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1 INTRODUCT ON AND OVERVIEW

The commercial dev· lopment 0 singl -' n conducting
pol mer I ectro ytc chang d th field 1 ct h n, i
cal. de ice in a .ignificant way. El ctr h mi t hav
sp rna y d ad~n a continuing a· h O' n w r
more hig· ly ndu ting and more electrochemically sta
bleelec rolyte y tem . With he development of s·ngle-ion
conducting polymers, electrochemi ts have the ability to
choo e from a variety of polyme~ with both high con
ductivity for a given :on of interest as we,l a excellent
tability and proces ability allowing th d· si n of electro

chem'cal devic . in tb if most .d a, formats. Traditional
el ctroly y, t IDS uch as ulfu" acid and pota .ium
hydro id used or h ir low 0 and high 'm"c con
ducti 'ty bu addled with t eirextreme corro i ity and
chall ll!:,ing confinement, are giving way to new poIyme ic
el trolyte system .

The broad cIa of polymer electrolytes to which per
fluorinated ionomer membranes belong has application in
a number of area of commercial importance not lim
ited to proton exchange membrane fuel cell. (PEMFCs I.

Ionomers i a terrn that typically ref; rs t sin 0"I -ion
conducting polyro r with a fi ,. d ion group co al nll
alta b d to a s·de chain 0 th po YUle. r 1at d I' rm,
ionenes, a b n us d for lain-chain ed ion group
copol· mrs. All of these material can be considered to
be polyelectrolytes as well a ion-containing polymer.,
two commonly u ed terms outside of the fuel cell lit
erature. The pre ent review will focu . on perfluorinated

ionom r products known by the trade natne of afton
membrane and. afion L olution" that ar commercia ly
a ailabl fro ,I. DuP nt de NemouB and Company
(DUPOll ).

A number of xc lIen rcvi w artid s exL t covering
th ubj t of p rfluorina ed ' '1lomer ill lbran with
emphas·· on tran port processes [I, 2] applications [3J and

tructural tudi and phy ical pr p rfe yt. 1 Thu , the

pre en review will only ummarize briefly the important
pr iou .ark hi e upda ing th s r iew with r cent
e perim ntal and tll oretical ,tudie' ~hedding new 1" ght
on the important factor in tran p0l1 proe sses in the e
m. mbran L yst m" We make a sp .ial fort to gath. r
phy ical (thennodynamic thermal, mechan"cal, etc.) and
transport prop fty data togeth r in this r vi. w 0 that

urrent 'nd u UF g nerati n . f eng"n I and sc'enti t

can utilize thi section a a re ource for experimental
,tudie ,

T mo t c nun n commercial p rfiuorinaed i nomer
membranes u ed today in numerou industrial proces
throug Oll the wo Id are li ted in Tabl 1. Physical struc
ture of the afion, lermon an' Aciplex® sulfonate
XR) and carbox 1at (C ) 'orm m mbrane hav. be n
'hown i.n the literatureJ6J The ypical functional comonomer
structures for each ionomer system are hown in Table 2.[ I

W at 0 Ii t D w' bort sid chain m nom r struc
ture here even though this ionomer is no longer offered
commercially,

Aocording to the literatu'e Aciplex Inenlbral 1e from
A ahi Chemical are available as AC-12 (llOOequivalent
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2.1 arly wor on ionomer-based chemical
proceses

2 DEVELOPMENT 0 IONOMERIC
M B N·S

E ectrochelnical separator membranes with fixed ion group
date back to before the 1950s with the u e of polystyrene
sulfonic acid and related acid-containif. g polymer as ep
arators for electro hemical processes .. The advan ages of
fi d ion group s para or. in th . arly days of usage were
th am that· i t today including the lack of corrosive
mobile acid high conductivity and e1ectivity and thin
film form leading to compact y terns with low ohmic drop.
The drawback of these system. wa the chemical and elec
tr ch mica] degradation that occurred with the in tability
of th. C-H bond in the. e ear y ionomers.

Tbe concept of u. ing an ion exchange membrane as
tb olelectro]yte i.n fuel cell is due to . T. Grubb of
General El ctri (GE).· Spat nt o. 2,913,511 to Grubb
filed on Iun 29 1955 de cribes a fuel cell with an ion-
xchang membrane as the sole electrolyte and gaseous feed
tream . The e .ment were done u ing sulfonated

p 1 ( tyr n -di inylb nz n ) Amberplex C1 ion xchange
m mbran. A ]a. r patent (US patent o. 3,061658), pub
lish d in Octob r 30, 1.962 by R. H. Blackmer of G ,
d rib the u e of humidified feed gae to improve the
p normane of the early membrane fuel cell. Early pub-
ish d lit atur on PEMFC should be con nIt d for more

infonnati n. [R, 91

Tb fit. omm r i<J 11 a ailable perfluorinaterl ionomer
m -mbran ba d on copolymers of trafluoroethy-

n ( ) and p rfluoro in th r monom r . The first
u. of a afton m .mbrane in a fuel c 11 wa accom
pli. h d in 1966 by GE for National eronautic & Space
Admini. frat" n (N A)J4. 1 1A DuPont p e . relea· dated
S pt mb r 12, 1969 announ d the a ailability of t e new
XR p. rflu fO ulfoni acid copolymer . omposition uitable
for u. e in PEMFC. TFE can be homopolymerized and
eopolymeriz d with ut much difficulty g'ven experience
with handlino: fluoro arbon monom rs and th nec ary

aft ty precaution ciat d with the ha ard ·f th
ch n'cal a d th ir d gradation pI' du t. Th re. ulting
random cop lynl r an hav m derat 1y high m 1 ular'
weights and th ir b havi r is dominat d by th ast differ
ence. in th prop. rti . o· tb. TFE egm nt and the polar
and hydr phdic ion gr up~".

Although p rl uorina ed po mer ve disco red over
60 years ago wilh Roy Plunkett' discov,ery of polyte
traftuoroethyl,ene (YfFE) in an empty cylinder of TFE
at DuPont' Jackson Laboratory in 1938, their nature is
.till an exci i g re arch topic yielding n w disco eri s on
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able 2. Typical functional comOl1omertruc ure for eaeh ion
orner sy 'tem.

Tab e • Commercial perfiuorinated ionomer embnm~]i ed
by trade name.

carbo yl,at monomer tr tur
afi n Ad lex· CF_=CFOCF_CF CF3)OCF2CF2CO~CH

Flerni n I CF_=CFOCF2CF_CF2C02CH3
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weight (W), 0 mil thick) and AC-4 ( 000 E , 4 n1lll
thi k, whe ea Flemion® m mbran from Asabi Glass
ar a ai]a, I a FL-12 (900EW I omil thick) and FL-4
,900 ,4mil thick .17] A ah' G a have lode el
...........d r infOfO· d ion m r membran . true ur. f r fu I cell
application (ee Compo ite p rfluori ate .. en brancs
Volu I 3. afton m mbran· on th oth r hand ar
available from DuPont as 112 (2 mnl tm k NE-1135

3.5 ron thick) 1 5 (5 r thi Ie a d 117 (7 n n thick,.
M mbran s such as N 20 (1200 EW 10 rnm thick) and

105 (l000 EW, 5 nun thick) are also often cited in the
lit ratur .

Although ionomer membrane have been u ed for . ev-
ral decad in a numb r of conlm, rial proe , their

production olume can only b deemed mall in com
par' on to .. ajor commodity polym r . Wh PE Fe
r ach s its e entual po irion a a pow r generation y tern

i 1 h 'oad-based appl"cation uch as ut nlotive propul ion
p rfluorinat d ionomers will reac a cal of production
far exceeding (he current levels. This change will bring

about significant challeng for th p ym r uppli r but
a1 0 offers tremendou opportunities. It i likely that these
fu 'ure ubiquitous ionomer membrane will ook d:ffe', ent
and co t less than the membrane hat dominate the com
lnercial and cape today.



an annual ba is.II I ] Th . prop rti . ar dominated by the
extrem b ha i r of th C-F bond a topi that i the focu
of a re nt r' artie describing orne of the many
propertie of fiuofopolym. r havi.ng diver commercial
applicationJ121 Arc nt urprising ill covery of a mean
for melt pro e j ng PTFE d monstrate that thi field i
by no mean t gnant and many exciting properties and
application 11 rna' n to b .xp oited. [13]

Whil th u of p rfluorinated ionomer. has allevi-
ated stability prob IDS of other membranes sy terns to
a large e tnt, th r . till xi t real concern around the
long-tenn ability of p 1 m t; in electrochemical cells.
Long-telID p r£ rmanc f fuel cells will often require
gr at r than 10000 h of table perfonnance under operat
ing ond'r n that ar imultaneou ly oxidizing reducing
and t all d manding. A number of degradation mech
ani m are kn wn and w 11 under tood with perfluorinated
ionom r inciudin foulin 0 and precipitation of multi a
lent a t wi .n th m mbran and condu ti ity 10 s due to
ion exchang and'mmobilization, both of which 0 cur with
time in mb 'an chlor-alkali cells. Additionally perfluOli
nated p lym r can be reducti ely degraded in the p 'esence
of strong r du ing ag n. uch a rthium metal.

The prin ary. cern r Iat d to polymer degradation .n
PEMFC envir nm nt' .dation damage. nfortunately
thi ph nom 11 n whil o· n m nfoned, i not well doc
ument d in th t chnical lit ratUI to th extent that the
fundam utal chanism a b articulated. he inter-
e ted reader hould r ~ r h artid b La onti (see

echa . n of Dlcmb a e de radation, Vo urn 3, for
more information on these pr c e. Cl arl p rfiuorinat d
ionomer are very table to .dation a id. n d by tb ir
> 10 year 0 ontinu u u in hl r-alkali 11 and ta
bility again teen flUOlID fnitr g n ga, mi tu

2.2 Chlor-a kali process- historical pe pecfve

The u e of perfluorinated ionomer membrane in the m m
brane chlor-alkali proces ha a long and Ii h hi tory that
continue to un old a changes oc ur in the global chlo
rin and cau tic indu trie . Chlorine and caustic oda are
two of th. larg t indu trial chemicals produced in th
world and tb large t b volume produced u ing an elecn'o-
h mical pr . The hi tory of the chlor-alkali indu try

i punctuat d y new technology changing environrne 
tal r gulation , and frequent fluctuations in the demand for
th two pr du t who e uppl is linked due to their eo
produ bonJ14]

Th n mbran chlor-al ali process wa de eloped in
the 960s and DuPont's membran produc afion® wa
illv nted in 962 and first us d in a chlor-alkali cell .n

PerfluorirUlted membranes 353

1964JlOI The p rfluoro ulfonat XR-typ copolymer doe
not pro ide ufficient perfo . ane in chlor-alkali c It du
to the problem of hydro .d r r and dilution of the
athode product. This led to the d velopment of multi-layer

membranes with a thin layer of perfluorocarboxylate-typ
ion mer ha ing ignificantly lower cro over of hydroxide
und r p .rating onditions. The e membrane systems have
been a IT m nd u. . uee s. ~ incetheir relea e with a steady
increa e in hue of membran elL in new construction
of hlor-alkaY c 11 capacity and retrofit of Id r m .rcury
cclls as envirorunental regulation require th ir ph -ou .
° er 60000 h of operation at 80°C have been achieved
. ith afton membrane in chlor-alkali cell .[1-]

A ari ty of m mbrane types and tructure ha e been
d v lop d in th pro ss of engineering the be t perfor
man e in chlor-alka . c 11 0 r e eral decade of research
and expeIimentation. Th in Iud d laminating an open
weave Teflon fabric into th p lym r film w'th anous
characteri tic uch a degrees of op n pa , laminat-
ing different membrane ogether urface treatment
uch as g n rating a thin layer of weakly ad ie ·'ul-

fona .d hang it s on the urface, and compo ite
membran ontaining b th arb lat - an ul 'onate func-
(onal group. All of the e tudie were targ ed at du iog
hydroxyl ion cro over improv'ng . ni eondu 'v't and
] ering power requirement of chlor-alkali cell .

Othcr early indu trial applica ion of afton m mb· ane.
in Iud d olid P ] mer electro1 te SP water electrolyz
er , alkaline wat r 1 .trolyz r aqueou Hel electrolyz
er, a2S04 electr lyzer H2fa' fuel 1l, /halogen
fuel cells Zn/bromine c-ell , Zi/i< rricyanid ·ed c lls
Znlferric redox cells, Donnan d' alyzer, ele hr mi
d . , 100- I ti e electrode , and many 0 her nich
appl' ati n .[3]

2.3 Otbe indu trial ionomer membrane
p 0 es e

The excellent chemi al and e hani a1 stability and facile
cation transport valued in the P C industry is us ful
f, r other electrochemical application. In g n ral, I 
tr lyti proce are preferred economically for pr duc
ti n 0 highl oxidized or reduced product that ar d' f
ii ut to anufa tur by chemical routes. or example,
a wide range of highly oxidiz d ga e are synthesized
indu trially u ing eetIolyti pro,'nc1uding chlo
rine dioxide, ozone hydrogen p ro .de tIu rin., nitro-
() tlifluoride, and dinitrogen pentoxide. The advantage
f u ing p rfl uorinat d ionomer membrane- epa ated pro-

ces e ha e be n plored for all of the e yntheses
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and connue c" a1 men brane-based proces es exi t in [
tain cas . Th' proc . utiliz. c 11 de ions and cat
aly. t layer trllcrnres similar in concept to those used in
the PEM C.

An inorganic electro· ynthe i . f corum ria! importanc
in wI "eh p I uorina, d ionom r m mbran play a critical
fO] i th H'-] r eycle proc s "Commercia proces es for
recycling Hel u ing electrochemical means generally uti
lize the Uhde proces for which nine plants are in oper tion
world.wide.' 16l Challenges w"th hde type Hel 0 "dation
proce se are the side reaction to fOlm 0 gnat. th anode
and th drying of t chlorin from th 1-2~ water that
typically i lost with tbe gaseou produc . An impro e
ment in the U lde proce can be achieved for the 0 "dati 11

of anhydrou Her to c larme ga u ing a an. n m m
bran epara d cell op aling in a f11 .1cell-t pe mod with
a ga eo 1 an de fe dream,[17] Anhydrou Hel recycle
i ncces. ary in . evera large chemical industr'es such a
he manufacture of i ocyanates and production of ftuoro

chemical • which c eate anhydrou He} as a 0 produ t and
. quire dry chlorine ga a input.06, S] A -e I anhydrou.
H ] lectro]yzer with 2 m2 of active area achieved stable
op ration at 1.2 A cm-2 at 1.7 V with CWTent efficiencie of
greater than 99%. High current densities afford eentiaHy
dry Cl greatly renuc: ng : e down t:ream dryi g load ,

afion® m mbran ar als at th h ar of a flo -
through en. rg ,oragem r ti fred to as Regene y and
commercialized recen ly by ational Power. P9] The Rege
nesy system is based on electrochemical energy torage
by the con er ion of redox couple between two tat f
charge and torage 0 the c en·"cal until n d d to v tu:n
th po er. Th sy, t offers p w r generation facilitie.
the ability to m et peak demand with more flexibilit and
hence reduce capital expenditure OI new facilities. The
y tern was pi 0 ed il a60nal Power' Abe11haw powe,
tation in Sout Wale, UK and will be cOlnnlercialized

at a plant in Didcot in 0 ford hir, K. Th commerc'al
fadl'ty should have a storage capacity of 120 M'W h and a
nominal power output of 10 M with a peak power output
of 14.75 W. The fir- t utility- cale demonstraion plant'
rep011ed to require 16000 m2 of atlon m mbrane, "

3 MONOMER AND POLYMER
YNTHE IS

3.1 Side chain structure and synthesis

Whit numerou. add groups have be n employed in
ion .mer sy t mover th year, th perfluoro u fonie acid
gr up' i till .e dominant y t rn in lIS f r application
that mand th .gh ~ t stability and ionic cond cti 
ity. Till f, DC "onal group pr nt a chal ng to yn
thetic chemi t· a a limited num· e' o· r ute t it st.
The Ino t COlnmon approa he utilize ulfony} fl uoride or
ch oride precur or and create a non-iom precut or poly
n· r through polynl Ii ation followed by hydroly' to the
. alt ,or.m,

Synthe i of lhe long-chain perfiuoro ulfollic acid I . 10-

mer used in most commercial systeln afiol1®. Flemion
ciplex ) proceeds through reaction of SO~ with TFE

to create the cyclic u tone. Rearrangement of the cyclic
ultone give the reat.Tanged sultone (RSU) which can be

reacted wit two equivalen of hexafluoropropylene oxide
( ) to produce sulfony fluoride adduct. 'eating these

mp .und in he pr nce of odium carbonate give the
inyl her.[-J Th se t p ar inu trat din Figur 1.[20] The
an n m n ran • comonom r is common] ref. rred

to as p rfluoro uBi nylfluorid . th I prop ] vin I ther
(PSEPVE). In an early pat iI1t on PSEPV ,tb inv ntor
de cr"be c p lymer w'th inylid n flu rid (VF2) TFE,
and h oro trifluoroethylene (CT, I ) well a with oth I'

perfluorinated vinyl ethe' monomer pll

The sulfonic acid form of the standard afion® mem
brane is specifically a copolymer of TFE and 2.2,3,3
tetratluoro-3-[l' 2' 2'-t "fluoro-l'-trifluoro nethyl-2'- .",2"
2"-triftuoro-ethyloxy)ethoxy]sulfonic acid. The common
name for this polymer i the afton XR membrane and it
can b identified as poly(T /4-methyl-3,6-di.oxa-7-octene
I-sulfonic acid).

