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PFSA ionomers

Examples of ionomers currently being synthesized

What are the distinguishing features of PFSA ionomers ?

Intrinsic advantage of the PFSA technology

PFSA structures available on the market
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PFSA ionomers

Different options of proton conductive membranes:
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PFSA ionomers

Why are PFSA ionomers preferable ?
1 — Intrinsical chemical stability

Perfluorinated
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The C-F bond is the strongest bond.

The effect induced by higher fluorine
substitution results in C-F bond
strenght increase
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The strenght of the C-C bond is
also influenced by the fluorine
substitution
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PFSA ionomers

Why are PFSA ionomers preferable ?

2 — superior sulfonic acid strenght

OH-SO,H -3 (1)
Sulfuric acid

pHS‘Q“ SO3H -2.8
p-Toluensulfonic acid

F-SO,H 85
Fluorosulfonic acid

CF,-SO,H -15

Triflic acid \

"similar " to PFSA

" similar " to poly-styrene sulf. acid
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Superior activity of Nafion as "acid catalyst” observed

Journal of Molecular Catalysis A: Chemical 267 (2007) 72-78
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PFSA ionomers

Why are PFSA ionomers preferable ? E.D. Ereuer/ Journal of Membrane Science 185 (2001) 29-39
3 _ ionic cluster nanostructure NAFION sulfonated polyitherkelone (PEEKK)

-(CF,-CF;),-CF-CF- o
0-(CF,-CF-0},-CF,-CF,-SO,H @ © @ /@
| (o} SO;H

PFSA structures * gives ‘flatter’
conductivity curve decreasing RH
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PFSA ionomers ..

Available (or described) PFSA:

'—‘{'GFEGFQHEFE?FIT' Nafion®: m=1 n=1 x=5-13.5
Flemion®: m=0,1 n=1-5 x=?
OCF,CF GFE‘]—CFI—ED;:,H ’
[ | -IEO_{. " Aciplex®: m=0,3 n=2-5, x=1,5-14
CFs Aquivion®: m=0 n=1 x=3-7
——————————————————————————————————— > From LSC to
~CF~(CF, g5 ---CF(CF, ), —-CF(CF, ), ---CF-(CF, )¢~ SSC
I | | ionomers...
j <.> ? j
CF, CF, CF, CF
o CF, CF, CF,
o CF, (I-:Fz |
(|: i CF, SOH SO,H
(I:Fz SO;H Aquivion 870 g/eq
SO,H This “slight” difference...
Nafion 1100 g/eq ... allows higher crystallinity and/or conductivity

... allows higher working temperatures (> Tg)
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Aquivion® general features

Short side chain structure advantages in terms of:

crystallinity

ionic conductivity

and glass transition temperature
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Aquivion® general features
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Models of Aquivion and Nafion with similar EW:

Different crystallizable portion with same EW @
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Models of Aquivion and Nafion
with similar crystallinity:
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Gives increase of EW without increase
of crystallinity

Nafion data: Tant et al., ACS Symp. Ser. 395 (1989), 370
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Intensity (a.u.)

Intensity (a.u.)

Aquivion® general features

SAXS scan temperature resolved:
Increasing T the ionomer peak disappears (water evaporation) while the matrix peak increases
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PFSA degradation mechanisms

Degradation mechanism described in the literature

Fenton test, is it a good simulation of fuel cell environment?

Role of H,0, and radicals / kinetic models

Role of gas crossover in membrane degradation
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PFSA degradation mechanisms

Unzipping Reaction (Curtin, 2004)
CF—CF;]?[—CF—?F—];. </

Rf-CF,COOH + «OH — Rf-CF, « + CO, + H,O

Secondary carbon (vic. O,)

Rf-CF, « + *OH — Rf-CF,OH — Rf-COF + HF

OHe + R-CF,-O-R, ?Fz Rf-COF + H,0 — Rf-COOH + HF
] FC—CF
R-CF-O-R, |
o l (l) Sulfonic group  R-CF,-CF,SO, + Fe(lll)

GF-
R-CF-O-R; CF
”

