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Fuel Cells

# PEMFC (Proton Exchange NMembrane Fuel Cell)
DMFC (Direct Methanol Fuel Cell)

Electrolyte

Anode

Cathode

Currert
Collector Current
Collactor
ANODE : H, = 2H* + 2e
CATHODE : 1/20,+ 2H* + 2e = H,0
H,, CH,0H/
H,0 TOTAL  : H,+1/20, = H,0 E°=1.23V
Catalyst | Electrical
TR i ANODE  : CH,OH +H,0 = CO, + 6H* + 6e
CATHODE : 3/20,+ 6H* + 6e = 3H,0
TOTAL  : CH,OH +3/20, = CO, + 2H,0 E°=1.18V
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Background - 1

# Perfluorinated polymer electrolytes

- Satisfactory properties

- High cost (~ $600/m?)

- low H' conductivity at high T & low humidity
- high MeOH crossover

—{-CF;-CF;-):GCFZ—CF-}?
(0—CF;- ?F-)m—ﬂ—(CFz-}TSDaH
CF3

Nafion*117 me |, n=2, x=5-13.5, y=1000
Flemion* m=0, 1; n=1-5

Aciplex™* m={, 3, n=2-5, x=1.5-14
Dow membrane m=0, =2, x=3.6-10




Background - 2

Features of Perfluorinated PEs

# Aciplex, Dow membrane
- Short side chain

- High ratio of SO,H/CF,
- High specific conductivity

# GoreSelect membrane
- Fine-mesh PTFE support impregnated with Nafion
- high mechanical stability ~10um

PTFE: poly(tetra fluoro ethylene)




Background - 3

# Features of hydrocarbon polymers
- Cheap !
- Low thermal/chemical stability

- Life-time can be improved by catalyst,
assembly technology

- Contain polar group: high water uptake
- Decomposition can be depressed by molecular
design

- easily recycled by conventional method




Sulfonated Aromatic Polymers

Poly(styrene) (PS) Poly(ether ether ketone) (PEEK)
Tohrin -O—O-+OrF
SO4H !
SO3H Poly(benz imidazole) (PBI)

PnlysHulfnne (PSH) _Rf:;"g_@:
~OEQ0-0r &

S0,Na
SO4H SOH

Poly(ether sulfone) (PES)
Poly(phenylene sulfide) (PPS)

OO+ -

{SDBH:’m




Akylsulfonated Aromatic Polymers

Alkylsulfonated PBI

i SN e KO
N N | ) 85°C N N
H H = Iy n
Alkylsulione - Deprotonation of N in Bl ring
- Reaction of alkylsultone with PBI anion

i Macromolecules 1993, 26, 5633.

SO4H soaH

Alkylsulfonated PSU ol 3 ho Q o )

CH

i C 1 PSU-sp 2
;
BrMSOSNa SO,Na

NMP, 40°C J. Membr. Sci. 2004, 230, 61.

Buli, THF, 40 'C —— S0, THF,40°C —




Acid-Base Polymer Complexes

PBI/H,PO,

PEO/strong acid

"fc"'z'CHfO—)_ / H,50, HyPO,
n

PAAM/strong acid

+CH2'$H+ / H,S0, H,PO,
c. 'n
o’ NH

PEl/strong acid
H
_fCHz‘ CH:‘N—)— H,80, H;PO,
n

PVA/strong acid

+ CHy- FH+ / H, 504, H;PO,
OH n

PEO: poly(ethylene oxide), PEI: poly{ethylene imine)
PAAM: poly(acrylamide), PVA: poly(vinyl alchol)