The e chemical tran formations involve dan erous reac
tant nch ID TFE und r condition of high pressure and
t mp ratur and as such present challenges for materials

igure 1. Synthesi· process or Nafion mem fane como omec PS PV .
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'Monomer i not typicall perfluor'nated,

Table 3. Mo, t c mmon acidic functional groups u d within
perfl orinated ionOl er. [771

3.3 Sulfonamide et·de, phos ate and ot e·
side chain tructu e

similar condition. Testing of the Dow polYlner in PEMFC
by Ballard in the 1987-1988 tinle frame showed significant
iInprovements in pelformance compared to 117, witb an
approximately thr,ee f m improv ill nt in cur "ent ;ensity
at 0,5 V under iI'lar op rating condition .US]

Unfortunately, th synth i 0 the hart-chain mODome'
i. ub antiaUy mor chaU nging than tl e PSEPVE
mono e. One ynth i proc ·ure for th bort-chain

ono -. wa. '11 stra ed"n S Patent No. 4,358412, ba ed
on FSG F1C(O) and CF 0) F2CF2Cl. At the pc ot
time, Dow i no longer producing hi perfluorinated
iono . er membrane. [15] Attempts to develop a impler route
to the monomer have apparently failed at least for the
pre ent time.

Key Attribute

Poor conductivity
Poor co du tivity

and tabiFty
Moderate

conductivity, poor
stability

High conductivity
High conductivi y
High conductivity

Challenging Poor conductivity

Fewer steps

Syntbe i

Modera e
Chal ienging
Moderate

High

Co t

Low

High
V. high
V. hiuh

luoIOsulfonat
PIuoro ulfonimide
Fluorosulfonyl

methide
Fluorophosphate

uorocar oxy ate Medium Moderate
AUOIO Ifonamide High Mo erae

Monomer

Styrene ulfonate

A good Ie iew of tb ovel'0 ·0' .er structure amined .
fuel eel applications wa giv n by Savadog ,1151 Tab
rst the . 0 C mm n a id gr up u if ed in p tIu r'-
nated ionome mem ran and orne relevan prop i
o each. Although, uo 'nated 'onomer; w"th pefluo
rocarb0 y ate ion group (-CO~ ) are availabl th e
ar not suitabl for us in PEMFCs du to th ir w ak
acid functional group which giV' very poor ionic con
ductivity and water uptake in it proton form.[15J Other
ion-containing moiet'e ha e been con idered over the year .
in addition to the fluoro u onate and fluoro arboxyate
groups. tra'ghrt'orward extension from the sulfonyl flu
oride group afford the sulfonamide anion group. T i
anion has been studied over tilne for various applica
tions in e 'ectroorganic ynthesis but does not have either
the stability or ionic conductivi y required fo' fuel cell
application .

•

of con. truction. Additionally, the ynthesi of PSEPVE
involves nUlnerous steps and orne of the e step present
yields that could be improved. While the synthe i i car
ried out on a large scale today, ubstantilal imp, ovem t in
it . quality and yield hould be expected in the future when
new . pa ity i ju tified for increased alum pI duction.
Poly , ization is rpica y p rformed in p -rfluo ocarbon
solvent itb a p rftnorinat _d fIe _ radical initiator uch a
p ffluo op ··d s,[22] Perfluo' ated inyl ether monomers
are con id r d r Iativ ly unreactive during polymer~zation

and can on, y be polymerized by a conventional free radical
rnechani m with a limited range of comonomer )25J Mod
ern controlled polymerization techniques, such as living
radical anionic or cationic, cannot be used wi h fluor"nat d
vinyl e e a po ynler archit ture· are limltedp4]

C p lym of PS PYE and hav mn .milar-
i' t th' P dIu Iinated y t m in th "r tability and
m anical prop rti s. Th op ·1ym r can b m 1t peo
e . d and fabricat d into shap .s prior to con ersion to the
salt form and depending on the comonomer conte It. The
mechanical prope ties of the resin de end on the polymer'
structure, including the comonomer con ent eli tri ution
of the comonomers, and molecular weigh and molecu ar
weight di tribution of the copolymer. he sulfonyl fluoride
cO-'polymer i stab e in water and acid. It' 1ydrolyzed
campI tely in strong base to give a Na+ alt fln that can
be cony rted to ac'ld form u'ing nitric a id. on m~

brane ha be n produced in a ari ty . cud'ng
I ' t tub fib rand laminat 'th th r mat rial uch

a ~. on® fabrics. [2 l

3.2 Short-chain perftuorosulfonyl fluoride vinyl
ether monomer

The hort-c ain vers'on 0 the p l'uorul nyl uoride
it yl th r mon n er has be n tudi d or as long as

PS PVE a. a de. irabI comonom r for p rfluorinated
ionom es. Ioname s bas d on this mono 1 .. n arly reached
comm rdal . tatus in an experim otal m mbrane produced
by Dow Chemica in the early 1990s. Due to ampHng
to various research groups numerou analys s were
performed on these polymers in the tudy of their
physical properties and fuel ce 1 performance. The Dow
membrane was based on a copolymer of TFE and
CF2=CFOCF2CF2S02F,

The short-chain perfluoro ulfonyl fluo'id . v'ny ther'
mi ing one he afluoropropylene oxid (HFPO) unit •'om
the yn hesi procedure. The short r id cha'n mak -s the
ionic cone n rat' on .gh r for h Dow m mane with

arne W a a comparabl afton membrane.
co . quene of this high r .on i d .nsi y '. higher ionic
conducti ~ti sand wat r uptak for tbes m mbranes under
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TriftUOfO tyren _ typ. ionom rs with perflUOlinated back
bon· and anionk pendant groups having the structure
-P(O)(OM }, have been studied by Stone et al. L25 ] These
pho phoric acid type ionomer exhibited poor conductiv
ity compared to sulfonic add ype ionomer . Alternative
acid group based on the extremely weak Lewis ba ie uo
rosulfonillude and fluoro ulfonyl metbide group have een
tudy in recent year .[26J Other acid groups along the lin

making u e of strong highly delocalized acid' carbo 0'

nitrogen group are curren ly under amination and ill
be di eu ed in Se tion 8.

3.4 Polymerization and preparation 0 . io orner
membranes

T'aditional poducrion of th 'I iny] th r dtu of
copo ymerc nit f fr radical pol merizarion in a flu

rochemical 1 nt media. [_3] A .u .ous emulsion polymer
ization i al 0 per orm d with wa er- oluble or emulsified

om n m r . N polymerization methods for fluoropoly
m r.. such as . upercriti al CO2 polymerization may find
application for pertluorinated ionomer in the future. 'YP
ical molecubr weight range for perfluorinated ionomer
ha e been quoted in the 1-10 x 105 gmol- I range.l 51 The
degree of branching is e sentially zero for th' poI-
luers which is typically mea UT d ba ed n the i eia (i
behavior of the ionom r ·n it . un oyl flu rid. pr eusor
form, Other charact ri. ti of th po ym r . uch a.c the
head-to-head content and poJydi p ri y ind'c h'cb ar
mea ure 0 tl 0 der f h monom r. and th i r random
n ss are n t nown.

Nafion® p r-Ruorina d ionom r membranes are syn he-
lzed in t. ir· ul onyl fluoride precursor form and convel1ed

to the . od'um sui'onate form using a hydrolys' proces.
The hydroly. is reaction is traditionally carried out in a solu
tion of 15 wt% KOH 35 wt% dimethyl ulfoxide (MSO)
and 50 wt% deion'zed water at 80°C for a pe 'iod of line
between 30 min and several hours deper d ~ng 0') the thick
ness of the resin pelle or film. DMSO is an excellent
swelling agen for the hydrolyzed Nation membrane a d
allow . ydroly i . to be carTied out in hort p i d of time.
Other solvent sy tems can a1 0 be employed. uch mi
ture of water w:th long chain alcohol , but th at· f
hydroly i . generally lower and th ri. 0,' incompl. te
hydroly. L are greater. [-71

A ter the· ydroly i. proce s tb mat rial mu be thor
oug, ly wa h d with deioniz d wat r to remove the remain
ing h droly i olution and b product . all. Till hould be
don s ral time. with n .w rin. ing solutions. Con er ion
of the K+ form polymer thus ob a' ned to the a id form
i accomplished using a 10-15~ olution of nitric acid
(H 0,,). It is recommended to carry out this process twice

with fresh nitric acid solution and fresh deionized water
rinse step after each acid treatment i.n order to en ure full
attainment of equi ibrium.

A concern with DMSO-based .ydroly" the ilitficu]ty
of rernov' g trace DMSO from th hydrolyzed m mbrane.
Fou ier T'an form infrared FfIR) spectra continue to
d t ct lh pr nc of DMSO en after s v ral succe ive
washing of the hydrolyzed membrane, or applications
that cannot tolerate the pre ence of trace DMSO alternate
hydrolysis procedur,e hould be adopted, T e degree of
hydrolysis can be conveniently te ted uS·l1g ioni anduc
t" vity data and comparing· conducti ity randa, d.. For
a curat m . ur. m .nts of th. dgree of h dro~ysis, FTIR
t hniqu -. are pr ti IT d. [2R] Conver~ ion from the S02

form to any ionic form can verified by the di appearance
of the 2704cm- 1 and 1469cm- 1 bands.

Ionomer membrane and resin are produced in the' . pre
cur or form by melt procee as the 02F' fOInl of th
polymer is thermopla tic. xtru ion of th membran 's
comulOnly employed to mak high-qual ity films in .a vari-

ty 0 thickn " in rna producti n. Films thus cast can
b carri d through hydroly i. bath~ to create the alt or acid
form in po t pro·' ,s·ng web-based operation.. An hydroly-

i_ and acid- chang reaction. require the us of hazardous
and corrosive chemical proper safety precaution hould
be followed. Once the acid-form afion® lnembrane 's
cOinpletely ri ed~ it should require no pe ial precaution
for haldling.

3.5 Econo' ics of industrial productio 0

perftuorinated ionomers

Tb co. t f P rfluorinat· d . ulf ni acid f in a quoted
a $2000 p r :logram in 1999.£5] Fluoropolymer are
e p n i e 0 manufacture for a variety of reasons, ir ,the
monom. r used are co. tly to manufacture often requiring
a large number of step and dangerou to handle, making
a number of additional precautiOl s necessary for safe
operation. The handling of i aazard that n. w
producer hould not consider wi hou appropr"ate '- atety
training. Se ond tl fun ion 1 monOIll r us,d in the
perfluorinated iOl1OJn r membrane (P EPVE)· a hemical
no u ed for otb r application which limit its volume of
produc ·on.

A ',gn'ficant driver of final polymer 00 tithe scale
of production. An idea of the volume of productio of
the three major perfluorinaed iOl1omer membranes can be
stimat d from the ize of the membrane chlor-alkali mar
et, the volum dri er for these polymer for many year .

The to a1 global volume of perftuorinated ionomer mem
brane sales into the ch or-alkali market is esfma,ed to
be 150000m2 year-I. A imila· vo um of production
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in dIe quantity of polymer used through compo it thin
layers e c. and chang s in ' ructur to implit the
polymer.

How low does the ionOlller co. t have to reach for wide
spread usage of PEMFCs? A number of pap 1's in th
literature quote fuel cell stack cost goal in the rang of
30 per kilowatt or lower for the demanding automotive

app ication. 131 , 3-1 Thi i translated into precious metal
co ts of <$5 per ki owatt in one tudy, repee enting a
Pt load~ng goal of 0.25 mgcm-2 .[32] This study tat s that

reductions in recious metal usage and co. t are the main
driver for tack cost reduction. Anothertudy quotes a
membrane cost goal of < $20 In- piJ A surD'ng a fuel cell
power density in the range of 0.3 cm-2

• the Inembrane
co· t goal would equate to <$6 per kilowatt.

4. St net ral tudie. a d tee niques

The elation hip between ionomer structure and perfor
DtanCe characteri (c such a· ion'cconduc ivity con

nu to b a crircal dr'vil 0 force for lUch of the
tructural reseal' b on ionm' m In ranes and provides

th· f, undation or fundan ental .. 0 ,e .ng w rk on the e
material .[- --40] ee First p ~ ,cipl nlodeling of· u1fonic
acid based io 0·· er II embran· • Volume 3 for a de crip
tion f fundam mal tudie of thi nature. Structural tudie
o .onomer r mail I (he m st· OIDIno fu I da nental e earch
lopic even aft ··v 0 year f inten ive re earch which
indicate the ichne 0 the beha ior exhibited by th e
y. 1 rus and th capability of new expeIimental tee nique·

to eontinu to provid deep r unde· tanding.
The pre enc of ionic du tering in many iono nef IT ate

ial in lud'ug etbylene-nethacrylate iononlel and perflu-
rina~ d u1£on" a id and carbo y1i.c acid ionomeB it well
_Hlbli h d.l41 • 4 J De ailed th or tical nlodel for ionic Iu

t ring hay b 1 propo ed to decribe smaI age X-ray
and neutron cattering data, dynan iC·1 ec amca! propertie ,
and celtain haracteri "tic of ion'c co lductivity and electro
.h mi al p rforrr ance uch ae hydroxyl ion exclu ion
prop rties 0 p rtluorinat d ion . membrane u ed in the
membrane chlor~alkali proc .

Oi rke et al.[1, 33] first prop sed the clu ter-network

mod ] for p 'flu rinated ionoDl r , wh"ch is still used to
de. crib e funda ental r lation hip between ionomer

lu, t r . tructur and lee 0 .. emicaI propertie .143 1 Tin.
model emphasiz s the fae that the olve 1t welrng and
ionic onductivi, y of hese ionomers are dom_inated by the

for the fuel cell market i· currently no greater than
50 000 1112 year-I. The average membrane thicknes es u ed
in each app: ication are 7 mm 360 g m-- basis weight)
and 3.5 mm (190 g m-· basi. wight, r sp cti .y, for
chlor-a] ar and fuel cell application.. T' equates to
a production capacity of approximately 65 000 kg year-I.
This can be compared with the global production 01
urne of ylon at 1.2 x 10 kg year- 1 or polystyren at
2.4 x 109 kg year- t .[9] I arly th P rfluorinat d 'ono r

membran i ~tin a peciaIty polymer made 'n ,lllall vol
um s wh n" amined in thi light

DuPoul made a press release to the Automoti e indu try
n February 24, 998 stating that future afion mem

brane prices could be a low as $10 per kilowatt depending
on production olum. and c ]I p !forman . A suming
that a typical fu 1 c n a hi . about 0.6 W cm-2 0.6 V
at I A cm- 2) at a ill m ran . u ilization of 80~ Ce. 80~

in acfve ar a) this equate to 0.2 m2 membrane per kilo
watt The important me sage was that the afion mem
brane would not prevent the PEMFC from bing cost
competitive with int rnal combu tion nginor auto
motiv appli aionso Th lum requir m nt quoted in
the pre Ie e were 150000 midsize vet·ele arIDually
which is a re atively ulaH number compar d to tota annual
vehicle sale yO] Thi pre s release reinforc s th strona

volume depend nee of the co t of manufactur. of p. rRuo
rinated ionom .r. and sholl d pI vide om r a urance that
lower 0 • w'} breached w theco .omi . of cale. More
ecently. the uPont afion® busine has been u ing a

concept of 10: 5 : 1 to provid a roadmap for future pric
reductions for p rfluorinat d iOflomer, for ftl 1C 11 applica
tions. Th numbers repre nt th projected r lative price
for ..afion m mbranes in t· ear 1998 200 , and 20]0,
Th· CUI' nt price f fion membranes for fuel cell applo_
cations i e titnated at $100 per kilowatt.

Another practical industrial barrier to n w ionom r i
the n doer at . ourc a· d manufa turing facilitie
for n. w m nom rs,ew po yll1er and po t-proce. ing
op ratio ,. uch a hydroly i and film casting or extru ion.
Capital inve tments for the e operation on a large cale
can be significant and the skills requir d to operat th

facilities ar not easy to accumulat . Th. s. fact argue f r
making u.e of ·xL tig acilitie and . 1set i, the .earch
for ne and b tter-pelfor ing perfluorinated ionomer .
A per uorinated ionomer: can otherwise achieve most
if not all of the attribute needed for high performance
PEMFCs it is neces ary to focu. effort on ach' ing low r

cost through economie of· cale and oth r co~ t reduc ion
measur ., A number of ill an exi"t for potentially reducing
co, t of iOi orner in fuel cells including largercale
production improvements in monomer synth sis and yi ld ,
improvements in polymer membrane production reduction.
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cluster network, while cer ain other characteristics such
as anion exclu ion and hydrodynamic permeability are
dominated by intra-cluster transport proce ses. [34 These
latter processe are presumed to involve transport inside
of channels po sibly cylindrical in nature that connect
adjacent cluster . This model continue to be the basis for
fun •amenta! modeling efforts ranging from macro copic
pore models to molecular dynamics tudie. [- 6, 37]

More reoent micro tructural model of pertluorinated
iOllOlner membranes have been based on a three-phase
modeL [41. 44, 45] In this model, the ionomer con ists of

three region one being the hydrophobic fluorocarbon
backbone region the second being the hydropl'lic ionic
duster region and the third being an interfacial region
with i.ntermediate behavior. The hydropbobic fluorocarbon
region is the location of any crystallinity in the polymer,
while the hydrophilic region accommodates the majority of
the ab orbed solvent and is therefore critical to iomc and
olvent transport characteri tics.

It is not pos ible to review all previous tructural studie
on perfluorinated ionomers and several review articles are
available to bring he reader up to date on previou work.
The section to follow will highlight selected opic of a
more recent na ure in the field and provide references for
deeper study.