-HFl

Rf-g-o-ﬁf
H ol
R-C-OH + HO-R;
b -HF
—,
Tertiary carbons —

SOLVAY SPECIALTY POLYMERS

. 13
More Products with More Performance™

l

R-CF,-CF,SO; + Fe(ll)

l

R-CF,-CF; + SO,

J. ECS Trans. 2007, 11, 1083

J. Electrochem. Soc. 2011, 158, B175
Macromolecules 2007, 40, 8695-8707

J. Phys. Chem. B 2005, 109, 7664-7670
S. Macromolecules 2010, 43, 3352-3358
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PFSA degradation mechanisms

There is common agreement on the prevalence of ‘end groups’ driven degradation (unzipping).

L

FENTON test emission related to END GROUPS

'S

*

SSC ionomer
low Mw

G

Commercial

Aquivion® \

N

Fluoride ions emission [mg F-g]

5 1 " SSCionomer
Experimental high Mw
graces
1 ;
SSC ionomer Commercial
. o |Sversion = Aquivion® S-grade

40% 60% 80%

100% 120% 140% 160% 180% 200%

RELATIVE END GROUPS CONCENTRATION [%]

In Fenton test environment (water, -OH radicals, presence of Fe"t ions) when end groups concentration
is very low, degradation (measured by HF release) is close to zero in Aquivion structure.
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PFSA degradation mechanisms

Both in case of stabilized and unstabilized (containing —COOH end groups) membranes, contact with
H,0O, is not sufficient to initiate degradation. Radical species are necessary.

100 - -— e ~ "
;\? 80 -
S
o>
o |
g 60
S
< 40
S —+— Standard membrane
[ = Stabilized membrane
=20
i.% Unstabilized hydrogen peroxide solution (50% m/m)
0 w ‘ ‘ ‘
0 5 10 15 20 25

Time (days)

Key questions that scientific community is trying to answer are:
- where are the radicals coming from ?
- which kind of radicals are formed?

- Are other improvements necessary to chemically stabilized PFSA membranes?
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PFSA degradation mechanisms

Journal of The Electrochemical Society, 159 (2) B211-B218 (2012)

Reaction

Rate constant

unit

HO* + RfCF>,COOH — products
HO® + PSSA* — products

HyO» — 2 HO®

HO® + H02 — HOO* + H20
HOO* + H,O; — HO* + H,O 4+ Oy
HO® + Hy — H® + H,0

H* «+ (O — HOO®

2 HOO® — Hy0, + Oy

Fe’t + H,0, + HT — Fe't + HO®* + H,0
10 Felt + HO* + HY — Fe’* + H;0

1 Felt + HOO® + H — Fe’t + HoOy
12 Fe't + HOO® — Fet + 0, + HT
13 Fe't + Ha0; — Fe?t + HOO®* + HT
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Decomposition of H,0, is negligible in absence of Fenton metals

...but presence of 1 ppm of Fe ions causes dramatic increment of :OH generation
Decomposition of «OH even in presence of Fe has comparable rate with polymer attack —

Generation of <H is resonable in presence of hydrogen
...but -H is fastly decomposed in presence of oxygen

+OOH is generally considered less aggressive than -OH and -H
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PFSA degradation mechanisms

Trying to schematized the fuel cell environment...

ANODE Abundant H,

Abundant O, CATHODE

O,+ 2H*+ 26 — H,O, (two electrons oxygen

H202 « H2 + 02 = - - - P — l redUCtion)
2 .OH
2 .OH + Hy, (:H)x H,0 oy cn=-> *OH+H, —H0+H

-H + 0, — -OOH
OVer  .OH + H,0, —* H,0

H,O, can be generated of cathode side by electrochemical reaction
and on anode side as a consequence of oxygen crossover

Traces of metals (but also Pt catalyst surface!) can promote -OH generation

*OH can evolve faster to ‘H on anode side (then decomposed to :OOH in presence of O2 crossover)

«OH can evolve to ‘H on cathode side (for H2 CO) but then fastly converted to -OOH,
or, more probably, react with H,0, to form -OOH

SOLVAY SPECIALTY POLYMERS
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PFSA degradation mechanisms

Is gas crossover really a relevant factor for chemical degradation?