Block Copolymers

Types of Block copolymer

TN

AB dlthCk W
ABC triblock

ABA triblock ABC star block

P Y

AB, comb (AB), multiblock




Block Copolymers

Phase separated morphology
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Phase Separated Morphology
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Block Copolymer Electrolytes

conducting

N\

# Advantages

- Formation of ion conducting
channels by microphase separation

- Hindering of swelling by
surrounding non-sulfonated phase

- Lowering of MeOH permeability

- High mechanical stability

|

High ionic conductivi'“
. Good mechanical property _




POIYStyl'eﬂe-baSed Bc (1) Macromolecules 2002, 35, 5916

# Styrene-b-(ethylene-co-butylene)-b-styrene (SEBS)
- 0.1 S/cm, bicontinuous structure

~~[(CHy CH)—(CHy~ CH)J7(CHz CH2)—CHa~ CHa )\ Jri—(CHz-CH)——CH, = CH)lp

G

CH,
SO4H SO3H

Interdomain

Comparable
distance

«:‘\mmlut::tiiwit]}:| T~
4
o 0

~ jon cluster

—
L ;
% 6 ® £
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& S-SE o £

-8 - Mafion D cf. Nafion
SSERS @ 3 ~Snm
=10 T Ll ! ‘..,,_” — T T T
-1 0 1 2 3 0.01 01 1
logya(wt-% H20) Q (A

]
SANS: small angle neutron scattering




Po,yStyrene'based Bc (2) J. Memb. Sci. 2002, 207, 129.

#* SEBS
- Comparable H* conductivity (~ 0.1S/cm)
- Lower MeOH crossover

L
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A2 The ratio of conductivity to MeOH permeability




Polystyrene-based BC (3) Polymer, 2000, 41, 3205

Intensity

# Styrene-isobutylene-styrene
- hexagonally packed PS cylinder

- Upon increase of PS fraction, distance btn
cylinders unchanged, cylinder diameter change

B —a— Block Copolymer, 25.5 wt % PS
—w—lonomer, 25.5 W %P8 34mol %K

Block copolymer lonomer




PO’YStyrene based Bc (4) Macromolecules 2003, 36, 3228

# Crosslinked SBS

- Structure fixation by UV crosslinking

M

[@] e 4 @ Membrane properties

il

proton methanol
Gelalion D conductivity (S/cm) permeability (cm2/s) P
scoBS1 7.1 x 10-3 hH
scSBS1.5 6.1 x 1073 b
scsPBs2 2.3 % 1072 8.1x 10-8 280 000
sesSPR1 2.7 x 1078 b
sesSBR1.S 6.5 % 10°6 h
scSBR2 1.5 x 103 b
scSBR2.5 1.9 % 10-3 7.4% 1074 260
Malion 117 6.3 x 10-2 2.9 % 10°8 22 000
sSEBS 3.8 x 1072 1.7 x 1076 22 000

J: The ratio of conductivity to MeOH permeability




Polyimide (1) Sep. Pur. Tech, 2001, 22, 681

# Block Pl : successive step of polycondensation

+» 15t step: 1,4,5,8-naphthalene tetracarboxylic dianhydride (NDTA)
+ 4, 4’-diaminobiphenyl-2,2-disulfonic acid (EDSA)

» 2"d step: NDTA + 4,4-oxydianiline (ODA)

]

5[:3

& % wos

- Hydrophilic block ~ ~'x Hydrophobic block Y




Polyimide (2)

Polymer, 2001, 42, 359

# Block PI

NDTA

BDSA

Aromatic diamines

(L]
33 & 7 H,
1 4 = &
R Caa O LOSN
“H,
Bis[4-(aminophenoxy ¥ -phenyl isopropyhidene (pAPT}

m
¥ Fa

z 3 -]
e e e R
-Fux

Bis[4-{aminophenoxy-phenyl Jhexafluoroisopropylidene (pAPFT)
*
3 3 )
1. 4-Bis-{4"-aminophcnoxy -2, 5-tertiobutvlbenzene (ADTR)

1. 4-Bis-{4 " -aminophenoxy -2 -tertiobutylbenzene (ATE)

2. 2744 -aminophenoxy Jbiphenyle (ABP)

12
L] - - .
= it
! i

Bis [3-{amimmophenoxy }=d-phenyl lisopropylidens (mAPI)

