 686 mV
0] 220°C | 689 mV
0,0 0,2 0,4 0,6 0,8

2
I, Alcm

N
2 ¢Hs ®
s W WS AUES WS
o) CHs 0
Yy — z

1.0

Feed: H,/Air normal flows

0.8

0.6 1

0.4 -

0.2 1

~ 550 h of stable performance

0.0

At U.2 AIGI®

T T T T T T T T T
100 200 300 400 500
Time (hr)

Andreopoulou, A.; Voege, A.; Paloukis, F.; Morfopoulou, C.; Papadimitriou, K.; Neophytides, S.; Kallitsis, J.; Daletou, M.; Kalamaras, J.

U.S. Pat. Appl. Publ. (2012), US 20120202129 A1 20120809.




H;PO, Cross-linking of double bonds

through a “cationic polymerization” like mechanism of repetitive
alkylation reactions

Initiation

o B o o
/_\ Propagation

Cross-Linked Polymer

=K. D. Papadimitriou, M. Geormezi, S. G. Neophytides, J. K. Kallitsis Submitted, 2012
=Andreopoulou, A.; Voege, A.; Paloukis, F.; Morfopoulou, C.; Papadimitriou, K.; Neophytides, S.; Kallitsis, J.; Daletou, M.; Kalamaras, J.
U.S. Pat. Appl. Publ. (2012), US 20120202129 A1 20120809.




H;PO, Cross-linking of double bonds

100 4 — TerpolB5 Cross-Linked in H3POy4 300
1800 4+—— TerpolB5 o '
—o— @ 100 °C ] < 215°C 550
. 0 1600
< 80+ —%— @120 °C ]
- 1400 -~
5 _ ] - 200
< 601 g 1200 - 278 °C =
= ~ | T
(=) fu 1000 -F150 &
c 4
> 40- 800 -
E 500 . - 100
[}
»n 20
4007 - L 50
N — 200 -
04 O —=0 8 J
— T T T T T/ T 7T 0 T T T T T T T T T T T T T 0
0O 1 2 3 4 5 6 20 25 30 35 40 45 50 40 80 120 160 200 240 280 320
Doping Time in H3PO, (h) T(%0)
Solubility dependence in DMAc after 6 hours DMA curves of the cross-linked in acid
at 60 °C versus the doping time in H;PO, and the virgin terpolymer

at different temperatures for the
cross-linked terpolymer

Andreopoulou, A.; Voege, A.; Paloukis, F.; Morfopoulou, C.; Papadimitriou, K.; Neophytides, S.; Kallitsis, J.; Daletou, M.; Kalamaras, J.
U.S. Pat. Appl. Publ. (2012), US 20120202129 A1 20120809.



H;PO, Cross-linking of double bonds

Electrochemical Characterization

I-V Curves
TerpolB5 o
—=—180 C
1000 . . o
900%_ TerpolB5 Cross-Linked in H3PO4 —e— 200 OC TerpoIBZ
1% 210 °C o
soo-'\_\ 2 o 1000 —=—180 °C
> 200 ] \'\0_'2 Alem —v—215 OC 900 ] TerpolB2 Cross-Linked in H3PO,4 |- — 200 °C
= 220 °C £ o]
o 600 - S 800 —EV\ 210 °C
g : 1 2 —v—215°C
S 500 - . ' *\, _ E 700 - '\\ 0.2 Alcm
[e) 1 ‘.‘ vy, (0]
> 400 ' 651 mV < 600 \'EZ\ 220 °C
— | o)) I\:\
o . 668 mV o A=~
O 300 - . < 500 ! ~° T—
! o 1 602 mV .\.\.\w
200 ! > 400 - ! — e
v 678 mV < ' 623 mV —
100 4 ! DL=350 wt.% © 300 - '
0 : : ; — 2001 | 649 mV
0,0 0,2 0,4 0,6 0,8 !
) 100 .
I, Alem 1 |
0 : : , _ |
. 0,0 0.2 0,4 DL=280 wt.%
Feed: H,/Air normal flows 2
I, Alcm

Andreopoulou, A.; Voege, A.; Paloukis, F.; Morfopoulou, C.; Papadimitriou, K.; Neophytides, S.; Kallitsis, J.; Daletou, M.; Kalamaras, J.
U.S. Pat. Appl. Publ. (2012), US 20120202129 A1 20120809.



Conclusions

v High Temperature Fuel Cell Operation offers certain advantages to Fuel Cell
Technology and expands the range of the current applications.

v" New copolymers bearing side crosslinkable carboxy or double bonds and
pyridine units were successfully Crosslinked providing membranes with higher
T4 values and phosphoric acid doping ability compared to the neat polymers.

4 Preliminary fuel cell tests in temperatures between 180-220°C showed very good
performances

4 Long term durability measurements showed stable performance for 550h at

T=210°C for the crosslinked terpolymers bearing double bonds.
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