1,2

Electrochemical Hydrogen crossover measure

250

o
w

N
o
o

Voltage [V]
o
a3

\

—_
o
o

i — low gas crossover -
<// — high gas crossover

0 T T T T T 0 T T T T .
0 0,2 0,4 0,6 0,8 1 1,2

e

Cell crossover current (mA)

5

S
o
[pS]

0 50 100 150 200 250 300 350
Time [hours]

Hydrogen pressure (barA)

Two similar membranes (same thickness and chemistry, but largely different permeability) evidenced
fairly different OCV (dry) durability.

This sounds like an important influence of gas crossover contribution to radical generation (+H on
anode side according to the previously described scheme)
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Different behavior in different operating conditions

High humidity level of gas reactants, a good environment for

stabilized PFSA membranes

Dry gas OCV test, what is really happening?

Humidity cycles, when durability is linked with mechanical

stability
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Different behavior in different operating conditions

Different operating conditions evidences different degradation mechanisms.

Example 1: full humidification operating conditions

Prot 00297-25 (ES7-05S & LT250EW)
20 cm? (with edge protection)
75°C - 100% humidification -0.6 V constant

o

=
et
i
=

[} [}
[ax] [ax]
P
P
=

B

b=

Current Density [Alecm?]

o
e

_lD
[}

[}
[}
)

T T T
5000 10000 15000 20000 25000

Time [hours]

After 20000 h operation the performance loss is
apparently concentrated in the the GDL, the
membrane is substantially not degraded.

SOLVAY SPECIALTY POLYMERS
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Polarisation curves prot 297-25 (EB7-055 & LT250EW)
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—— cathode side hour 20000
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Different behavior in different operating conditions

Different operating conditions evidences different degradation mechanisms.
Example 1: full humidification operating conditions

Polarisation curves prot 297-25 (EB7-055 & LT250EW)
20 cm? (with edge protection)
75°C - 100% humidification - 0.6 V constant

Prot 00297-25 (EB7-05S & LT250EW) 1,0
20 cm? (with edge protection)
75°C - 100% humidification - 0.6 V constant 08
20
2
1.8 g 08
S
16 g
= = 04 - =
D
£ 14 a
<, i X —+—Hour0
_E' 1 '2 0,2 4| —+— 20000 h after 1 hour with dry reactants
g 10 420000 h inverted anodelcathode configuration
O
—— hour 20000
3 il
£ 08 i T i 00 I I ‘
g i ] 0,0 0.4 08 1,2 16
3 DG Current Density (Alcm?)
04
—Base Intensity
0 .2 — Base2 Intensity
oo T T . —©-20000h test Intensity
] 5000 10000 15000 20000 25000

Time [hours]

Intensity (A.U.)

After 20000 h operation the performance loss is
apparently concentrated in the the GDL, the
membrane is substantially not degraded.

Raman confirmed unchanged -SO3H content Raman S (em-1) DECODE project g
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Different behavior in different operating conditions

Example 1: full humidification operating conditions

ET79-03 membrane OCV test: 70°C - 100% RH

1,00

0,90 1

|

=
um]
]

\

Veoltage [V] @OC
=
-
=

=
)]
[}

STABILIZED
VERSION

=
n
=
[y
|
]

H2 crossover [mAlem2]

040 . T

0 100 200

300

400

Time [hours]

500

ga0

700

800

Relevant durability difference (in OCV) between standard and chemically stabilized polymers
= unzipping reaction is the dominant degradation mechanism

SOLVAY SPECIALTY POLYMERS

More Products with More Performance™

22

© 2012 Solvay Specialty Polymers



Different behavior in different operating conditions
Example 2: OCV with dry (30% RH) reactants
RAMAN spectroscopy evidences at end of life

loss of —-SO3H groups concentrated in the middle
of the membrane

500 < :
Raman intensity

Distance (micrometers)