4.2 Scattering studies - SAXS and SA S

Small-angle X-ray scattering (SAXS) tudie were one of
the first means to Gonclu ively identify ion clustering in
ionomer sy terns and remain an important experimental
technique for probing ion cuter structure. Often these
tudie are complemented with other techniques including
mall-angle neutron scattering (SA S) and mechanical or

thermal analy es. Early SAXS studies of perfluorinated
i.onomer membrane demonstrated the presence of two
scattedng maxima at low angle , one related to cry tallite
i.n the polymer and the other to the pre ence of ion
dusters)46] These and later stud'es have led to a coneln ion
among researchers on the existence of ion clusters in
perfluorinated ionomer and general agreement on their ize
and behavior under various condjtion~. More recent SA S
tudies of the afion membrane focu ed on the change in

morphology brought about by swelling with water/methanol
mixtures.[471'

A recent tructural model i the multiplet duster
mod 1 for random ionom rs propo ed ba d on dynamic
mechanical and X-ray scatt ri.ng studi s by . is nberg and
co-work . )45] Till mod 1 postulates th xi 'ence of
multiplets 0 a. soc'ated fi ed 'on't ilia are ac opani d
by r gion 0 reduced mob:lit . If the e muhiplet grow

larger by addition of nlore ion sites, they can become what
are traditionally referr'ed to a ion clusters. These finI iple
are po~ tuTated to raise the Tg of the polymer but are not
arge ,enough to xhib't th jr own Tg as is the case for

.o· du t r . Whil t' d 1 can be co ~ ide d a thre 
phase model i importance i its ability to rectify data
from diverse techniques including structural thennal, and
mechanical properties of ionomeE .

A number of rec nt structural studies UL ing SA S
a d SAXS addres n wquestion around the structure
o iono er olutions, u pen . n, and g I, An efficient
method for di olving high EW perfluorina ed ionom r
membranes was first developed in the early 980s,f48,44)1

A standard method involves di solution at 250°C under
pr . Lure in a 50/50 mixture of wat r and an aliphatic
ale 01 . uc a thano w 'c. afford a c ar omogeneous
appearing olut" n. Th mm rcia! ava]abirty of these
olutions led to their u age in a variety f application"

the most important being ceca t films for coating on
electrode surface and production of ultra-thin ionomer
m mbran and cataly t-loaded ionomer layers that have
good adh renee to th m mbran urfac. The structure
of the e ionOIners in olution and their propel1ies have
tremendous practical impmtance on the performance and
morphology of the fi illS and composite structur,es. While

r r to th e a. solutions, ,hey are in fact colloidal
di p r ion of palt'ally a sociat d ionom r part"c1 sand
ionom r ha' in a p eudo- q uilib ium that d p ods on
the olvents pre ent and the thennal history of the olution.
The e colloidal particles can be ca t into films referred to
as recast films due to the fact that they are of en produced
via di 0 ution f. trod d m mbranes.

Early· tudi of Nation s Iution u ing catt ring tech
niques concluded tha the ionomer chain form rod like
colloidal partic1esPo. I] A more recent study by Loppine
and co-workers used both S Sand SAXS techniques to
tudy tb tructur f' nomer olution in ariou . 01-

vents, The e authoB u ed everal tee' niques to detennin
the radiu of the rod like particles and obtained value in the
2.0-2.5 nm range, Thi rarliu was found to be independent
of the sol ent for low int rfacial en rg olvents, [52]

Moo et al. xamin d the truetur of Dow's hort-
ide chain perfluoro ulfonale ionomer having variou .EWs

including 635 803~ 909, 1076, and 1269 g eq-I . Wide angle
X-ray diffraction (XRD), SAXS and ditTerential scanning
calorimetry (DSC) data as well aL wa er uptake were exam
.n .d a unction of tb EW. The 635 EW .onom had the
highe t wat r up ake and no ign of crystaI1"nity. Die olu
tion of the Dow ionomers was studied in DMSO and 1
propanol/water mixmr s. Me ting temperatures varied only
lightly with EW 1. ading to the conclusi.on that thes are

block-type op 1 mer ath r than random copo ymer .153]



A frnther sttldy by Gebel and Moore gathered ANS and
SAXS data on the Dow short-side chain perfluoro ulfonate
ionomer over the arne wide EW range. Scattering data
tak n from th. elY low EW m mbran w re fi u ing a
model of a conn cted rod lik network with a 1.5 nrn rod
radiu . Higher EW membrane structures were dominated
by interfacial phenomena us~ng a local 0 der model with
radii rom 1.5 to 2.5 nrn and int rdomain di tane' roughly
constant at 4.0 nm. [54]

The nature of the recast films fanned from afion
olutions has been studied by seve "a1 authors including

G b let al.[54] R ca t 111 av wake· tha uded me n~

branes and more readily dis olved into organic olvents
unles heat-treated under specific condition . Li and a
arm olution w re own t giv t . b t quality film

whir K+ t trabutylammnium (TBA+), r divat n cation
lead to fihn that crack more easily upon drying. S XS
data how that heating at elevated temperature causes an
increa in th cry talli ''ty the recast filIn, pia' ning
its change in mechani. a1 and olv n prop rti ,. Th .':
author attributed t, e temperature effect to an ann a ing
proce leading to an increase in ize of initia y small
lame]ar cry tal and fonna ion of long-range order with
th added high-boiling oly nt u h a DMSO acfng a
plasticizers to fa ilitate the e proce ses. [55]

To alleviate orne of the challenges of the recast filrn
Moor et al. studi d th co 'ver .on of t,· e films i to a
new film that they r I err d to a soluron-proc ss d Nafion
films. [56] A study of tbe morphology of th. solution

proce ed afion fiims found that they are very imilar
t as-j' eived (e truded) membranes. In contrast recast

afton films have poor m hani al prop rti and ih
solubility in organic solvents .. Higher disorder and lac of
ry tallinity and higher water content and iomc conductivity

ar. du to h: morpholog~cal difference. Critical issue
includ obtaining strong m cbanically-pliant fBms in both
wet and dry form with low dissolution in water/alcohol
solution . A patent to Grot describes the use of DMSO,
11 tra th 1 pyropho pbat (T P), o· 2- tho yethanol as an
additive while aporating to dryn a 125°C to impov
the mechanical properties of the solu ion-cast film. [571 A

variety of '01vents can be used to create solvent-cast fUnlS
ind ding alcoh I ,an·de ,dinlethy sulfoxide. and gl ycols.

o evidenee for crystallinity i se n in r ca t film
which explains orne of their properties. Casting the films al
higber t mp rature fron I so vents such as DMSO can give
crystallin film,; heat t· atnlen to r cas fi' m can al 0

give crystalline film . H at tr atm nt to 200°C is optimal
for making films that are mechanically robust and solven
re istant. aU oug orne d·fference is seen between different
solvent and cationic form of the ioomer ou·on.["SI
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R a, t film do ho the' am SAXS peak a the a
received ionomer membrane which i indicativ,e of .01 'ie
clusteting suggesting that ionic domain ar pre ent in
the recast films. The presence of ionic clllst ring in th
absence of cry taUite fonnation has b .. n explain d on the
ba i of the increased mobifty of side chains r lativ' to the
backbone, However the Tg for the ionic dusters is 30 0 C
lower I ,a t at .n the as-received membrane indicating
that t e ~lu· ers have a different nlOrphology po sibly
acconun dating a maIler fraction of the ion groups in
the po ymer. [561

The upera "die .. ature of afio l® lembran make the
u . f me rganic· . it th - om .ono er
difficult a 1· a d mp ra ur cr ating a hall nge or
re archers eeking to cr at olution and ca tilm from
organic solven. or example, it has b en r potted that
the presence of triethyl phosphate or propylene carbonat
in the film if eated to over 80°C cao es a blackening of
the film due to the decompo ition of the organic 01vent.
The e di coloration can generally be removed by vigorous
trea lent with nit' ic ac·dJ551

A rec nt tudy of note by udvig on and co-wo ker
mp10yed Nafion olutioll ast film 1 micrometer thick

cas outo :ngle cry tal ilicOll wafers)S8l Irradiation of the
film with x r on ion in vacuunl cau ed growth of large
prnoun crytallit O.5-10mm·n i . FTIR pectra
how d that th proton i 10 ali d Oil th fluoro ulfonate

group'n th cr talline r gion of tb . 1m. XRD
pectra howed that he ry tallin r gion ba spb rulitic

morphology on~ i ling of lam Har cry tallin plate. of
folded polymer chains. 1 I cry tal ization did not occur
in dried filIns . tored for extended p. riod . of time without
the xenon .on irradiation. Exposure to water caused the
cry ta ite to di appear immediately.

4.3 High resolution microscopy - TEM and
AFM

Stud"e of ionic duster formation and its dependence on
ionomer compo ition and environment have genera y been
b .ed on catteri· g data where the pre ence and tructure of
c1u ters i infell'ed by fitting the data to imple model .f41]

Direct exp rim ntal vi ua ization of the clu ers using. for
ampl , dye-staining tran mis ion electron pectrosc py

(TEM) is challeng d by the poor image contrill t in perflu
orinated ionomers and the need to creat e trem t in
membrane samp es)591 In addition, the inh r nt flexib'l
ity of the polymer opens up the po ibility of changes in
polymer microstructure caused by the experimental method
ology. inally, the electron microscopy technique. cannot
follow changes in the ionomer structure in situ such as those
cau ed by changes in environmental conditions.
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twisted chain as in PTFE. Sulfonate group. were seen in
a nonrandom distribution primarily 'n dust rs of 5nm size
ba doth sulfur·· aging, . c nt dy. - ain d TEM

tudy of a heavi.ly ulfonated tyrene ethylene-but lene
tyrene triblock polymer exhibited lamellar shaped ionic

region on istent with the phase-separated structure of the
ba. polym rJ6] Thi result d mon trated that spherical

luster .hap do· ot r ult fro· a M stud· '. but rather
other morphologie. uch a· lamellar one - are po sible.

number of fa dnating and important is ues related
to .anomer membrane surface structure still exi t. One
p vas'v and un plain d ph nom non' th diff rence
in wate· uptak p ,IUD· at d ·0 om' membran s

expo ed to liquid er v r· u atura d wat r vapor
under othelwie identical conditions. The presence of thi
d~fferenoe has been referred to as Schroeder's paradox
and continu· to r c iv tudy du to the uncertainty
in it resoluf }. 671 th to pla'n thi

e perimental find'ng po .tulate diffev nt . gi n in the
membrane or different mechanisms for water up ake rom
the two environment .. Another pos ible explanation which
ha upport a. ed on contact angle measurem nt involves
change in the urfac mrphology f tb m ill I rane
,ex 0 ed to the different environment .168] At n·c force
micro copy ( can have the re olution required to

nc'date polymer kro tructural features at· he nanometer
cal . In th ionom r fi ld AFM has b n appHed to both

.h examination of urfac t rural feamr awl a. the
direct examination of ionic clu tering}69]

Lehmani and co-workers carried au an early AFM tudy
of 117 membrane . with the purpose of achieving the
nece ay re lulion for i aging ion du t 1's.£1OI owever,
t e author conclud d that th y could not achi the
neces ary resolution to ee' n elu· te .th ran .ssion
mode A . James and coworkers carried out tapping
mode (TM) AF studies of afion® membrane uch
a 115-H+.[71] Typical imag s~z wer- 1 x 1 J.Lrn. An
environmental chamb . wa u d to control th humidity
of memibraneample dUling the T p ~m nt .
T phase imaging wa u ed to idenf fy hydrophobic and
h drophilic regions of the membrane. Clu ter with a'ange

f i s from 5-30 nm w risible, larger than the 4-6 nm

typical of XRD ludi which th author. attributed to
fonnation and visua' ~ at" on 0' clu .t' aggr gat .. The
number of cluster dec 'ea ed wbile he si f cluster
increased wit increasing humidity during the experimen

one would expect.
In a further tudy by tb' same research group~ TM

AFM was complemented w·th . hear fo ce micro copy to
examine the cau· e of pha e contrast in imag S 0 both
C + and H+ fonn afion® membranes. P21 The measured

phase contrast was much greater (600 rather than 10°)

Noneiliele s. many TEM tudie have b en p rformed
and have generally foun evi.dence o· mall - 0 nm
ionic dusters approximately spheri.cal in ·hape.I60-631 An

early TEM tudy of Nation membrane by Ceynowa
empl yed u1t1'a- hinection of afion 125 membrane
a 1200 W membrane.1601 The proc s of preparing th
amples for TEM consisted of conver i.. n 0 the Pb2 form

using LO M Pb( 032 for 60 h and careful washing of the
film , d hydration using ethanol solutions rehydrating in
1,2- po yp pan and embedding into pox resin. I ltra
thin ect'Ion were cu to 60- 80 n ~i . Th final film
was . hown to consist of v,ery small and homogeneou I
distributed black pot 3-6 run size which were attributed
to the ion clusters.

An early tudy by Handlin and co-worker. on of
ionom r de cribed e chall ng s w'th thO xperimen
tal approach.l59J The e author e amined Iv nt cast and
microtomed thin fiIrn of four differel t ionomer u .ing
TEM. Solvent ca ting produced artifacts and no u eful
information on ion clustering due to the difficulty 'n achie 
ing t ue ionom r olution and the e· t 0 drying and
phase eparafon on film tructur. Specifi i u for
consideration in electron microscopy experiments include
geometry eff ct (2 image of 3D tn cture) and radia
tio damage of organic moleculeaued by the electron
beam. Stainingf elu tel wil . 'um t a'd 1 d to
ionic domains of 2-3 nm in s·ze in an e ylene propy
lene diene monomer PD )-based ionomer. These ·exper
im· nts requir d very thin sections to vi ualize the clusters
accurately.

Xue et ai. caIl'ied ut a TE tudy 0 b th solution
ast and stained 11 7 nlembrane .16 I Staining was done

u ing the common pro ess of exposing the systeul 0 Ru04
vapor which react with water to form Ru02 micropartide .
In age how d ady . pherical black pot uniformly
di tributed aero th film with diam ter 2.5-5.0 om,
similar to those found with SAXS analy e . Grey area
around the black spot were visible and a ,ibuted to the
interfacial region propo ed in three-phase· tructural model .
Th ' aind r f th robrane as hi and a igned to
the emi-c y tal in PTFE-lik r g' n f th P lyro f.

Porat and co-wor rer carried out a "rudy of
very thin recast afion olution-coated fihns ca t frOIn
ethanol/water mixtures.L64J Zero-Io s bright field image

re obtained a w]I as specific sulfur imaging and
Dage il'con . tn'· ed target SIT) 10 -light image
with minimutll pecimen damage. Singl 1 tal i h
an av,erage distance ofeveral micromet r w r en
cattered randomly aero s the film. An orthorhombic crystal

structur . imilar to poly thyIene wa found. The re ults
sugge t that the fluorocarbon backbone is in tb form
of linear zigzag chains a in polyethylene and not in



that the t hnique pro ideL direct imageL of ion duster
in their aggr ga ed form which wh n swo n with wat r
are con trained by crystalline regions into the hann I-Ii e
morphology.

Figure 2. TM Mi, age f ion clu 'ter' on the urfao of
117- . Image (a ie po ed t nonnal ambo nt humidity hiIe

image- (b) i . ollen \\rth iquid ater. Both images are 300 mn
by 300l1m in ize. (Reproduced from McLean et aL (2000)l73]
copyright merican hemical Society.)
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,
(a)

(0)

for Cs+-form Nll5 wherea ther wa no ignificant
difference in the topographic imag . Th big er water
content of b H+-form io om r coupi d with th larger
harge den ~ty of th Cion wa peculated t be the

cau e of the higher pha e contras difference. T',e author
delnonstrated that the differences in probe- ample adhe ion
caused by an inhomogeneous distribution of mface water
were important pha e contrast mechanisms.

McLean et al. how. d that it i po Lible to imag. ionic
du. t in a number 0 diff r· n· 'onom.' ._ t m , and alo
pr v'd additional morphol gica .n 0 mati 1 not a aOla .
from any oth r reaI- pace techniqueP I: They u ed TM
AFM to characterize the fluorine-rich cry tal aggregat
with"n pedluor"nated ionomer in addition to determining
the relative morphological position of the ionic pede
and domain. mages of non-ionic polymer including the

afion® precur or polymer in it sulfon fluor'de form
rved aL con 01 to a sign variou phw_ . McL -anef af.

demon 'ated that TM AFM in P ,ase-con "a t ,ode a,
be u ed to characterize the po ition in pace of b h
ionic domain and cry talline lamellae or lame ar tack in

afton ruembranes. Three different AFM pha e i.maging
method were uti tized to examine different depths into the
ionom rand di·· r -ot tructural .. _atuT. Imal tappino:

under oderat oree cae 01 tiff di rene
fI' m the top Ulfac down to about 5- 10 nm .nto th
bulk polymer. Low 0 illation amplitude tapping re oIv
ionic domains down to about 5 mn below the sUlface
and only provides contra t for ion-containing ystem.
The third technique of very light tapping i sen hive to
hydrophobici ty differ. c L . . lh n .ar urface re~ion from
002 to 1.0 llln within th poly rand d . not requir lome
. p ie for it. contt· t mechani m.