(- HOQ

Mg [T

Bis [34{aminophenoxy }4-phenyl Jhexafluoroisopropylidene (mAPFL)



Polyimide (3) Potymer, 2001, 42, 359

# Property: Conductivity, morphology

Acronyms IEC (meqe ™) Wateruptake o x 107 (Sem™) 100 E
CH; 5 20080 0,63 3.5 0.32 [
CH:;530;70 096 9.0 [.3 10 4
CHs 5 40/60 L.30 27.0 6.3 E
CH; 550/50 1.64 42.0 50 ~

CFy 3 20/80 0.56 1 4.0 .40 E 1 t
CF, 530770 D.86 22.0 1.7 =
CFa 5 40/60 .17 JLO 4.6 B
CFa 3 50/50 .51 41.0 7.1 0.1 4
CFs 3 60740 [.B6 46.5 8.3 ]
tBu 5 3070 .03 245 004 i
fBu540/60  1.38 455 31 0.01 I R R

q (A"

* Low ionic conductivity ~ few mS/cm
* Presence of large ionic domains by SANS




Polyaramides React. Funct. Polym. 2003, 57, 77

# Polyaramide

- Swelling is restricted by non-sulfonated domains
- not stable at high T (135 °C) due to desuilfonation,
hydrolytic cleavage of amide bonds.
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PO’Y(ether Su’fone) (1) Macromol. Symp. 2004, 210, 175

# Sulfonated BC
- Silyl method in NMP/K,CO, at 150 °C

= 04TMS
1 tuso— )~ )-omus « x = )$ ) | v ons + v+ )-$ )+

ot O-O-OFOe Qnﬂ%ﬂ
| 80,H ”

X
£

Hydrophobic Hydrophilic

TMS: trimethylsilyl




PO'Y(ether Su’fone) (2) Macromol. Symp. 2004, 210, 175

# Conductivity, DMFC performance

- lower conductivity, but comparable cell performance

50 : 800
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Due to low MeOH crossover and lower thickness of membrane




PEEK J. Membr. Sci, 2004, 234, 75

# Nucleophilic aromatic substitution

S‘Dg”ﬂ

A -1 -
b1 3”&
Sodium 5, 5'-carbonylbis e ——
4.4"- difluorobenzophenone g F 3,3,5,5- tetramethyl - 4.4’ — biphenol
i = (2-fluorobenzens sulfonate)
high conductivity (Monomer K) {Monomer M) {Monomer 1)
e DMSO Ma CO3/
low MeOH permeability K2CO3
I CHZ 1 CHQ 2 3 503"
0 ﬂj}i
L ¢H, CH, SONa 4 v
S-PEEK
Property S-PEEK-1  S-PEEK-2  S-PEEK-3 Nafion® 112 Nafion® 117
Degree of sulfonation 04 0.8 1.2 1.0 1.0
(50 per repealing unit)
lon-gxchange capacity (meq/z) 0.712 1.312 1.521 0935 091
Water swelling (o) 13 a7 a4 3 33
Conductivity (S/em) at 257°C 0.024 0.038 0070 0.082-0.100 0. 10-0.16
Conductivity {S/cm) at 80-C 0.033 0.067 0.134 007 at 90°C  0.15-0.19 at 90°C
MeOH diffusion coefficient Sx107% 3x1077 3 x1077 2 x 106
{em?/s) at 25°C )
MeOH diffusion coefficient Ix 1077 2x107% 6 x 107° - 1.4 x 1072

{em?/s) at B0 “C




B’OCk COPO’ymel' 'onomer J. Membr. Sci. 2004, 245, 147

# Two-stage process: Nucleophilic substitution

- - & H0=A=—0O0=—R=—1-0—A—0OH + k HO=—X—0OH + k+1 F—M—F
End-functionalized hydrophobic blocks 2 }n