500
o500 2000
%3500 %% Raman shift (cm-1)
1.2

/ Peak height ratio backbone/backbone
«: = NO DEGRADATION

1,1 4

CATHODE

0.9 - u.32§

0.8 Z
g 07
% 0.6 =
8 - § e Peak height ratio -SO;H/backbone
- 0,5 - u:m—z — SO3H LOSS

04 1 el

0,3 .. LLi

Aquivion E87-10 (mn
0,2 1
membrane
0.1 1 z ’ : ‘ leleﬂna;mancorp. ; I :
0 . . . . . . . | <
0 50 100 150 200 250 300 350 400
Time [hours]
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Different behavior in different operating conditions

Example 2: OCV with partially dry reactants

Open Circuit Voltage tests
pure Oxygen, 90°C, 30% reactants humidification

1,2

0,8

0,6

Voltage [V]

0,4 Chemically stabilized !

0,2 —_ E87-05 — E87-05S

0 T T T T T T

0 50 100 150 200 250 300 350
Time [hours]

In this operating conditions the difference between standard and chemically stabilized
ionomers (-COOH free) is not relevant

= degradation mechanism is NOT the unzipping reaction
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Voltage [V]

Different behavior in different operating conditions

Example 2: OCV with partially dry reactants

Open Circuit Voltage tests
pure Oxygen, 90°C, 30% reactants humidification

1.2 Journal of The Electrochemical Society, 159 (2) B211-B218 (2012)
Rate constant
1 Reaction M~ 151
Mn?t + HO®* + HT — Mn** + H,0 3-107
Mn** + HOO®* — MnO,t + H 1.8-10°
MnO;* + HY — Mn*" + HOO* 2.1-107
MnO;* + HOO®* — Mn** + H20; + Oz 107
Mn*t 4+ H® — MnT + HT 2108
Mnt 4+ 0y — MnO,™ 6-10°
Mn*t + HOO®* — Mn?t + 0 + HY <10°
0,4 Mn** + H;05 — MnO; T + 2 HT 3.10°
0.2 E79-03S — E79-03S + MnO2
O T T T T
0 100 200 300 400 500

Time [hours]

Presence of ‘chemical scavenger’ is relevant for lifetime increase in these operating conditions
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Different behavior in different operating conditions

Example 3: current cycles causing humidification/drying

CellT:80° C gas pressure: 1.5 BarAbs v
NE 06
% 05
E 0,41
H,: 40% humid, 1.5 stoich 5 o5
Air: 60% humid, 1.8 stoich /
Current regulated like 1 minutes cycles o 12 s 4 s s 7
minutes (1 cycle per minute)
EXP REINF membrane with GDE no edge protection
Cyclic test 130-A37 (E79-03S with GDE, no egde protection)
1 Voltage at 0.12 Afcm? 1 Voltage at0,12 Alcm2
0,9
0,8 - 'L__._
N
_ o7
=
o 0.6
> 8
£ g e
2 = 04 N
5 O
[5) 0.3
Voltage at 0,6 Alem2
0,2
0,1
! 0 . . . 2250 h
-0.4 0 500 1000 1500 isjulu) 2500

Hours of Test (60 cycles per hour) Haours of test { B0 cicles per Hour)

In absence of edge protection, the presence of a mechanical reinforcement extends dramatically the
membrane lifetime

SOLVAY SPECIALTY POLYMERS
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Different behavior in different operating conditions

Example 3: current cycles causing humidification/drying

—Base1 Intensity

— Base2 Intensity

—o—cyclic test intensity

Intensity (A.U.)

Raman Shift (cmA-1) DECODE project data

The membrane aged with humidification cycles shows an internal Pt band, some thinning that caused
holes and a general reduction of -SO3H group signal

DECODE FP 7t Project data
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Aquivion® short side chain structure effects

Advantage of not-branched side chain

Evidence of higher stability in certain operating conditions

SOLVAY SPECIALTY POLYMERS
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Aquivion® short side chain structure effects

Minor difference in side chain structure may constitute a difference in chemical stability

---CF-(CF2 )6,5--- ...(_‘iF.(CF2 )6...
- -T~
~
A S 0

/ | \ |
] \ CF FENTON test emission related to END GROUPS

CF I 2
' 2 / CF, s 2
N C F'C F3 / Fluoride Emission vs. Endgroup Count I _ :;1"::“’"’"