Low 0 cillation amplitude tapping of Na on m~

branes generated remarkable linages of ion c1u eland
their dependence 011 variou. condition uch as humid
ity. Figure 2 ilhl ttates the low-energy phase images of

1 7-K after exposure to room temperatur humid
ity a) v rsus d Joni _d wat r expo ure (b). Image of
non-ion 0 c sulfo 1 tIuo ide fOlm .ODom r und r i.d n
tical condition produced no c ntra t in b xp li
ments. T e white regions in the image are the i 11·C

domain which exhibit a high degree of uniformiy in
spacing with an approximate ize of 4-10 11m in diame
ter for ample (a).. Image taken of iOflomers of varying
EW show a r lation hip b ween the quantity of whi e
r gion and the EW, although high r EW 'onom rs tend
to appear Ie' homogell ou i th _if distr"bution of .on'c
rich regions. The wollen ilnage (b) pre ent clmp 0

ionic regions that have increased .a 7-15 nm in size
in the narrow dimension while appearing to have coa
lesced into cannel-like shapes. The authors speculated
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The well-known chaHenge of creating true ionom r olu
tion w't 'ully di 'olv d and xt nd d pol m r hain
au e difficulty in I ular w. ig: t m aSllli m nt on

i ill r. W, on th oth r hand a mea ure of th ioni
concentration within the ionomer is readily determined
u iug a number of different techniques. As many ke
properti s of ionomer such as ioruc conducti ity water
uptake, and degree of welling depend directly on it
i an important physical property for correlating data on
ionomer of all types.

le W of a, afro membranec be e pl'. d u ing
equation (1) where n i th numb r f TFE gr up on
average per PSEPV monom r.

One ean f. I' tudying th ariOll int Inal tructures
nd nvir nm nt. within i nom r films is through the
lectro h mi al and ph h mi al . tudi s of lectroactive

and lumine nt prob m 1 ule inc rporat d into the
polymer film. Fluore ent pI' b tudi. f h n ironment
w' thin ation e b 'a av b m m re ommon in
recent year du to the w lth of infoffilati n po ibl if the
probe molecul are ele d properly r de ign d for th
de ired propert'

A number 0 'udie have been done 0, the incorpora
tion of Ru(bpy into Nation me brane due to it . weH
understood lumine cent propertie . Re earcher i ave b wn

that Ru bpy) IUlnine cence i enhanced within the· ali n®

membrane indi ating that the probe molecules Ie ide w' thin
the in erfacial region of the ionomer. An on ef ai. tudied
the incorporation of Ru(bpYhdppz2 into afion films
a thi prob molecul i strongly quenched in aqueous
olutions alio ing for dir t m a urem nt of the lumine 

c nc d nami during the probe molecule uptake into the
m mbrane'p4]

R b rt on et al. perfonn d anoth r fluore cent probe
tud h f prob mol cules pyr nand Ru(bpy)
rued to d t rmin th location of various .ons

i .n ,h iono· , tructur .PS] These fluorescent probes
re'd mainl wit'n th int rfacial region separa ing the
hydr phobi and hydrophilic r aion of th iOflomer. The
qu nching of th fluor sc nt probes by C + and 1- was
tudi d and u~ d to infer th location and mobilities of

the e ion within th polym r. C wa located within
the aque u h dr philic r tri n, wherea 1- wa found to
re .de deep r int tbe int r a ial r. gion and farth r away
f om t eydr phili r gion. Th 1 cati of the. ion
within cal'box late i nomer w ompar d to th r ult
for sulfona e ionom rand u d to explain differences
in electivity for th e typ of polym r .

Incorporation of electroactive rob I ·01 cules into
ionmner films represen another rich area of tudy for
potential applications in areas such as e ectrochromic
device and eectrocatalysi . For example, Komura et al.,
investigated he partitioning and cha,ge-tran port behavior

4.5 lectroactive and mine cent probe tudies

titrati n. FTIR L g nerall belie ed to be more accurate,
FTIR t hniqu for EW measurement are described in the
Ii t ratur .[2 ] id capacity mea urements u ing titration are

anoth r rout to calculate iOflomer EW ae dec cribed within
afton m m ran pr duct t chnical lit rature. tomie

uIfur cont n m a. ul' m nt pI' vid anoth r check on EW
and can b mployed in pre UTsor ulfonyl fluoride form
unlik th ti.tration m thod .

stems (PEMFC)

1)W(geq-l) = 00 x n + 446

cLean el al. also examined the near surtace region of
afion® membrane u ing very light TM.17 J The urface 0

afion® membranes expo ed to a yap -p ase environment
consists of a thin fluorine-rich kin r gion wi I urfa
energy that i est' ated to be ab ut mu t .ck. B d n
the re ult u ing different AFM t hniqu s th author
concluded that thi r gion contain e ntially no ionic
sp cie wh n XpOe d to apor-phase water but r, arrange
rapidly hn· xpo d to liquid water to allow diffusion
o ionic groupe to the eurface. The realTangernent time
for thi proce.. is very fa due to the high concentratio 1

of ion group as well their rela ively high ll10bility
within the fluorocarbon matrix. Thi pr ce i contI t d
the rearrangement proce in poly thyl n -c -ill - tha r Ii
acid) iononle neutralized wi th Zn m. tal ion wher
the ioni p ta ub tantially longer to nll{ITate to
h urfa . R arrang nt time f hour compar d to

sec:on f: r aft n m mbran are typical for the e
i nomer .[7 ]

Copolynler of an PSEP ha ing a wid ari tyof
W have b en yuth i d and studi d. W alues a low

a 700 ar r adi y achi abl in tandard pol m rization
pr ce . Th PSEPVE h mopol m r i difficult to yn

th iz du to th sluggi h If-polymerization of PSEPVE
thu limiting th low end of E (446 is the theoretical low-
nd value for the PSEPVE homopolymer). Very high

copolymers can be synthesized although control 0 r EW
becomes increasingly challenging. Copolym with EW
greater than approximately 1500 g eq-l ha uftid ntly
dilute ionic group to afford too Iowa·onic conducti i y
for practical app 'cation.

EW i cony niently m a UJ db Hher FfIR chniqu
m a urement 0 atomic. ulfur content or by add-base
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4.6 Thermal studies-·DSC and GA

Tab e 4. Thennal data from DSC for Nafion membranes having
a range of EW value ,

of viologens within Nafion® solution-cast 1m J76]

Increasing quantities of the IJ'-dib nzyl-4,4'-bipyridinium
(BV2+) cation could be incorporated into . afion® film
with the effect of partially dehydrating th poly er and
reducing the mobility of the BV + cation within the . 1m
and hence its charge-tTansfer rat .

and increased further into he 210-240°C range for alkali
metal-cation-exc anged iono e . Highe T value are a
result of ionic era slinking w'thin the stru;ture which is
clearly mor efficient at reducing chain mobility for certain
cation +Further studies of Tg for afion® membranes a a
function of polymer EW and membrane humidity Call d not
be found in the literature at this time.

A rec nt study of the th onal behav'0' of Nafion®

membranes reported an analy is of the thermogravimet
.c and DSC behavior of membranes having different ionic

forms.[79] The thermal behavior of 117 m~mbranes in H+ ,
a+ K+ Rb+. and C forms were ~ tud' ed u ing both the+

mogravimetric analy is TGA and DSC mea urement +Flu
oropo1ymers exhibit v. ry good thermal stability although
j. ;, • 10

ncorpora on 0 10· IDto the tructUl··e reduce stability.
Th nnal treatment of H+ -form membranes caused them
to become dark above 120°C and increasingly darken to
300°C. Na+-form films showed no darkening up to 300°C.
Gradual mas loss on hating 0 290°C was attributed to
the loss of water., -

Fir t stage mas 10 S between 290 and 400°C is due to
desulfonation while the second stage from 400 to 470°C is
related to side-chain decomposition and th third stage from
470 to 560°C to PTFE bac bone decomposition.l791 The

a -form ionomer exh'b' ts higher thermal stability with
an 0 t of thennal decomposition about 150°C higher
than the acid-form ionomer. The formation of the a+
S03 - ion pair stabilizes the C-S bond since S02 production
is not seen during d gradation of the alt fonn of 117+
Th.' . tudy did not . easure gases found in decomposition
but did quote results from earlier studies that made these

1791measurements. ass loss products in the first stage are
H20 S02' and CO2 while the later stag s contain HF,
Si 4 and COF2 . SiF. is presumably from xposure of HF
contllining gas s to glas ware u ed in these experiments,

DSC data show one strong endothermic peak T] at 115 0 C
and a weak and broad endothermic peak near 230 0 C for
both the acid and salt forms. Thermal ev n s over 250°C are
likely related to decomposition r action +The broad peak
n ar 230°C i attributed to .. elting of the crystalline region
oc uuing at ower temperatures than it would for the PTFE
homopolymer. The lower temperature T1 peak is attributed
to the ionic clusters, possibly related 0 an 0 deI-d'sorder
transition within th clu ter . The J temperature depended
on the cationic form of the polymer with other cation
having higher T1 values except for Cs+. Other authors
have attributed T1 to the glass transition temperature of
the polymer.[79]

Thermal p. op rty data n ce ary for modeling thermal
conduction within Nafion® membrane-containing sy terns
are more difficult to find in the open literature. We have
found no citations for heat capacity of· afion® membranes.

1.06
1.68
4.98

1.16
1.48
3.34
4. 3
6.92

t::..Hr (cal g-I)

236/254
2311257
2;5V278
256/283
266/286

2071235
231/253
249/265

Trn . °C) peak/end

The thermal properties and behavior of afion® mem
branes have been tudied extensively due to their practical
importance in the performance of membranes in processes
operating at elevated temperatures. Therma· characteriza
tion of ionomers al 0 prov'des fundamental information
on polymer structure and properties. Starkweather carri d
out an early study of the thermal properties of afion®
ionomers having EWs ranging from 1050 to 1790.[77] This
study reported melting temperature and heat of fusion data
for both S02F and S03H polymers, These data are repro
duced in Table 4. The heat of fusion was a linear function
of EW and extrapolated to zero at an EW of 910 g eq-l
which corresponds to a TFE/PSEPVE ratio of abou flv .
This uggests that some crystallinity remain in the copol 
mer to very high comonomer contents. An XRD study of
the sulfonyl fluoride precur or sugg stedtllat th unit cell
is hexagonal as in the PTFE homopolymer with crystal
dimensions of 3.0-4.0 nrn. XRD data are c1a'med to upport
Gierke' bilayer model for th .afion® membrane back
bone and sid chain organi afon wherein ionic domains
having 4.0 run diamet r are s parated by 1.0 filll thic fluo
rocarbon wa 1 reg'ons.

GlaL s transition tempe atures for various Nafion® mem
brane w r. r ported by Yeo and Ei enberg. r78-1 They found
that the Tg was owest for the unhydrolyzed po]ynler at
about O°C. inc eased to 103°C for the acid-form ionomer

S02F-form polymers
1050
1100
1350
1500
1790

S03 -fonn polymers

100
1350
1500
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I

Table 5. M chanical properties reported for afion® e branes
within product technical literature. MD indicate mac' e direc
tion and TD tra ver c direction.L 7J

A TM D 1922

ST - D 1004

STM D 882

est method

STM D 882

S1M D 882

ASTM: D 882

ASTM D 882

ASTM D 882

ASTM D 882

ASTM D ]004
ASTM D 1004

A TM D 882
AS D 882

ASTM D 1922

ASTM D 1922

Typical value

Tear e i tance 
pro, aa'3iting,
(gn tn-I

>100 in MD,
>150 in TD

92 in , 104 in
TO

74 in D, 85 in
TD

3000 in MD TD

200 'n MD, 275 "
TD

180 in MD, 240 "n
TO

Tear re i -tance 
initial (g mm- l )

6000 in MD TO
3500 in MD TO

Ten ile 'tre gth,
ma 1m m,
MPa)

43 in D, 32 ~n

TD
34 '0 D, 26 'n

T
25 'nO 24 in

TD
Elongation at

break, ~

225 in MD, 310 i·

Ten ile modulus,
(MPa)

249
114

64

atcr a ed
2 °C

Water oaked
iOO°C

500/£ RH 23°C

50~ RH 2 aC
at r. ated
23°C

Water soaked
100°C

Water soaked
2 °

Wat r oaked,
100°C

50o/t: RH 23°C,

50% RH, 2· °C

50~ RH. 23°C
Water soaked

23°C
Waer oaked,

lOOoe

p y .cal property

Water soaked,
23°C
ater . )a-ed
roo°c

insoluble in any olvent at temperature below 200 °C. Once
1ydr Iyz d into ioo'c form, p rfiuorina, d ionomer are not
I . t proce. abl and. oluti n procsing t. chnique ar
nece sary to create novel 't 'ucture' sucb as thin coatings.
Prior to hydroly is, perfluoril1ated ionon er xhibi typical
melt index values of 5-15 grams afiter 10 min at 270°C
ba d on afion membrane technical product literature.

A procedure for carrying out melt processing of perftu
oinated ionomer wa develop d by oore et at., ba. ed
on ion exchange 0 an li7-H+ membrane u iog a M

Maggio et al. utilizes an effective thernlal conduct" vity for
the afion® membrane of 0.21 W m-I K-1.r 01 One uld

hope that the e data would be mea ured and onfirm d in
the future a the u e of afion® m Rbran . in larg fu I
cell stac .ece itates b tt r und l'Standing and control
o t mperature di tribution and local hating within the
tac .

.,7 Mechanica s dies and pope f e - melt
flo· ,dynamic I ec a ·cal a a yze l (DA),
and QC

Re earch on mechanical propelties of perfluor·nated ';ono
mers are often coupled wit:I 0 her technique including
thermal and scattering studie to lean! more ab ut ionomer
tructure an can b derived from the individual t h

lliques. Mechanical propert"e . becom 'Imp0l1ant for r bu t
peration of.l embra e-cont "n'ng t m and d ice a

the mem ran will often b the rno t fragile omponent
itn a ]arg. n. tack containing meta 11ie or graphite-ba· ed

-. ipolar pia .s and carbon cloth or paper gas-diffu ion elec
trodes. Th· Nation membrane· echnical literature quote
th value given in Table 5 for mechanical properties of
1100EW membrane e.g. 112 E1135 115 a d
Nll7) ba ed on American ociety for Te-til Ig al d Mat .
aIs (ASTM) standard te t . . ach prop lty d pend. on tb
degree of hunliclificafon which mu t prop rly onlToll d
to obtain r produc"b~ result. Tear r . i tanc Ii. ted in the
t . 1· depe, d on ill mbrane tbickn. and alu quoted are

r NEIl2 111· mbrane .
Miu ra et al. p r Ofnl ell dynamic vi coda. ti spe tral and

DS mea urement on 117 membrane in var·OllS cationic
forms for the purpo e of understand·ng the effect of water
and alcohols on the molecular motion of the ionOlner. f 11'

The Nafion® nlelnbrane howed fi an d Ita pea i
the dry tate (ct, ~ W· y' and y). Ab orption of water did
not affect the tran 'ition - greatly, however, al hal had a
pronoun deffi t on the sp ctra. A furth r . rudy b M·ura
et al. mp y ell dynamic m chanical analy i SAXS and
ei ctton probe microanaly. is to probe the structUIe of
NI17 membrane exchanged into different cation fonn and
wollen with ethanol. [ 2] The ethanol uptake was mea ured

for 117 in the following cationic fonns: Li+ .a+ +,
NH4+ andeveral organic amn onium cation . The lu tel'
diameter in ethanol-swollen melubra:Ie w cal ulat d to
be lllaIEer than water- wonen clu tel .

oore a d co~wor er carried out an important rudy of
th re,'t processabirt of the afton m mbran xcbanged
in 0 th TBA cation·c ormJS] Phy. ical propertie of per
fluorinated ionomer ill mbran s are dominated by the emi
cry tanine fluorocarbon backbone and the ionic s·de chain
aggregate.. Semi-crystaUine perfluorinated ionomers are



solution of TBAOH in methanol. [83] This ion-exchane.ed
membrane is reduced to a solution using the tandard pro
ce sing in a water/methanol-l-propanol mixture at 250°C
under pres ure, Melt proces able polymer powder could
be recovered from the olution by stripping out he alco
hol solvent using boiling deionized water and drying the
resu ling powder. The authors sUlmise that tbe large organic
TBA+ cation reduce aggregation forces by c 'eating inter
nal plasticization and reducing electrostatic cro linking
between ion pairs due to heir diffu e charoe den ity" .hus
TBA+-exchanged ionomer ha a much lower Tg relati e
t Na+-form ionon er. The TBA+-fo 'm ion mer an
'e r ad" y 0 verted ba to a id 0 by treatm nt with
nitlic ac'd. The p 'ocedur v I ped by 0 r et ai. i
thi work have be n empl y d by num rou r arch r 0

at no .J compos't struc If with afion® m mbran., ,
Th qUal1 cry tal m i r bal an Q M) wa d loped

during th 1(U t decad. or purp . of allowinG hi<thly _. n-
if m a ur m nt f weight 10 and gain f . m and

surfa ., S Ii et ai, Cf at d coating. of aft n olution
ont I a gold-coated c y tal of a quartz crystal microbalanc
and us. d the· to. lId .h cation .xchang. pro S 10

Nafi n . IUlion-ba re a t lm.r J E hang . f pr 
t 11 ~ ith a variety of atioD..ed to a 10 f rna of
th .coating due to th a c mpan "ng los of wat r. Onl
Li - ation exchange ga an incr. a c in mru; a ould
b e pected from th r lati wa r upta, eo' .mious
cation-form Nafion m mbran ., These microbalanc m a
. ur m nt were u d to d t rmine th r lativ tat s of
hydrati n of vario I cation w'thin afion m mbran ..
A many a 50 wat, r mol. ul p .r cation can b put d
for larg multi al nt ation. uc as RU(NHJ )63+.