KGO
NMP/Benzene ‘EEG—A—G—R}O—A—G—M-EB—X—Q—Mﬂ
nF-A-F mHO-A-OH ———> H—l:—D—A—D—R{I—u—A—GH i ; b
fl

182 °C/12 h i H R COpO MBS
S0CL cnsting of 1. NaOH, 2. H°
—® Block Copolymer-50,K > [
H .ﬂ. FRefux Mg [+l
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B’OCk copo’ymer ’onomer J. Membr. Sci. 2004, 245, 147

# Cell performance

PEMFC DMFC

T T T 1-0 T ¥ T T T ¥ T T 1 Em
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Good stability, acceptable performance during the operation




Polymer 2002, 43, 3155

Nitroxide-mediated Living Radical

# Styrene-b-styrenesulfonic acid
Block copolymerization

Polymerization of SSPEN or SSBu

DEPmmau ><’ }(N_j\ %)
%J-zan 5‘1;0 0 Lp — TZL}/G/—_? N :.;_;.;Ov - _1
[? < = A
Initiator Nitroxide PSt
X
% S

Monomer R
CH: CH
SSBu %—d/ \CH!} .E::H:
iu iu "0 /ﬂ_r?
g_ufcﬂl CHy 55Pen
CHs AIBN DEPN —-
=0

St —H

Transformation to sulfonic acid
(CHz1Si l,'i Sog.)
¥ '“"n"!c" L. In MeOH B ) >
ﬂill]l!llfvw.'ldty

Otherd gu.

PSSPan Thenmolyaia PSSA PSSNa
I —— ]
DEPN: 2,2,5,5Tetramethyl-4-phosphono-3-azahexan e-3-nitroxide

P{5t (x) -block-55Pen (y) )







Graft Copolymerization

e Radiation (y-ray, electron beam)
- chain grafts are covalently attached to main chain

e Types of high energy radiations

1) Electromagnetic radiation
- Y-ray, x-ray
(Co-60; radioactive isotope, Cs-137; y-ray source)

2) Particulate radiation (charged particle)
- electron, swift heavy ions
- from accelerator




Simultaneous Irradiation Method

» Polymer backbone is irradiated in the presence of
monomer (vap. lig. bulk, solution)

e In air, N, or under vacuum

Y-rays

Irradiation : P — P (primary radicals)
Initiation : P+M— PM (graft chain)
Propagation : PM + nM — PM,, |

(graft growing chains)
Termination : PM, +PM, — PM, .

(graft copolymer)




Deactivation

1) Mutual recombination
P+P—PP (recombination)

P : primary radical of polymer backbone

2) Homopolymerization

p-ral

M ="M (primary radicals)
M +nM =M,

(homopolymer growing chains)

M, +M,—M,,, (homopolymer)




Pre-irradiation method

1) Irradiation of polymer to form active radical
2) Contact with monomer

e O, atmosphere
Formation of hydroperoxides

yerays

PH+ 0, = POOH

Thermal decomposition POOH= PO’ +OH
Initiation PO + M — POM
Propagation POM + nM — POM,,, |

e Vac./inert atmosphere

yerays

PH'—- PF+H

P+M—PM




Radiation-induced grafting

e Broad, promising technique

e Reaction parameter:
- dose / dose rate
- type or concentration of monomer
- type of polymer film
- type of additive
(diluent, inhibitor, acid, x-agent)
- temperature




Graft Copolymerization Prog. Polym. Sci. 2004, 29, 49

# Grafting of PS onto PTFE

Gamma rays/or . s
(FyC——CF,); - (F,C—CF);

Electron radiation

PTFE film
H.c==CH
Styrene
(F4C CF); i Ii |
(H,C—CH)- i
(FyC—CF),;
(H,C——CH),;
Sultomation

PTFE-g-polystyrene sulfonic acid membrane S0y H'