Seko--7 " SO,H i,
o) & : ] g Commercial
I 2 7] 5, Aquivion®
é &l @ \
& 39 E

CF2 E 4 E 5 1 . SSC ionomer

C F g : 2 Experimental high Mw

I 2 = 2/ Advanced Stabilization Technology :§ grades

| o 1+
0 ; : . ‘ ‘ 2 [SSC ionomer | Commercial
0 2 4 6 8 10 12 w i —_— o
SO3H Normalized End-group Count o ¥¢ ¢ |S version Aquwlon® S-grade

B. Choudhury - ISHE - Nov. 1215, 2007 0%  20% 40% 60% 80% 100% 120% 140% 160% 180%  200%

RELATIVE END GROUPS CONCENTRATION [%]

The presence of non-zero intercept of Nafion (branched) structures in Fenton test studies seems
to indicate that the side chain is more subject to -OH radicals attack.

Anyway, the existence of different radical species in fuel cell environment is probable and the
equation: NO end groups = NO degradation can be only partially correct.

SOLVAY SPECIALTY POLYMERS .
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Aquivion® short side chain structure effects

Different studies on model compounds turned to results with difficult interpretation:

~’—o|~CFZ—CF2—soJH
CHl,

CF3—CF;—0¢*

CF;—CF,~—0~+CF,—CF
MC7 CFg—CF2‘|>O‘}~CF;—CFZ—CFZ—CFZ—SO;H S 3 2‘1““ A

!« O—CF;—CF;—CF,—CF,—SO0,H |

" Abundant

*CF,—CF,—CF,—CF>;—S03H

Model Compound F~Release Relative
(% of total F
in MC) Release
> | 30 iDNOMET: 0.01 (0.1) 1.5(14)
[(CF 2CF2)(CF,CF(R, ))]
Mafion ionomer: 0.03 {0.25) 4.3(37)
= | [(CF2CF2z){CF2CF{Rz))]
CO,HCF|CF4)OCsF5 0.08 11
CO,HCF[CF4)0CFaS50.H 0.28 40
CrF4gCO2H 0.02 28
CyFaS0sH 0.008 1.1
CgFqsH 0.007 1
CoFs0CAFgS0sH 0.002 0.3
CsFgOCoF4(CF4)0C,F 805H 0.001 0.15

R: = OC.FsS0:H
R = DCF5CF|CF,)0C.F,S0:H

chain

Numbers in paranthesis based on sde chain only

Evidence of some advantage of the
non-branched structure of the side

CF;—CF,

CFs
T Nbundane
CFy—CFy—O0—CFy—CF—O-
CF,

«O—CF,—CF—@—CF,—CF,—SO0:H

0—CF,—CF,—S0;H

+ 0—CF,—CF,—S0;H

« CF—CF,—S0:H

I

Collection of radicals species evidences that the
weakest ether bond is the closest to tertiary carbon

(but the model compound does not have the 'other’

tertiary carbon...)

DOE, Cooperative Agreements Nos. DE-FC36-03GO13098 and DE-FG36-07G017006
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Aquivion® short side chain structure effects

Otherwise, studies exist that gives indication of a clear advantage of the short side chain structure:

Macromolecules, 2010, 43 (7), pp 3352-3358

1.24| = Nafion
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Conclusions

* PFSA polymers are preferable in terms of performance and chemical resistance
among other ionomers

» chemical stabilization (conversion of end groups) inhibits the unzipping reaction giving a
large improvement in membrane durability (particularly in stationary operating conditions)

* low level of ‘Fenton’ metals is important to limit the aggressive radical species (utility
of ‘zero’ level is questionable since radical species generate also on catalyst surface)

» gas crossover reduction can be one route to inhibit the formation of certain radical
species (but not all of them)

* in some operating conditions the use of scavenger or a mechanical reinforcement are
useful to increase substantially membrane lifetime

 short side chain structures appears intrinsically less exposed to certain degradation
mechanisms compared to branched ones
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