4.8 Other structural studies

Among the large election of other studies that ha e
been re Olted on the tructure of afiol1 membrane
a d related y teln in recent year we chao e to ocu
on only a handful here for the"r relevance to impo iant
: ue' in the operation al d under tanding of the MF.
For example Zawodzillski ef al. performed co :1tact ang e
measurements on ,115 and 117 melnbranes equilibrated
with d"fferent water vapor act"vitie .r6H I T e men brane
urface wa howD to be very hydrophobic, pre nfng a
ignificant barrier to water. The advan ing anta ngle

were much higher than tbeceding ang es du to the
changes in the urface tructu e that occur in the pr, nc· 0

liquid water. Advancing 01 tac I angle .decrea e nl wha
with "ncreasing membra tle water content n oving from 1] 6°
'or dry 117 down 0 980 for NIl 7 in a aturated wa er
vapor. The change' urface tructure we"e plain d by

Perftuorinmed membranes 365

. ana g m nt in re ponse to th . di 1 chic can lanl of
the m dium.

Th rudy hy Zawodzinski et oJ. is irnportant as it
relate to the proce ses of surface rearrangement that occur
when afion® membrane are expo ed to different media
i.e. liqui~ water or water vapor environments. Surface
realTangements in afion® me Ibrane we lie studied u "ng
AFM by McL an et ai, and shown to ocew" very rapidly
compa· d to ,imilar pr c e for· th r ionomersP~] Th
ean· gem ot p1'oce L b lieved t in 01 emotion f th

ionic id hains toward. and a a fTom th membrane
surfa e which is typically composed of a thin fluorocarbon
like skin in the pre ence of humid air. T i proce s
has implication for water mas tran port and poton
conduct"vity at ionome u a e und r different ope 'a ' g
conditi, .

An th r r nt tud ta ing a no r [ approach t th
characterization of the struc Ire of Nafion membranes was
reported by Di ise et al. [ J The pore ize di tribution .
of afion® 112, 1IS and 117 membranes were mea ured,
u iug mercury poro ir ,et1"y. A wide pe' rum of pore ize
were found w' til the average . alue at 2 urn and a rang
from 100 to 1 run. levating temperature to 80 0

. dOd
not ad to a ;y qual" ta' ve "hang in the po~ structu··,

T at f wat r within th Na n membran ha
been tudied recently using FrIR techniques on a very thin
(approximately 1~m) solution-cast film. l 61 The author
designe '. an FrIR . Y tern al owing equilibration of the fihn
salnp e w·th a known water activ'ty and temperature to
m ni or tIl FITR P ctra a a fun lion of water c nt nt
w'thin the ion mer. Th .tudy on Iud d that p~' t n
tran f, r f om th ulf ni a id to a~ r to fo m th H_10
cation had 0 cun-ed already e en under very dry conditions
with a ingle wa er molecu e per ul lonate ite.

5 THERMODYNA,MIC PROPERTIES

5.1 Water uptake and swell· .g data

The swelling behavior of pertluorinated iono neric mem
brane ha been a frequent topic of tudy over the year due
to its rela ion hip to membrane prope11ies such as ionic con
ductivity and . lectivity. Membrane sweUi g results f1' m a
con pI interplay b twee th affinity of th poly e a d
ionic .i for polar. 01 nt and th. r sistance of th m m-
bran truc ure and crystallinity to volumetric expan ion.
The pre ious hi tory and pretreatment of the e polymer has
a marked impact on their swe ling and o)ubility properties
Im"ge l y due to the di ruption or development of membrane
cry tallin ~ ty.

The upta, e of water into Nafion® emb ane having
vanou W is gi en in Table 6 bas d on data r ported
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Tab e 6. Data on wa{er uptake and "onic eond et:vi y or various
EW commercial and experimental afIo @ . ,embranes, hese
data have been taken for membranes immersed into liquid water
under ambient conditions. [87]

recently.IS71 S andard pretreatments consisting of hydroly
sis, acid exchange, and rinsing and boiling i.n deionized
water were fo lowed with all membranes. Membrane sam

ples ar blotted dry prior to themeasurem nts lor move
surface moisture. The wat r uptake is e press d 'n teffi1S
of weight percent calculated based on the weight of the
wet sample

com-

Water Water Wet
content }.. content thickness

(# H2OIS03H) (wt%) (FJ.,m)

21-22 24-26 58-62
21-22 24-26 145-150
21-22 24-26 200-205
27-28 32-33 160-165

1 2
NILS

117
105

Nafionlt'
membrane

A = 0.043 + 17.81Qo - 39.85a6 + 36.0a3 for 0 < ao < 1
(4)

Table 7. Swo len water content and thickness of variou
erdal Nation embrane fro Buchi and Scherer. l88]

where Mo i the molecular we"ght of water (18 g mol-1)

and withe solvent uptake in weight percent based on the
weight of dry polymer. We u e the co~on convention of
re ,'erring to the waer content 0 the membrane expre. sed
in term of number of water rno· cuIe per sulfonic acid
ite by the parameter A,

Will e solv,ent uptake data are useful for predicting mem
brane swelling and internal olvent concentrations, these
data are oft n taken under cond'tion of unit olvent activ
ity, a condition that doe not gen rally exist 'n an op rat
ing PEMFC. or understanding the properties of ionomers
under operating conditions and for fundamental studies
of the nature of ab orbed water, a preferred experimental
approach i to expoe membrane ample- to external envi
ronm nt hav'ng controlled olvent activity. This condition
can b achi v d by e pOSUf to salt olutions of known
vapor activity followed by measurements of the solvent
uptake by the ionomer.

Zawodzinski et al. originally measured a complete set
of water acti ity data on acid-form NIl7 membranes at a
le perature of 30°C and attempted to ·nterpret the data 'n
tetms of interactions between the water molecu ;es and ionic
side chains.[89l Membrane samples were exposed to Lie]
solutions of known water activity to ab orb controlled quan
tities of water. This technique can attain water activities
ranging from 0.15 to l.0 a room temperature. Equilibrium
was r ach d within 4days in these experim nts. Com
pI t drying of the membrane amp es wa accompl'shed
by exposure to P20S for several days at room tempera
ture. Based on the water ab orption data as a function of
the known wa 'er activity in the Liel solutions, an isopi-

tic sorption curve could be calculated for N 117-H+ at
T = 30°C. Th s data are r produc d her in Figur 3 and
also in the equations given below.

5.2 Water act" ·ty · apor environments and
. membrane drying

(3)

(2)

). = _Cw_x_E_,W)_
Mo

Weight % = (wfinal - wjnil)
wfjnal

W (g eq-l) Water uptake Effective ionic Ionic
wt%) conce· tration ·co ductivity

(M) at 23°C
(Scm- 1)

1500 13.3 1.245 0.0123
350 19<4 1.338 0.0253

J200 21.0 1.492 0.0636
noD 25.0 1.591 0.0902
980 27.1 1.764 0.1193
834 53.1 1.761 0.1152
785 79.1 1.539 0.0791

As ionomer samples with EWs much higher or lower than
the commercial 1100EW membrane are experimental sam
ples, the variability of the swelling data are gre"ater and
are not expected to be as accurate. Th effective ionic
concentration in Table 6' calculated by dividing the mem
bral1e~s wet dens'ty by e EW. Thi pa-amee· cor· ·ates
most cIo -eIy with ionic conductivity, demonstrating that
the decrease in innic conductivity at low W values results
from excessive swelling of the membrane leading to a dilu
tion in the ionic concentration.

Buch' and Scherer performed a recent study of the
beha jor of ariou afton®- membranes 'n situ within an
operating fuel cell. [8 ]I While their focus was the' itu
ionic conductiv'ty and water content, theyal 0 reported
measurements of the swollen thickness and water uptake
of commercial afion® membranes .. The final state of
the arious membranes are described in Table 7, The
r lationship b tw n water con. n in . rms of numb r of
wat r mol cuI s p r ulfon' c acid sit and w igh. p re t

used 0 calculate water weight percent data in Tab e 7 s
illustrated by equation (3).
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An extensive study of the uptake of wat r by p rfiuori
nated ionomer membran s wa r ported by Hinat u et al. [7]

They xamin d a numb r 0 differe t con ne "cia mem
brane including Nil7 and 125, lemion® FL-12 and L
4, and Aciplex® AC-12 and AC-4. Water sorption cm· es
were mea ured for membrane with and without standard
sw lling and pretr atme ts. Water uptake from both liquid
wa rand vapo . w r .·easued as fu lctions of temperature.
The results were imilar to those of Zawodzinski et al.. in
the general shape of the isopiesfc sorption curve for all
tbe m mbrane~ studi d bowing the gene· ality of the phe
nomena. Water uptake increase I wit 1 decreasing EW of the
io 0 er and·' creased wi telnperatu e for absorption from
liquid water. Waer uptake from the vapor phase decreased
with temperature down to 10 wat r per sulfonate sit at
100% R at 80 oe. Fitting expres ions for the uptak data
were given which may be u eful in modeling ludie.

The studies described earlier generated extensive
vapor-liquid equilibrium data for perfluorinated iononler
membrane-water systems and focused on the interpretation
of the e data. For purpose of ,engine ring working fuel
cell sy terns~ it is valuable to have thermodynamic models
of the equilibrium behavior of the water-swollen afion®
membrane as these can be u ed to predict phase equilibria
under any conditions. Futerko and H ing denved an
equation to represent the wa, r activity within 117- +
membranes as a function of water uptake and temperatur·
based on a two-parameter Flory- Huggin lllodel. I90 I

Chemical equilibrium of protons between the fixed acid
sOte. and the ab orbed water mol cules was accounted
,oe pI ~c' ly on the model. Another thennodynamic
study of vapor-liqu: d equi ibrium within :e afion®
membrane was performed by Huh and Bae. r91] Thes
authors extended the Vapor-Liquid- and Solid-Liquid
Equilibria of Electrolyte Sy terns (LIQUAC) model to
de 'cl1be the Gibb free energy of water/perfluorosulfonic
acid ionomer systems.

The challenges of drying perfluorinated ionomer
membrane completely are well documented. One water
molecule generally resides with each ionic site in
the pol mee en upon sustained drying at moderate
temperature and u der vacuum conditions. Recent y the
issue of the performance 0 tubu~ar dryers based on afion®
membranes with selective permeability was studied. [92)

These systems operate by passing a carrier gas such as
a e organic through the center of one or more tube
surrounded by a continuous countercurrent-flowing dry
purge gas. hl order to understand and optimiz the operation
of the e systems, the authors studied the fundamental water
vapor ,equilibrium propertie of Nafion® membranes in
compa i on to other drying agent. Measurements were
pe formed to determine the wa r apor pressure, written

10.80.4 0.6

Water activ'ty
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Figure 3. I opiestic sorption curve giving water uptake as a
fune ion of water activity measured for N1l7-H+ at T = 30°C.
(Reprinted with pennission from Zawodzin"lei et al. '1991)l89J
copyrigh American CheI ical Society.

ao = ~0.0505 + O.1853). - O.Ol049}.2 + 1.712 X 10-4 }.3

(5)
where ao - Polp* and p* is the water vapor pre sure in
unit of· ar ).

The e water uptake data indi.cate that this y tern exhib"ts
a . lall cha ge in wate· co· tent over the water activity
range of 0.15-0.75. 0 er acti itie 0 0.75, water conten
changes rapidly from 6 to 14 water molecule p r ulfonate
i e. The ere. ill ts ar lnt rpret d as being due to an initial
~trong interaction f the first water molecules with th
sulfonic acid sit of th. ionomer follow d by w ak r
int factions at great r than six wat r molecules per acid site.
The initial water absorbed into the polymer is considered
tightly bound whereas the ~ ater water is bulk-like in
its prop tt:es.

The e same authors further explored the isopiestic sorp
tion curve for 117-H+ in a later paper. [67] Comparison
between the water uptake from liquid water and 100% sat
urated water vapor indicate that the values achieved in
the two cases are notably different, with 14 water per
sulfonate absorbed from the vapor phase and 22 from
the liquid phase. This difference runs counter to expec
tations from tllelIDodynamic considerations as the wat r
activity in either case i equaL T i ph nom. non relates
to Schroeder's paIadox where a lower uptak of pene
trants into polymers rom saturated . apor phas compared
with the liquid phae is ob er ed fo a number of poly
mer-solvent combinatio .[6ti] Th se authors speculate that
till result Jnay be caus d by th difficulty absorbing water
from the vapor onto wans of hydrophobic pores within the
membrane.
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5.3 Swelling with organic and
et a 0 i ..containing solv t

They utilized Li I • Na . and Rb+ fOlm membrane in their
studies, avoiding H+ form lllembrane due to their reae .v

ity with orne organic solvents. Solvents· tudied including
thanol, triethyl phosphat n-methyl formamide, propylene

ca, 'bonat dimetho y. than , and water. [95] A recent Ltudy
of 1v nt . w I 'ng in '+- Olm Ntl7 e banes for a
larg rang organi, 01vent and 01 .II lixtur was
rep lted.L271 om temperature sol nt uptak a w 11 as
ionic conductivity were measured and correlated to 01-

ent phy ical propeltie. A cOlTe1ation ba ed on a number
of propertie in luding solvent molecular weight, vi co 
ity and donor number was a 1 to give a reasonably good
pr. dictio of the so v nt-wollen membrane propertie..

S al tudi ha con .ned hem Ives to analyz-
i g the upta lne ,an I or methanollwa e + mixtures
by ation nelnbrane due to the relevance to dir ct
luethanol PE FCs. andan and co-worker studied 0-

ent uptake by N 1 7-M+ for water and methanol for a
ari y of cation..,l 6] Th partitioning of water-methanol

in 0 bra wa L tud·ed by posure to 50 mol%
m thanol-wa r lu· n (64 wt0/( methanol) fonowed b
analy' of the m· thano! ontent ab. orb d in 0 th mem
brane. he e author found that from 6 to 20 wt% war r
is absorbed by 117 wi.th the uptake decrea ing in
th orer of H+ > Li+ > Mg2+ > S~+ > Ba2 > a+ >
K+ > Rb . In compari on they found that from 6-40 wt%
ill thanol· ab orb d by 117 with th. ord r in thL
case deer a ing as Li > H+ > Na+ > g2+ > Ca2+ >
S~ > Ba2 > K > b+. Dry densitie of 1 7 mem
brane in ea h cationic form varied from 1.896 (H+ form)
to 2.168 (7 cm-: (Rb+ form). embrane thicknes es in the
dry form for t cation-e. hanged 117 film ar' ed from
168-180 Pol' ow·ng I ariation tha tb m bran
dry de· .tile . Fra til nation e prime· t ow d h t a,er
is sel ctively taken up by the membrane with Kw alue
of 1.5-2.1. Selective uptake for water was found by all
cationic forms but was strongest for the Rb+ and Mg2+
form me .bran L. [96]

ReD eta!. tudied the b havior of Nafion® me bran in
methanol/water mi ture 0 ben r under and and d 1
performan of dire t methanol PE C ,1 971 aft n®
membrane having two different EWs (1100 EW N] 17
and 1200· W 120) were pre realed using standard con
ditions a d dried 0 r a larg ce~. 0 PzOs in s aled
jar, Th dry , b an d n i ty wa reported to equal
2.075 gcm-· (, aid-form NIl7, Pre 'ous ,.tudi us'ng

nuclear magneti resonance (NMR) had demon trated that
the composition within the membrane was e sentially iden
tical to the eternal olution concentration. his finding was
used to ,calculate , ethanol and ater con nts w en mem
bran w r exp s do. olutions varying from 0 to 10M
n ethanol in d ioniz d water, Increasing m thanol solution

(6)
3580-- + 10.01

T

ru PW in equation (6) below, for afion® membranes
a a function of temperature. or temperature ranging
from -20 to 50°C the data were we] described by the
expres. ion given as equation (6)

where PWN is in Tor' ad·' ' , K 1 in. Th watapor
pre ure over e entially dry Naon ~ emb 'a, e ' thre
to four order of lnagnitud low r than that f 1·quid at
at y giv n t mperatur ad· clif£ rene increru. iih
dec 'ea . g t pram·, Fro th . data, th· molar .nthalpy

vaporizafon for wat r was 69 Jmol- 1 compared 10

about 4 kJ rno -1 for bulk water. ing previou ly· eported
values of the free energy of vaporization the authors
deri· d an entropy of aporization of 120 K- ~ rnoI- 1•

These data may be u ed to predict the dryness of a
given atmoL phere required to remove wa er f om very
dry Nafion membranes under condition of atmo pheric
pre sure at any temperature. nder practical operating
conditions Nafion® dryers achieve dew point of -61°C
in removal of water from a satara ed ar ier tream at
25°C. afton dryers operated under amb' ent can· itions
are lightly les effective than CaS04 and operate about as
well as Mg(Cl04h and dry ice/acetone trap. at O°C.

y; 0 p dorm d one of th earl' t camp °ehensi e swelling
. tudi of 10 mil 1100 and 1200 EW afton membrane
in +-form in varion solvents inc udin water amines
alco o~ , glycol, glycerol, and formamide.l93J The re ulting
swelling data were modeled and explained u ing a solu
bility parameter analy is, Two regions of b havior were
found with the separation at solubility parameter values
in the range of 12-15, The highest welling was achieved
with the higher alcohols and amide solvent. The e early
swelling todie are the benchmark for a number of more
recent studies of the behavior of 'afion membranes W len
expoed to organic salven as thi . topic ha become of
greater cOIrunercial importance with the development of
proces e for creating afion® solution. through dis olu
tion in organic olvent mixture . In a later tudy utilizing
Na -form Nafion® 110 and afion® 901 membrane ~ Yeo
showed that· olvent uptake depended on m mbran pre
treatment and on the so ubility parameter of the olvent with
the maxilllum we ling occurring for olubility parmneer
of around IOP4]

Aldebert et al. tuclied the swelling an i nie c nductiv-
ity be avior of th 117 m mbrane . organi olv ll.



concentration app ared to increase the total uptake but did
nol impact the water content (k = 20-21) within the mem
brane. Methano contents reached the level of 5,61110 ecule
per ulfonic acid at ] 0 M methanol. Water and met a 01
uptake for the Nafion® ·20 lllembrane were appoximat ly
70-74% of e value for N 17. Water cont nts may
tart to drop off a th high r m thanol conc ntrations

(>8.0 M) for th 120 membrane. In a later study Ren
and co-workers measured transport properties for 117
H+ exposed to 1.0 M methanol solutions in operating direct
methanol PE:rvtFCs.[98]

A comprehen ive study of the equi "brium upta 0

methanollwater . ture in N1l7-H nlembran ov r th
temperatuf rang of 298-333 K Wa.! reported recently
by Geig r et al. [99] The wor I oHows from and improves
upon the exp rtmenta] approach of Gates and Newman.L100J

Careful procedure _ were employed to assure rninilnmll
10 of solvents during the mea urements and accurate
chemical analy is of the composition of e abso bed
solution phase, A model of the Gibbs ree en rgy -as
used to derive a lllodified Wohl expan ion to fit the
experimental data ensuring th. rmodynamk con, i tency_ In
general the presenc of m than I .n th .xtemal ,olution
increa· d the rna s uptake by the Nation membrane
with a maximum at a methanol mole ira tion of about
0.65 in the external . olution. ExperiInents at the higher
methanol concentrations were affected by the formation and
volatilization of dimethyl ether" 0 significant te··· perature
dependence to the uptake data was foun .