Graft Copolymer Electrolytes . v sc. x5 21,11

# Membrane property

Base polymers Basic grafting scheme

¥ ray or e-beam

||= ||= T |I-| |F T T T base polymer™ — activated polymer
——— C—C L—
| | | I | | | T G monomer+heat i -
¢ & s Fon g WM g activated polvmer — grafted co-polymer
ETFE PVDF LDPE o
sulfonatton |,
grafted co-polymer  —  selid polymer electrolyte
Membrane no. Base film Nominal thickness (jaim) Wl thickness () DOG (%) Area expansion rate (%)
Nafion® 117 Perflucropolymer 170 224 44
A54ap PVDF 50 82 Pl 618
3544 PVDF 50 94 36 82.8
3545P PVDF 50 8% 36 63.8
3547P PVIF 50 81 14 25.4
A7TIP PVDF 106) 240) 52 130
3900p PVDF 50 810 28 67.8
98P PVDF 0 55 26 67.7
3086P PVIF 30 58 3y 96
A540P ETFE alf] 94 i 388
3842P ETFE 68 ai) 27 63
3843P ETFE 150 220 27 633
ARORP ETFE 50 0% 26 63.5
A744P LDPE 125 I43 7 69
3746P LDPE 125 - 7 25

ETFE: poly(ethylene tetrafluoroethylene, PVDF: poly(vinylidene fluoride)
LDPE: low density polyethylene




Graft Copolymer Electrolytes ......s.. s 251 121

# Superior DMFC performance

Membrane no.

Diffusion coctficier

Proton conductivit

Nembrane

resistivily

fem? sy 0% (mScm (22 em?)y
MNafion® 117 342 42.51 .53
A543 1.5 101.52 08
35441 1.72 13571 007
A545P 1.35 62,23 14
3547P 0.73 9.55 (LE3
3ATTIP 292 177.506 k13
RN I.54 50,62 .14
R 1. 43.0E 13
JOBGP .07 35.62 k1
As41P 1.43 G G0 13
IR .92 T4.65 12
IR43P 2.02 =L AA 0,27
AR 1.47 =231 12
ITA4P 1.3 LER BRI 23
374460
LDPE PVDE
o7 50 0.8 T
1 as |
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Graft Copolymer Electrolytes ... . s s

# Grafting of GMA onto PE

Electron
rand il jon/or
{ | i - e H-C—CH
{HC—CHy5 MCHmOH, Gamma rays —E ¢ -)“_ Grafted film
PE film O=—=COCH;CH—CH; (CH.CCH1)m
O

0O==COCH,CH—CH,
/

Glycidyl methacrylate 5

NaHSO; ‘

—to—ge

(CHCCHa)pm
Cation exchange membrane O=—=COCH,CH—CH,SO,H
OH

L TTTTSSSESSSS—
GMA: glycidyl methacrylate




Crosslinked Graft Copolymer 3. Membr. Sci. 2003, 216, 27

# Crosslinking with DVB

Crosslinking agent

CH,
Divinylbenzene )’—@—Cﬁ?
(DVB) o

C N C
Triallyl cynurate H{'/-'ﬁ \C/ | \'\‘\nl/o\(/ \\\Q‘(.H‘r
2 H, H, "
N S N
\J/ ‘Ig
)\{/ \(“ I

PFA-g-PS/DVB-SO,H Membrane

F F F
F F . :
F
F
F/FE fr R F/R FFRF FF  FF
o o o

PFA, film F
AmasnasTiemysaEs |E F
(CH:——cH)- CH;—— CH-~ (CH;——CH);
Palystyrene grafi
DVE crosslink
I
Sulfonic acid group 5 S03H F F CH—CH~- ¢ S04H
F F.