5.4 Ionic selectivity and chemical modification of
•lonomers

Anion crossover has been atop"c of (rong hi torical intere t
originating with the u, e of Nafion membranes for the
membrane chlor-alkali process and the need to reduce
hydroxyl 'on cro sover to improve the economics of thi
process. While significant work was expended to tudy
the electivity of Nafion® memb "ane ave var"ous ionic
spec'es ill the 1970s and 1980 , ' or rent studies ha e
been les frequent as new i sues and chal:enges have alisen.
Ther. continu. S 0 be the occasional tudy on the topic
of anion exc1u ion from the standpoint of modeling the
process or attempting to gather more complete data on
the phenomenon.

A novel feature of ionomel' membrane that has been
used with advantage in selected ca e i the ability to
carry out chemi try ei her locally at the ion'c (acid) sOl

or within the nano-sized pore of ,e m mbran , This
attribute of perfluodnated ionomer membran s was first
utilized in tb r search to ards better more permselec
dve chlor-alkali membranes. In recent years, imaginative
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concepts for utilizing his capabi ity for improving PEMFC
perfornlance have been reported, An early exanlple is seen
in the work of Watanabe et al. who modified a afion®
olution by combining it with Ti02 or Si02 colloids having

5 - 7 nm par .cl _by mixing 3 wt% of the additive together
with the afion® solufon, ca ting a film and dryingP°l]
They also explored the inca, pOTation of Pt particles at a
loading density of 0,07 mg Clll-2 into 2 mil thitck. Nafion®
m mbranes by ion exchange and reduction with hydrazine,
Th _ Pt particl s wer shown to catalyze the oxidation of
ero over Hz wi b 0 _ to create H20 wherea _ the ceramic
particles ab orb and hold onto water more effecti ely" In
e'ther case useful functions for the operating fuel cell are
incorporaed into membranes in a facile manner,

$urfac. modification is another route to achieving prop
erty change in the ionomer membrane such as improve
mel ,t ill elec ~ ity ,hat take advantage of it capability
to penonll ocal ehenlical c ang s, For e ample, sev
eral groups ave examined the u e of plasma po ymer
ization for ,modification of theafion® ... embrane, Early

studies of plasma polymerization involved deposition of
th 4-vinylpyridin monomer by Ogumi .et al.[102, lOJ] his

approach yielded a membran. with very high proton
permselec ·vity but I ,e memb ane resistance increa ed to
12 Q cm2 which is unacceptable for appl" cation in fuel cells.
La er, Yasuda et aI. attempted fUlther modifications of te
m mbrane surface with plasma induced smface modifi
cation but did not find any appreciable improvement in
membrane ·electivity)l04 105]

A more recent atte1npt at urface modifica "on u ing
a plasma polymerization proce s was repOlted by Zeng
et al.[106] The· deposited a 0.5 ~m thick layer with anion

xchang propertie onto the surface of a ""117 membrane,

The proc semployed glow disc arge plasma polymeriza
tion of ,ethylene and ammo "a 0 depo it a polyethylene-like
film with -NH2 and -CONH2 groups, Selectiv"t for
protons 0 er d'valent and trivalent cation was improved
by manipulating the ratio of ethylene to amillonia in the
plasma. Importantly the re i tance of the membrane was
only slightly highe with th po meriz d surface layer and
this layer was stable over everal rno th ,

Prec'pitation of "norganic compounds on the sUlface and
wit in the afton membrane ha been known and tudied
for many years becau e of its relevance to stable long-tenn
op ration of chlor-alkali cens. The strong cau tic environ
ment at the cathode of th e cells can lead to precipitation
of COlllpounds wi .; 'n the 1nembraI',e near this urface, caus
ing damage to membrane including microcrac and tears.
S"ica-containing species such a aluminmn silicates have
be n udied in detail. M mbrane impurity studies on a
va iety of d' - and trivalent cationic pecies ha e been per
formed over the year by the chlor-alkali industry" These
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6 THEORETICAL AND MODE ING
STUDIES

Macro copic modeling of tran port proe es in ion
exchange mernbrane has been a topic of tudy for
everal decade . Helfferich' textbook 'Ion Exchange' fiT t

published in Germany in 1959 remains a da sic work
on this topic although it predates the afion® tnembrane
and fuel cell applicafons of ionomer nlembrane J1IOI

The challenges of modeling transport in rnulticomponent
electrolyte· olution are well understood.P III A the Ilunlber
of pecies increa e, he number of tran port propel1ie..
required to de cribe the y tern a1 0 Ii e and quickly
reae les the point where exhau rive meaSUJement of all
of the neces ary transport properties and their dependence
on thermodynamic variables (T, p cJ becomes untenable.
FOI" the simple t ca e of the acid-form afion® membrane
in an aqueous environment the situation is tractable a

studies have led to finn limits down to part per million
(PPM) and part per billion PB) levels for a number of
species (Ni Mg Fe~ Ca, Al~ Si02, etc.) within the ano yte
and catholyte olution for the ehlor-alkali indu try. Some
of the e findings have general implications for the fuel cell
industry al 0, sueh a the trong binding of muhivalent
cation' c species within afion membranes that must be
avoided at aU co t for table long-term operation. nfor
tunately not all of the. e tudie translate directly to useful
information in the fuel cell en· iromnent and hence new
studies will continue to be needed on the e i ues in realis
tic fuel cell operating condition before lifetime issue for
membranes are a well under and in this indu try.

Many tudie were performed in the ear y year of u e of
afion® membranes on their selecd ity for variou cationic

specie . For example Yeager found an order 0 elec
tivity that goe as Cs+ > Rb+ > Ba2+ > K+ > Mg1 >
Na > H > Li+ .ll07] Sitnilar . equence have been found
by other studies. intauro and co-workers derived a par
tition coefficient mode that can de eribe he equiHbrium
uptake of ionic species from a multicomponen external
olution.[loflJ Theoretical re ult how that univalent cation.

wi hhe hiO'he t . urfaoe charge d n ity or rna Ie. hard
phere radius arexcJuded f 'om th membrane pore wall

region in a manner. imilar to hat ob er ed for anion which
explain the electivity relation. hip between the uni alent
cations. Pintauro et aT. continued to deve, op and expand
upon thi model with detaile compari ons w·th e peri
mental partitioning data.I'O]

three species (protons, water and illembrane· give way to
three transport propertie . (water diffu ion coefficient ionic
condctivity and water transport number) and each of these
ha own t chniques or eir ind pendent ill a. uem nt.
Howeve' a oon as a fourth pede .. added uch as
methanol for the direct methanol fuel cell, the itua' on
becomes much more complex a ix tran POlt propertie
are requ~red.

Yl r rugg and Pintauro wrote an c n nt r view of
tran p rt poces e in ion- hang meln ranes in 1989
that can till erve a a tarting point for any eWTent mod
eling effort.rI J 21 Thi review article gives a compre en ive
over 'ew of the modeling of transport processe in ion
exchange membranes, including rnicroscopic or capillary
por m d 1 uch a ph nom nologkal modes a ed on
the ., t- Plane 1 quation· leetr '1 ehc od 1 tart
ing from an a umed p. re .·ucture and true macro-
copic models that make no assumptions abou microscopic
tructure and only arbitrary de ignations of peciation.

In addition, common method of mea uring equilibrium
pr p rtL (e entrat' ns ' sity, p 0 ity acti 'ty coeffi
ci nt are labo -a, d and tran pO' p op rty I ea Dr. m .nts,
inclu ing transference number and diffu ~ion coefficient
are reviewed.

Macroscopic mod ling ha been put to i be t u e
in th many detail. d math matical mod ling studies of
th p rforman of PEMPC .[ 13-117] Se ral different

mo 1· w r publi h d during th ti·· t half of th 1990
that prov'ded a weal of information on pedormallce
aspect ~ including membrane water transport and thermal
behavior tran ~port ot ga within and aero the cell, and
pr d" oos cell ut· nt- v hag· cur e undef different

p ra ing ondition~. T; e e model. in orp rat d tll latest
compilation of thermodynamic and transport property data
a ailable at the tune on e afion® ill Inbrane and the
compari on with experimental data repre ent a valuable
tool or ch c iog alidity of physical property data.
A ph .cal prop rti . of afion® m mbran s are strongly
d pend nt on wat. r fi( . nt and t. mp ralur , the r 1 vant
tran port equal" on are nonlinear and r quire computer
imulation for an exact olution.

More recently the pelforrnance of direct methanol fuel
c ] ~ hac b gun to detail d mod ling, presenting the
chall ng of illulti-conlpon nt tran . ort and partitioning
o m than 11 at. r tur. ithit th :onomer regions
of the cell. lll -12]] In addition 0 th direct c .ent (d.c.)
perfonnance of tbe PEMFC, a comprehen ive modeling
rudy of the teady-state impeilance Ie pODse of the cathode

,ide of the P MF ha been published.lL2] Early lD
PEMFC mod . ~ ha _ al 0 b en eXI. nded r c ntly into
two diInension .fl_3- J26l Finally 0 efforts have been
made to examine the dynamic behavior of fuel cell and

ode ing in ·0 orneransport•
1 ac 0 COPIC

membra es
6.1



iOflomer membranes)J27, 128] Many of th se recent mod 1

are extensions of the earlier classic models of Bernardi and
Verbrugge,11l4] Springer et al. [113] Nguyen and White'pJ6]

and Fuller and ew nanJ Jl5 ]i

6.2 Mo ecular modeling of perftuorinated
•.onomers

WhL macro copitc models are generally preferred for
s veral purposes, including t e constructio 0 comple
device mod L to pr diet and understand large- cal fu 1cell
performance, microscopic model bas d on first principle ,
are needed for a deeper understanding of structure and
tra port perfluorinated iOflomer membranes. Without
the e mode' , 't i not po 'bIe to d"aw detail ed cone 'usions
on the relationship of local tructures, such as'de chain
lengt, and dgree of branching, to trat port p opelti of
membrane and solution .

Din and Michaelides develop d a molecular dynam
ics imulation of water and proton in pores of varion
radii with fixed wall charge densities a system meant
to describe a Nafion® membrane. tI2'Jj Water proton and
potential profHes wit .n the pores are calculated. Transport
propertie suc. as e proton diffusivity are calculated from
the simplified molecular dynan'cs Dl0del and conlpared
to experimental data. Elliott et al. p rformed mol. cular
dynamic simulations using 26 anions composed of fluoro-
ulfonate fragillents as well as hydronium caCons (H30+)

and water Inoiecules as • e solvent medium.[130] The e
imuIations provided evidence for clusters in the form a
mall aggregates. Phase separation into ionic-rich aggre

gat was due to e electr tatie terms in the force field.
Two lyp s of wat. l' were found t bound water strongly a so
dated with su1fonic add groups and a free wat r phase
loosely attached.

In addition to molecular dynamic sirou i alion, ev ral
group have enlbarked on fundamen ,al molecular modelino

efforts to desclibe the potential energy surface. of model
sy terns llleallt to describe perfluorinated .onomer mem
bra· e . Recen years have seen multiple groups initiate ab
initio quantum mechanical ca cu ations with t e pU]Jose of
con tructing poten ial energy . urface for key portio of
the afion@ m mbran. tlCl as th ulfOI ,ie acid ide chain.
The purpo e of th se stt dies i to build a mar ophL ticat d
modeling framework and al 0 to study structural questions
related to ionic conduction tlrrOlJ.gh these systems.

Johans on et al. reported ab initio quantum mechanical
calcu a ions on model . ide chains having the structure
CF3hCFOCF2CF2S03H to tudy the energetics of bond

rotation.o31] The energe ic barrier to rotation about the
C-C bond was found to be about 10kJ mol- 1 compared
to "",30 kJ mol-I for rotation about th C-O bond. The
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effect of increasing membrane hydration or changes in
. 0 vent type was studied by changing the dielectric constant
elnp oyed in the supercrif cal fluid (SCF) simulations t

" •ustrating that the otational barriers increase sharply with
decreas 'ng d'electric constant. This phenomenon .s relevant
to .onomers with 'ow water level t caued, for ,example~ by
drying of th anod ide of an operati .g P 'MFC. These
author al 0 studied th poss'bility that inter-chain· ydrogen
bonding i r sponsible for the slow r hydration kin tks of
p rii uorinat d ionom .rs.

Paddison and co-workers ha e engaged in ane ten
sive molecular-level simulation research program focuse
on perfluorinated ionomer membranes. Their work has
included ab initio moleculartructure and energy calcula
tion a well as molecular dynamic and stati tical mechani
cal simulations of transport processes and built a fundamen
tal understanding of the critical structures and mechanisms
involved in the transport proce 8.[132-134] More detai scan
be found in First principles modeling of sulfonic acid
based ionomer membranes~ Volume 3. A primary moti
vation of th ir work has been to give guidance to synthetic
ch mist on d'rections for new ionomers with :mproved
phys' ca and tran 'pot1 properties.

7 TRANSPORT
PROPERTIES - TECHNIQUES
EMP OYED A ·D PROPERTY DATA

7.1 onic co ductivity

Proton co'· duct' v' ty .n solid is a topic of ubstantial theo
retica as well a practical importance to engineer and c'
enti ts. In addition to theimportanee for industr:a] proce e
such a tue' cell, the rema'kably high proton conductivity
of allon® membrane makes them an . .portant cIa . of
proton conductors for fundamental "tudies and n odeling 0

the conduction proc ss. An excellent recent review of the
general topic of proton conductors with a focus on olid
systems and fundamental understanding of he mechani m
of the conduction process exists.035]

Proton conductivity is most frequently measured from the
alternating current impedance of a standard c 11 d sign. For
sing e-ion conductors that exhibit little to no concentration
polarization, it i also possible to utilize d.c. techniques
to measure 'ollic conductivity although alternating current
(a.c. techniques are still prefe Ted. An a.c. signal can
be eabli hed between two electrode in any cell design
including the a.c. response of an operating fuel cell.
Howevert for purposes of accurate measurements, several
g neral rule bould be followed for measuring conductiv'ty
data on jonomer m mbrane .
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While a unifonn Cll ::rent di tribufon i no n c . ary
for accurate Inea uremen s a known curr nt dis .'bution
is ential a it allow a measured cell re i tan e to be
felat d to rhe bul matet .a1 property referred to as the
i me eondu tiv·t. uttiform current distribution i the
most simp e to handle a the relaron, hip. that de crib
the ohmic drop (IR) 10 s in the cell b com '. pI
equa ions that are easily mani.pulated to extract phy ical
prop rfe._. Unfo. tuna ly, very few cell de ign provide a
unifornl Ul nt eli tributi n and! not aU are easy to use in
practi e. Thr cell de ign u. d in many tudi and worth
discu sing in more detail are de crib d b I w.

An impo ed potential gradient ha an influenc on all 0

the mobile charged specie wi.thin an ionomer me rub ane.
I nic flux s through solvent-swollen ionomer: exer an
·nflu n. . n h 01 nt mol· cule. and can dry out one ide
of the men bra"! not po. ed to a uffici nt rehydration
rate. he potential gradient mea ur d acro a ono r
membrane at zero current will be non-zer aft rap r" d
of polarization due to t e solvent gradients that uild
up und rendition of urrent flow. Th decay of hi
potential i one mean for m asuring tran port prop rtie
other than ionic con uctivity. Unde' a. . c nd' tio , t e
olvent concentration gradien can be neglect dad a

more straightforward measurement of the ionic condu ,t' tty
is afford d.

Wh'1 m a uring oltage differenc s between electrodes
: 'tra'ghtfoward und 'th a.c. 0' d.c. condition., there
are numerou electrode effect that mu t ben id .. d
in order to make accurate measuremen of bul r ma r' a1
propertie such a the ionic conductivity. nder d.c. con
dition , paL ag of curr nt b tween wor .ng and counter
1 ccod s w'U af ct cb mica hange a the interface

that may by natu! chang th buJ ystem being probed.
a,c. technique ar,e preferred for their ab'lity 0 pa curr ot
via double-layer charging proceses that are not nece ar
i· y accompani d by chemical changes. However, even with
a.c. t c i iqu ,th Jectrode urface cannot neces arily be
igno ed as th . i tanc· of a c 11 will in 1 d contribu
tions from electrode kinetic (charg -tran e,) re istance .
Thi last consideration is the primary Dlotivation for .h
u e of high-surface-area electrode such a~ Ioughen d P
· ord. to r· due or minimiz the urface resi tance. E en
mar· pr· felTed i,· th u e of four-de trode ce 1 geometries
were w ref r, nee e[e trade that pa s only negligible
current densities are used to prob th. c H r sistan e.

A final cha lenge wi ionic conductiv'ty a. ur· m ot
in solvent-swollen ionomers i control of the environment.
The ionic conducti i of perfluorinated ionomers depends
· trongly on the olvent content and temperature. Equilib
rium wa er uptake depend on t mp ratnr and the water
activity of the surrounding medimu in whoch the ionomer

i imm rsed. Controlling the e variable while making
electrochemical measurements is an iInportant COl •der
ation in cell design that ha. led research I employ
a InaU number of common e p rin otal arrang m nt.
When temperature-d p Id nt a urero nt are desired,
the equilibr"un olv· t act~ ity can be controlled in a num
ber of wa . T :nlpl st approach is to utilize a liquid
solv nt m ilium such a immersion into water and confine
tb mea urem nt to temperatures over the iquid rang of
th oJ ent. More appropriate for fuel cel mea urements,
the water activity is controlled 0 a peeifie valu u ing
a vapor phase equilibrated with a salt lution of known
activity. Tbi lattel' approa h requ' ·es a prolonO' d period
of equHib 'ation at each temp atur to as ure that the equi
1ibrium . 0 vent nt nt tllr ughou the ionomer m mbrane
has, n r aeh d.

t w d' c th tr noths and weakne e of three
coon c 11 design..

7.1.1 C'lindri al bod) two-elrJctrode design

Thi i the most ammon oe I de ign for measuv nt of
ionic onducti ity in other olid y tetus .neluding pol) mer
elect 0 yte for; itmmn battery application . Th .cylind ical
cell i irnple to con truct and a emb and all w r la
tively ea y temp ratur cont 1. Th di advantape of this
eel' d "ign are chall ng of installing refer nce elec
trod th. diffi. nlty in maintaining thickness control and
calibrat'on 0 tb· pre. ure applied to the membrane and
th _aU a. peet ratio (length: area) for the ceIl. Addifon
ally, it is challeng' ng to expo e a membrane ampl to a
known humid environment in a cell hav'ng I" d. ign a.
little contact area i e po ed for th .quilibrati n proce s.

7.1.2 Parallel line electrode two or four-point-probe
design

The parallel liI ea" e ectrod II d ign·. probably the
rna t COllllllOnly used d ign at pr- nt for Nation mem
bran· and r]a d ionomers available a free-standing
films. Tb ad an age of this de ign are its excellen con
trol of thic ne and contact area, its ability to be fitted
with reference electrodes for three and four-electrode mea-
urements, and t, e control of envirorunent allowed by the

large membrane area exposed on t, e urfac 0 the cell.
The primary diadvantge i 'at curr nt flow occurs par
a1 el to he wf"ace of th m mbran rather than acros
the nlembrane a. i th a in op rating devices. In
addifon the larg e po. ed m mbrane area make humid
'fication o'ltro more challenging a. the menbrane equi
librate rapidly with the en ironment. our-electrode cell
de ign are independent of t.he experimental parameters
critical to two-electrode de igns .'uch a electrod area
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Table 8. Ionic conductivity of afion® me branes in proton
fonn and in the presence of variou environments at ambient
temperature (23-25°C),

of conductivity measurement from the lit rature, In all
cases, similar membrane pr tr atments giving the expanded
form of the mmbranere eluployed. Thi . ection will
review many of th fOCll. ed _ludies of .0 'c conductivi ,y
per 'onned i ,. c nt y a s on Nafon® membrane .

The dep ndence of ion'c conductivity on the volume
fraction of conductive phase has been studied by several
author in an attempt 0 model the conduction process u ing
percolation theory. Percolation theory holds for conduction
in he ,erogeneou media and expresses the conductivity of
a system in terms of the vollme fraction of the conducting
pha e raised to a critical exponent. Given the well-known
dependence 0, ionic conducti it)' on olv nt welling or
uptake '. onome·'·· embranes, .t •. s natural to attelnpt
to predict thi' dependence under the assumption that the
welling proces· expands the volume of the ion-containing

channels and c usters within the :ionomer, allowing more
facile transport of ions through thi interconnected phase.
However one must consider that exten ive welling as
seen in some organic solvents or in low EW membrane
in water causes a decrease in conducti ity . v n though
th volu fract~on 0 the conducting phase· .nc'eas 'ng,
which con ·adict the 'mple percolation theory.

H u and Gierke pre ented an early analy i of conduc
tivity data on Nafion 125 rnenlbranes in Na+ form based
on percolation theory, finding that the critical exponent had
a value of 1.5 for this system. 34J odzki et aI. tudied
conductivity data on afion® 120 and Nafion@ 427 mem
branes exposed to various electrolyt solution for purposes
of fitting the conducti ity data to a percolation quation)138J

Th conducti i y data obtained in the study were fit to a
critical olume raet'o 0 te conductive pha e and to Cllt
ical e ponent . Pourcelly and Ga ach ummarized previou
percolation studie on Nafion® lllembranes and pointed out
tha percolation theory does not hold at higher water con
tents due to the presence of a fully connected conducting
network under the e condition ,[2]

and electrode compression or pressure. Four-el ctrod cells
can give frequency-independent resistances in a.c. m a
surements over several decades of frequency making the
conductivity measurement more ace Irate.[27J

7.1.3 Microdisk two or three-electrode designs

A elas ic cell de ign for studying properties of Nafion®'
membranes and recas films, especially in e ,ectrode kinet
ics research, i the film-ooated microelectrode described
for example by ribe et al'p 36l These authors employed
a 100 ~m diameter Pt di. Ie electrode coated with areca t

afion® membrane with an outer eries of counter and
reference electrode . The rnicroelectrode design has advan
tages uch as it capabil' ty to lllaintain high current densities
without reaching mass-transport limiting currents due to the
large field that the electrode draws upon. Microelectrode
can have controlled and known current di tributions and are
frequendy used in electrochemical studies.

Conductivity Data
arly . tudies of ionic conducti ity of Nafion® membranes

generally employed membrane y tern in the pre enc
of other electrolyt ~ olution, such as aCt or acidic
or ba. ic e1ectro]yt ., [L 7J While this wa. appropriat for
these studies the current op ration of fu I c 11 without
added el ctrolytes rna es these earli. r ,tudi , irr 1 - ant
and in some cas s misl ading. The pres ne ofelectrolyt
in the ext, mal ,olution cause 'wo significant change
in th Nafion® membrane, one bei,g the orption. of
electrolyt sp de Onto the mbrane and I e other being
the equilibration of wat' r betwe n the two regions. The
ionic conducti ity of the Nafton® membrane under the e
condition. may be ta' :d or lower d compared to 'ts value
in the pre ence of pure wa er~ accounting for ome of the
vatiability in literature data. To measure the conductivity
under ope atmg PEMFC conclitiOI the membrane must be
e posed to environment' free fl'om added electrolytes and
with controlled water activity or, in the case of the dire t
methano fuel cell (DMFC) water/methanol olutions of
known concel 'tration.

Other cause of the well-known variability in ionic con
ductivi y data are differences in membrane pretreatments
and other experimental procedures uch as cell de ign data
analysis~ and humidification. Differences in cell design were
discllssed earlier. A ign'fieant influence on ionic conduc
tivity come from he water content of the lnembrane .arn
pIe. Simple actions . uch as blotting dIy the membrane can
cau e a large variability in measurenlents, Whenever pos-
ible researchers should eele to follow similar procedures

to eadier studie in order to facilitate comparison between
different studies. able 8 provides a summary of a number

Nafion@
membran

llOOEW
1100EW

llOO W

llOOEW

Cation External Ionic Reference
typ electrolyte oonduct"vity

(wt%) (Scm-I)

H+ H20 liq. 0.092 (20°C) [147]
H+ 100~ RH 0.060 (30°C) [142]

vapor
H+ 100% RH 0.078 (20°C) [146]

vapor
H+ O.05M 0.060 [149]

HNO
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Rieke and Vand rborgh reported on of the earlier stud
ie. on 101"c conductivity 0 the acid-'orm 117 mem
bane having applications in P ·MFCs a th motivation. [l 9]

The conductivity cell was designed for a flow treanl of
humidified nitrogen gas and could also control the cell
t mp ratur during ill asurem nt. onic conductivity was
about 0.06-0.08 S cm-1 at room t.mp ratur and 100% rel
ative humidity ( . I ) a d inc! as d with t mperature up to
about 50-60 °C then decreased to 0.08 S cm-1 a' 95°C. The
maximum conductivity occurred in the temperature range
of the minimum in water content an unexpected result
giv n th importanc 0 water'n the conduction process.
Th results illustrat on of the c allenges in conduc
tiv'ty measureluen S :0 a vapor-phase nvironm n. As th
temperature 's increased, the water content inh m m
brane vari.es as the water vaporizes intoe nil ogen tream.
Other studies have shown that ionic conductivity continues
to increa e up to t mperatures of nearly 100°C when the
water content in the m mbrane is h ld constant. [87J These
author· m a8w'eel an activation nergy for conductivity at
constant water content of 21 J mol- 1 at low emperatures
(30-40°C) whi.ch decrea ed to 12 kJ mo- 1 i the higher
t mperature range (up to 70°C).

51 ad et ai. sturn d th f£ ct of pretreatment on the
ionic conductivi y of acid-form N1l7 membrane .{140J This
tudy also pre ented pulsed field gradients (PFG) NMR

data that were used to measure the IH proton e{-diffusion
coefficient. he mea ured diffu ion coeffic:ent wel·e much
higher than that caIculaled for H -form membrane con
ductivhy data, from which th author. inferred that the
MR~based self-diffus:on co fficient is a combination of

tran port of wateT as well as free pro on r hydronium
ions. Another rudy of the temperature dependence 0

various pby ical properties of the 117 membrane wa
carried out by Parthasarathy et al.[[41 ] Using inlpedance
data over a wide frequency range, they were able to
extract the membrane s ionic conductivity 0 er th rang
of 30-80 DC.

The temperature and humidity dependel ce of the
conductivity of NIl? in acid form were examined by
Zawodzinski and co-worker .[14_] Ionic conductivities over
th t mperatur range of 25~90°C were measured at
various water content for fully . ydrated membran s
immersed into liquid dei.onized water Cl - 22). Activation
energies were not extrac ed fronl the tenlperature-dep uden
conductivity data as the data were not strictly Arrhenius;.
at the lower temperature. the conductivity appeared to
become less depend nt on temperature. [67] At constant
temperature of 30°C, conductivity decreased nearly inearly
with water content down to a value of <0.015 cm-1 at
the lowest water content. Based on these measurements
Springer et ai., correlated the ionic conductivity using the

ion[l13]

K(Scm-
1

) = (0.5139>' - 0.326) exp [1268 (3~3 - ~ )]

(7)

An acti ation energy of 10.5 kJ mol-1 is used in the
xpr ssion and the linear dependence on ex is clear. This

expr. ssion also go s to z -1'0 ill th wat r content approaches
a alu. of 0.6 with the physical implication that at least 0.6
wat r mol cuI s per acid group are required for conduction.

An important study r lat d to prop r cell design for accu
rat _ conductivity measurements was published by Cahan
and Wa'nrightP4_] The two cell de igns consisted of a
two-electrode cell with two Pt electrodes in the standard
. andwich configuration and a four-electrode cell with two
plafniz _d Pt foil el ctrodes at the nds and two Pt probe
wir electrodes 1cm apart n ar t· c nter of the film sam
ple. Temperature and humidi 7 were bo h controlled using
an environmental chamber. Their study showed that the
two- lectrode cell could not· eparate the bulk re i tance of
th _sample from the .nterfacial (e ectrode) impedances until

ery high frequencies were reach d, at which point other
cel -d ign r laed artifacts appeared in the spectra. The
imp danc of th four-electrode cell, on the other hand,
xb'bited a constant .mp danc over several decades of

ff qu fiC allowing a straightfOlward iso arion of the mem
bran conductivity.

One drawback of the parallel e ectrode four-probe design
is tha the ionic conductivity is measur d parallel to the
film dir c ion rather· han 'n the p rpendicular direction that
Cll ent mu t flow for fu 1 cell applications. This differ
ence ould be igoificant if the Nafion® membrane Lhows
an ani otcopj b havior in il ionic conductivity. Measure
Inent of the normal (perpendicular) component of the
co duct"v'ty 0 membraneL ta e much ingenuity due to the
challenge of attaining a un' 01111: cunent di tribution in the
lnembrane in I j dir ction. To tudy the anisotropy of the
conduc(v·ty, Gardner et ai. publish d a eries of papers
u ing a coaxial probe conductivity cell with a ring-disk
design· ocus'ng on .. e . sue of the anisotropy of the con
ductivity of N117 in H+-form.[l441 Thil. study was the first
to repo11 a directional dep nd nce to th ionic conductiv
ity of afion® .. e···· hanes. These measurements should be
confirnled by other researcher , pr ferab y with different
probe de igns meant to liminat potential measurement
error as oc'ated with the two-e] ctrode coaxial probe such
as the pre u -e dependences and the potentia] for non
unifonn CUlTent distribution .

Several authors have tadied the temperature dependence
of the ·onic oonductivity·n afion® membranes in more
detail. Control of the olvent content for volatile solvents
such as water is the critical experim utal ariable in these



tudies. Cappadonia et al. callied out an int '. g rudy
of th t . P ratur depende c 0 nducti' ty f· r acid~

form 117 m mbraJ e ov r th emperature ra g of
140K and ,'oom temperature. [l4-] Th slow t mp fatUI •

reduc th problems w~th control of membran wat r
cont. n1. 11. mp ~ ratu'e wa. h. Id con. tant with a liquid
N2 cr ostat and .he t mp ramre at the surface of the
m mbrane sample was monitored. A wo-electrode cell
desion with . u electrodes deposited on ea h . ide of the
membrane in the standard andwich configuration wa
employed. Ionic conductivity exhibited Arrheniu behavior
with two different lope indicating tha a phase transition
occur ov,er the temperature range studied. The tran it·on
temperatw'e between the two different reg'on . wa . 225 K
for pretreatedamples with an acfvation energy of 0.1 eV
a higher temperature and 0.5 V blow 225 K. on
preel' ated sample howed a tran ition a 60 with an
a tiva ion energy of 0.14-0.21 V abo e thO t p rature
and 0.55 V } w 260 K. The auth r p culat d hat
roz n water wa re pon ibl for the much higher act' at'on
n rgy b 1 th transition t m .rature and noted hat the

tra s'l' 0 t mperature depend d on th water content of the
m bran but th ac:i ation eneroy below the tran it'on
wa r 1ati ely on ant for all amples. e acti at'on
n rgy abo e the tran hion temperature d pended OIl the

water content of the .membrane able 9).
A comprehensive study of the temperature and humidity

dependence. of the conductivity of 117-H wa. report d
by . one t al}146J These authors u· ed a four- e tr d c 11
and controlled temperature and humidity by circulating
humidified nitrogen across n"e cell. The author empl y d
a 30 min equilibration period ea h tim th t mp ra UI

humidity wa hanged 0 a ur that a tabl . p dan<;.
wa l' ach d. Th ,e authot r po d a 0 ducl"ty of
7.8 x 10-- S C -1 und r condi ions of 100lfl RH and
20°· r. 17-H+' this same alu wa· obtained w'th

Tab e 9. Activation energies for ionic conduction j Nafion
membrane measured under variou conditio·. 11·· emb a e
'ampl' were i . their e panded for during thea urement
j ,dkating in'lar pretreatments.

, mbran Humidi- Temperatur Activation Reference
fication ran e °C) energy

(kJ mol-I)

Nll7-H H Oliq. 0-80 21.8 [141]
NU7-H H20 1iq. 20-170 7.82 [147J
N117-H+ 100% RH 45-80 1-2 [146]

vapor
NI17-H+ 100~ RH 30-40 21 [139]

1 17-H+ 1000/( RH 50-70 12 [1 9]
J ]7-c_ ..j 100% H -33-27 31.5 [140]
117-H H20 liq. 25-70 17.2 [87]
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a two-dectrode conductivity cell in order to confirm the
alidity of th ir four-el ctrod c U design. The tern. erature

d p nd ne of the c nductiviry at fixed ,ercentage RH
values showed a complicated behavior w~th the conductivity
at first decreasing frOln 20 to 45°C due to a decrea in
wat r can ent in the membrane followed by increase from
45 0 80°C a th wate. content . tabilized. Above 45 °c,
the acti ation n rgie we . th ra ge of 1-2 kJ mol- 1

which is lower than reported by 0 her tudie . By ombining
water content data with conductivity data ver u percentage
R, a plot wa constructed of the conductivity as a function
of wat r ,co· t . t ( .pr. edl as )",) at fi d t mperature. The
plot w· 'ough1y . ar with th. conducti ity increa ing
by over three order of magnitude a. the wat r cont nt
increased from u der two to over 12 water per acid site.