PFA: poly(tetrafluoro ethylene-co-perfluorovinyl ether)



Crosslinked Graft Copolymer . ... 0 062

# Membrane properties

Membrane Degree of DVB lon exchange — Water uptake lonic conductivity  Thickness (pumy
gralting (vol %) capacity (Wt.%%) (mSem™1)
(wt.%G) ( mmol g" )
PFA-2-PS-503H 24.0 () .55 33 251 160
PFA-g-PS/DVB-50;H  24.0 2 l.62 24 15.9 155
PFA-2-PS/DVB-50;H  17.0 4 | .55 14 0.3 150
FEP-g-P5-50:H 4.5 () 0.98 89.3 78
FEP-g-PS/DVB-50;H 7.1 2 1.19 99.0 73
FEP-g-PS/DVB-50:H 188 4 L.16 69.0 01
FEP-g-P5/DVB-50:H  19.0 ] 2% 1.26 21 278 171
ETFE-g-P5-503H 32.0 () 0 45 190.0 Based on 50 pm
PV DF-g-PS-503H 23.0 ¥ 52 25.0 120
Nafion 117 .91 |9 50.2 180

- High conc. of DVB reduce water uptake and ionic conductivity

- Thermal stability (decomposition of SO3H) is not affected by
crossliking




Commercial Graft Membranes

# Commercial Membranes

-CF,-CF-CF5-CF,-CF;-CF;-CF;~  -CHy-CH-CF,-CF»-CH,-CH,-CF5-CFy-

(CH,-CH),-CH,-CH, (CF;-CF),-CF;-CF;
« comparable performance
with Nafion 117
+« ~ 10,000h stability
1. Electrochem Soc. 1998, 145, 780
SO;3H SO;H SO4H SO,H
Permion Raymion

e Permion: irradiation grafting of styrene onto FEP (or PTFE, ETFE)
e Raymion: pre-irradiation grafting of trifluorostyrene onto ETFE,

followed by sulfonation

D ]
FEP: poly(tetrafluoroethylene-co-hexafluoropropylene)
PTFE: poly(tetrafluoro ethylene)

ETFE: poly(ethylene tetrafluoroethylene)




L'-V'-ng Graft copo’ymer J. Poly. Sci. Poly. Phys. 2002, 40, 591

#* PVDF-g-PVBC-PS by ATRP

Electron-beam preirradiation grafting => atomic transfer
radical polymerization (ATRP)

[OG 47
[EC Water Water Uptake far — Conductivity
FVRC Ps menfg)  Uptake (g/g) NiHL O NSO, H) (miS/erm)
17 24 1.4 0.44 13 \lia
2 a8 23 0.42 L0 17
&7 il 22 0.56 f 25
2 152 .- - - il

Promising materials for fuel cells !!!

PVDF PVDF

PVEC: poly(vinylbenzyl chloride)
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# TEMPO mediated polymerization

PVDF-gq-PSSA
*O-N water
electron baam i water  uptake
—CF;—DH;_—CF_,—CJ-I;{GFZ—EHZ% —_—  AAAAAAANAANAY —— PSsdog  econductivity [ECjer [EChms uptake N(H20Y
T09C, 24 h (%) imS/em)  imeqglz) (megfg) (glg) NiSOLH)
toluene 147 13 1.08 0.96 0.21 12
7@ 15¢ 33 131 LIl 027 14
209 n.d.t 1.42 1.28 (0,25 13
i 28e 40 1.30 1.67 0.40 14
b 0 4r a0 222 1.73 0.55 158
5 M\N\Nw 15¢ od 1.14 019 0,09 26
m 34¢ 14 2.04 (1.62* (L23" 21
T 53¢ n.d.b 263 163 005 32
125eC Gor 1024 2.80 2.08° 1.167 3
cumeng Nafion 105 56 1.00F 0.51f 28f
MNafion 117 517 0.89% 0.37 25
® Commercial Nafion 105 and 117 included for comparison.;
7(;1(‘ TEMPO-grafling. ® Not determined. © Conventional EB-grafling.
4 Rof 16. ¢ Ref Se. f Ref 17.

0
CISOH SOH i
— MWA%% Preliminary H,/0, fuel cell tests

1259C, 24 show promise for PEM
1, 2-dichloroethane

TEMPO: 2,2,6,6-tetram ethylpiperidinyl-1-0xy, PSSA: poly(styrene sulfonic acid)
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