Ano ' recent tudy of the temperature dependence of
th io 'c o· ductivity of N117 membran s was carried out
by Kopitz1eet al. in their 'tudy o' aro atk hydrocar
bon ionomers.11471 Tbe conductivity 0 acid-form 117 wa
equal to 9.2 x 10-- S cln- I at 20°C with a wat l' ont nt

of ll.~0 per ulfonic acid site. An activation energy
o 7.8.· T -I wa caculated from e conductivity
temperature plot over the fu·· temp ratu1' ra, g. lb rf
et al. recently tudied the temperature and humidity d pe 
dence of the ioni . conductivity of 117-H+ in campa i n
to u]fonat d p 1 tb r th r ketone m mbranes to temper
atures up t 60°C,(I4~1

A number of oth l' conduc ivity studies hav been
rep011ed for afton mernbranes t latexamine the eft' t

f propertie.. uch as the external solution environment
th ca ion hang pr s. and the effe t of variou
additive on tl ioni c du t"vity, L hmaru and co
workers tudie· the onducti ity of 117, bra es
in the pre ence of external solution· of nitri a id a d
odium c oride of . arious concentrations. I I 91 In addition

to ionic condu tivity, th membrane density porosity,
and water content w ra1 asured as a function of
electrolyte concentra ·on. 0 ada and co-work f. pe ~olm d
an extensive rudy of tran port property data, i eluding
ionic conductivity on 115 and 117 in various cation
forms (immer d in dilut solutions of the metal chloride
alt) uch a a numb r 0 ammonium salts alkali and

alkali earth a1 ) 1501 Data mea ·ured and analyz d in
the study included ionic conductivi y cation tran f; r ne
number water transport number and penneability, and

at r diffu ion co ffic·ent. By plotting the membrane
re i .tanc (in f. conduct'vity) ersu the measured wa er
tran por number for varion cat~on.. it wac shown that
resistance win genera ly decrea e with decrea ing water
transport number, especially for the alkyl ammonium salts.
Th author concluded tha for purposes of des 'gning
impro d ionamers on should attempt to achieve a high
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nergies w re in th rang of] 9- 22 kJ mol- l for the
low r EW m mbranes and 30.5 for Nl17-H+ with BMITf.
..."'..........,ur m . of the co due· ity 0 th ionic liquid with
out the ionomer pre ent gave lower conductivi ies in the
higher temperature range demonstrating tJ, at the proto
contributed by the ionomer are mobile in these systems.

bile llumerou. experilnental tudies of ionic conductiv
ity in afton membrane.. have been described, few studies
have focused on the theoretica and mechanistic aspects
of proton tran P0l1 in th y. m . Kr u rand. cowork-
rued compar" on b twe n th· pro a co duecivity and

hydroge· elf-diffu o· coe ·ci r to miner .c about
the mechanism 0 proton cor duction i ,i nomer .1 1541Addi
tional detail on the e studies can be found in Hydroca bon
.en branes, Volume 3. FG MR measure nent of the

H elf-diffusion coefficie It were performed on 117-H
membrane.. having a range of water contents.. This measure
ment probe the elf-diffu ion proc s for hydrogen atom
locat d both as protons and within water molcule . The
a. ti ation n rgy for th hydrog n diffu ion proc ss ranged
fro· 0.2 5 to O. 6 V 0 r th . rang' water content
and temp ratur· .om 00 to 360 K. Th act ral diffu.. ion
co fficie 1 wer in the r ng of 10-7 t lO-5 m2 -I.

A compari. on between thee self-diffusion coefficient. and
ionic diffu ion ·coefficientsextracted from ionic conducfv
it data hawed that similar values were achieved at ow
water content indicating a vebicular mechani m or pro
ton conduction under these conditions. A similar approach
wa. u~ d P iou 1 by Zawodzinski et 01. for the. arne
purpo )8] The author v fer '0 the ratio of diffu. ivitL
a the amplification factor. t .gher wa er cont nts, •'h
amp ification factor increase from unity 0 reach a valu
of 2.5 illn trating the decoupling of proton tran po I from
water diffu ion. The anlplification factor in dilute aqueous
olutions i . 4.5. l15 -J le author· concluded t at there wa

litt e restriction 0 proton tran.p0l1 w'thin the ionomer rom
th pol m r chain at high wat r content ,

n an Ua r archgr up ha~ carri d out. vera). tud
e of th pr·. ur. dep. nel fie· of the ionic conductivity

o p rflu linated . nom r m mbanes with the purpo e
o under ·t -nding the mechani 11 tl co· duc io pro
ce s and it ra e-limiting behavior in more deta·tD561 0 e
recent tudy compared data on' 117 membranes with Dow
hOlt-side chain ionomer . having Ws of 800 and 1000 g

eq-I .[l 7] The pre sure dependence of the ionic eonduc :vily
wa mea. nred over the range of 0-0.2 GPa 2 kbar). rom
the data the a tivation volum could be calculated and
u d to in, informa ion about th rat -limiting proces
in conduction. ~ etivation olu 0 a low water con
tent 117 membrane was S4 cm3 mol-1 a large value that
indicated polymer chain egmental notion wa in iuencing
conductivity. The activation volume deere·ased continuou ly

concentration of sulfonic acid groups high water canten
and an alignment of channel structures for ea e of transport.

Means for increa. ing the ionic conductivit of Nafton
memb'ane have become a· in po :tant .0 U of re .ea ch in
recent ye . W'th 'onic conductiv'ty under variou' operat
ingconditiolls well exp ored, fuel cell researchers are more
concerned with improving ionic conductivity to reduce
cell r si tane under standard operating conditions. Addi
tionally any. olution to th pc blem of th d er w· in
io· :'c conductivi y at el vated te pera l ure in t e p 'e 
ence of water vapor would allow y terns to operate at
higher te nperatures, which is advantageous for a num
ber of reason. Arimura et al. publi hed a recent tudy on
the effect of vmious addiives on th ionic conductivity
of Nafion olution cas film. )151] F r film wi h ut addi
tives'u dry tate (dlied for 12 in acuu· at ele at d
temperature), low conductivities of 1.9 x 10-2 S m- I w r,
mea ured. Addition of 5 wt ~ of moisture absorbant such
as P20j, molecular sieve., or sHica gels increased con
ducti ity into the 2-4 x 10- S m- 1 rane, ddition of
to wt% naphthal 11 - ulfo11at add'tive r duc d onduer 
it)' om what (to 75-95Oh . f'om t1 value in th wet tat
of 0.13 S cln- I

. Addition of vinyl sulfonate ionic opoly
mers with certain ori Dted structure. increased conductivity
to the hlghe t l~· es of 0.21-0.2 Scm-I, This effect wa

li ved t b cau d b a rearrangem~n of the i nie lu
r/chann 1 yst ill due l the inftuene f th I ng alkyl

'id chain attached to the bydrophili end group. he e tina
cOllductivitie are'rnpres ive and de erve furt.her tudy.

Beyond the li. of additi res to influ nce condu t'vir ,
om authors ha e aOlin d th u. of no .I 01 ent

a. the primary cOlnpon lit within th Naft t m m
bran . Th purpo ,e i to elintina· or reduce th nece-
ily of u ing a hydrated rnenlbrane due to the ub tal (al

volatility of water that p eclude operation of P C
at temperature. much i.n ce. of 100 ° . Kreuer ef al.
r c n ly im I ibed pyraz· land imidaz I liquid, into, ul
t. nated p lyethe' k ton ionomer membr n und r anhy
drou condi ion' a . po eI I' ial higl·en,perature olver t . to
replace water. 152J I hey hawed that protonic cOllducti i
tie approaching 0,01 S cm- l could be reached at 200°C in
the e nov 1 y. terns. In a imilar approach Doyle et al.
imbibed ionic liqui, u h a I-butyl, -ill thy} imida-
olium "ifiuoron ethane ulfonate (BMITf) 'nto Nation

uembrane to obtail anhydrou p 'oton conduc ing y-tem
that can operate at elevated temperatures. [1 3] Ionic con
ductivities were rep011ed for BMITf imbibed into a number
of different ionom r. Low r EW membrane . ucb a the
890EW Nafion® melubraI e ab"orbed larg r quanftie 0

the ionic liquid and achieved lower activation ,energie and
higherconductiv·ties. Conductivitie as h'gh as 0.1 S cm- 1

could be achieved at temperatures of 180 0 C. Activation



for iner asing wa. r content and became negative at the
highst war r cont nts. ThL indicated that conductivity
became . j i ar to th proc . in liquid water unaffected
by the ionomer it elf.

A nUInber of studies of the dielectr"c relaxation pec
tra of afion membranes have been pub ished over the
y at., 0 t of the.. studie op -rated in a relatively low
frequ ncy rang (< 100 MHz) compared to the frequencies
of molecular motion + Dielectric pectro copy i fraught
with experimental challenges of the same nature found in
ioni conductivity measurements as the intent i . 0 measu
bulk mat rial properti - . but electrode artifa t ean be diffi
culo liminal. A sud p rform d recendy by Paddi on
et at. r p It d data in th 45 MHz-30 GHz range with the
purpose of finding molecular Inotion u h a . wat r rota
tional proces es that are coupled to the ionic conduction
proce S,[I 8] These measurement are extremely chai e -g'ng
due to th pr alene of xpedmental artifact at these high
frequ {l -i and th difficuHi a. 0 iated with prope mem
brane pr treatment and quilibration during the measure
ments. Measw'ement on 11 fion® film ampl r don _
to how tllat the technique could give I : e p ted r , ult
for di 1 ctrie on. tant and )0· on this well-eharac erized
polym r, Th i nic ndu tj .t a extracted from the
low-fr qu n y diel tric data and compar d well to previ
ous measuremen ; the 'onie onductiv'ly wa. ho n to be
independen of freque ICY up to at least 50 z.

While all -he previou tudie cited uflized p c'ay
d igned p~ b to mea. ur onducti ity, it i al a po -
'ble to mak mea ur ment in itu in an op rating fue}

cell These mea urem nt al g n rany mad using olt
age step or im edance-ba ed pelturbat'on techniqu . Th .
measurement do not lend them elve to the a curate dete·
mination of ph ical property data due to the comp exity
of he hig - qu ncy or ~hort-time respon e of lectro
chemical ell. A par icular chaU ng for fu. I cell is the
eparation of 'onie conduction through the at 1 t lay (,

from conduction through the rr err brane and c limp 
nents, However in itu mea urements pro ide a wealth of
in .ormation on the tran. ient r -spon e of the cell re i .. ance
to changes in p .rating condition and can lucidate the
condifons th -t lad to m mbran drying and it~ impact on
cell resistance. One such tudy pedonned recently b Buchi
and Scherer mea ured in situ conductivity in an operating
fuel cell using an auxiliary CUlTen -pul e technique w' th 5 A
pu] s with a 1 ~ rns tim window.[ 8] embrane re is
tance (in Q cm ) wer rna. ur d for comm rial Nafion®
menbrane N 12 Nl15. 105, and 117) at current den
sities from 0 to 1A cm-2, Cell with Inultipl m lllbrane
sandwiched together were u ed to plot apparent membrane
conducti ity r us thicknes over the range of 50-400 j1.tn.

Th _ results. howed that a .light inerea e in resistance
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existed for thinner membran blow 100 fri.m. This wa
interpreted to mean that a r gh I .gh rei tance e i t d
at the membrane urtace which ha a larger v Iativ conni.
bution for tbinne membrane. Anoth r e planation could
be the res" tance of t e electrode causing an additi e factor
in the measurement -.

7.2 Wale a d methanol diffusion co fficients

The water d'ffu ion coef ciel i'n th afton mem-
rane is +mp l1a t for mod ling and llnd r tanding I e

water cont n and dynamic wOtbin th PEMFC, Wat r dif
fu ion ':5 th primary proe s b which non-uniformitie
iI. water c nt ot within th m mbrane are e uiHbrated,
The e non-unifolmife ar bro Ight about by ither elec-
troo motic drag pro e . or po ur. to cliff rent water
nv' onment n -i· er . 'd - th m mbran , Water dif-

fu io al 0 d t mine one of h critical time can. tants
f· the dynamic r p n e of Nafi n membrane-based fuel

11 to pro such as chang .11 current density humid-
ifi atio or t mp atut' . Finall • tran port limitafons due
to water diffu io an be on a th limiting curr _nt den ity
mechani In in me brane-ba. d pv ., ,thu pr . nting
a ceiling on th Inax~mum ach' abl curr nt d n ity,

nlike the c w' h ionic 'nducf ity m asurement~

whe e one t hniqu that of high fr quency impedance
mea u erne llt .' u d by lU t r archer n arly eery
mea urerr ent of water diffu ion ffid nts in Nafion
membrane e lIlploy a w appr a h+ Clas ical t. hniqu
ba ed on the ne uremen of tran" ent uplake cur or
radiotrace labe ing echnique - ha· e b ' n u. d inc the
earl' est me' 'til' m nt of diffu i ·t· 'n Nation ~ membrane,
More recent approache ha e induded PPG· MR mea Ufe

ments of water I, di,'fu ion c e fi i ot and the stream
ing potential app 'oach+ Self-diffu iOll coeffic'ent measured
u~ng NMR rnu t b con erted into Fickian diffu ion coef
ficients for purp S 0 compa{ n with oth r rna roscopic
mea ure - e - r Ut", ation of th data in rna roscopic

tran p0l1 model ,
arly Ilea ureillent of the wat r diffusion co fficient

followed the proces of water s rption into a dry m m
brane fronl wh'ch diffu ion fa e a d acti ation n rgies
could be calcu ated. Y; a and +- nb rg found an acti
va ion ene 'gy of 18.8 kJ mol-] and diffu ion co fficients
rangi llg fron 1 to lOx lO- cm2 - i 0 er the tempera
ture range of 0-99 °CP ] Th diffu ivities wer _ ' xtracted
from the -hort-fn lop of the upake curve. Th+ tech
nique relies upon a con tant diffu ion coeffic'ent over
the cour e of he orption epetim n , which i gen _rally
not the case for water- wollen ionolll . +Radiotracer and
other label'ng technique ha also b en used to extract
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where a i . the tbennod nami acti it. of at _' COt
wa,' r c ncentration, and D!; i the 'e f-diffu ion coefficient
of wat r cal ulatcd u ing the MR data and reproduced
·n Figure 4. The water diffusion coefficient expressed in
eq ation (8) is the proper tran p011 prop rty to u. in
macroscopic studies of wat r diffu io .lH n Th Fickian
water diffu. ion coe· c~ t ha a wea r dep ndence on
memb 'ane wat r content with value of 1.3 x 10-6 cm2

-1 a )...:- 2 and 1.5 x 10-6 cm s-1 at 1. - 14 under

condi ions of vapor-pba e water at ambi nt temperatur .
A fitting expre ion f.. thes. data will g; n 111

equation (9).

diffu ion coefficients for water in .afion membrane..
Yeageret al. mea ured the diffu ion coefficient of wat r
in fully hydrated lacon aining variou alkali meta1
cations using radiotracer technique .1 44] They reported a
diffusivity of 2.5 x 10-6 cm2 - 1 at 25°C for the Na+
form membrane and lightly maller valu s for the K+ and
Cs+-form m. mbran. s.

S'l g anothe pobe I' c I 'qu, Zaw dzinski et af.

employed P G spin echo NMR mea mement to detenlline
the IH self-diffu ion coefficient in 1117- at variou.
water cant nt '. [89] DitTu. ion co fficient obtain d by thi
techt ,iqu - w r. compaved with proton diffu i itie from
co .ducfvity measure nen in a imilar pro enure to the
one later used by Kreuer.I 152] Similar ditIu ion coefficients
were found u ing either approach at low water contents
implying a v hicular tran p t m.echanim. thigh r wat r
content, on th tb I hand, l· e tw ,valu diverged
co s' t nt wit· a Grottl1u mechani In for conduction. As
elf-diffu ion coefficients are not relevant to macro.copi

tran p011 processe. of interest for modeling tb beha ',or
of PE , t ese alu w re con 11 0 Fickian r
macro·. pic war r dif u ion c effi ien. . ~m' U ing t

known act' vity data and the expre ion

25
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Figure 4. Water elf-diffusion coefficie t in Nl 17-H as a
fu cion a water can ent in the membrane measured using
the PPO NMR techniquc. (Reprinted from Zawodzin lei et al.
(1991 ,l J c P right American Chemical ocicty.)

Okada et al. made mea urements of all hree of the inde
pendent transpOlt propertie for the 117 membrane in
both H and Na+ form over the temp fa ure range of
25-80 0

0

11 - I The lnembranes were immersed into 0.03 N
Hel or aCl I uring the mea urements. The upporting
electrolyte wa' nece sary for the two-compar ment wo
electrode cell design employed in the work. Both the trans
p It nUllb r f waer and the water diffu ion coeffident
w re e tract d fro· trealning potential mea.,uc m nt . The
t a °ng po n ia could bud to mea UIe tIl water per

meabilit "om which the wate' diffu ion coeffic'e t wa
calculat do hi water d'ffu i 11 oefficient hould be th
arne k"a d°f: u ion co ' nt as caLculated' I equatio·

(8 '.. A diffu ion co ffici nt of 1.25 x 10-5 cm2 -1 at 80°C
and an acti ation en rg . I.6 kJ mol- ] w re reported.
The rea on thL alu i. larg r than th p' vi us cited
value. may b due to tb u of liquid wat r quiHbrated
membrane here as well as tbeevated temp rature.

Many of the literature valu s for tbe wat r diffusion
coefficient (Dch'm) in afion membranes ar . oUe ted in
Table 10. Even under imi ar condition uch as a fully

(8)(
dlna)D - xD

ch m - d· C S

Table 10. Compilation of water and methanol diffu ion coefficient in Nafion m mbrane. from h
lit rature.

M mbran P netrant Con ition' Diffu ion coefficient
(cm1 S-I)

Reference

I 17-H+
1l7-H+
U7- +
H7-Na
117-H
H7-H+
H7-H+

H20
.,0-.,0

HO
methan 1
methanol
mcthanol

0.03 N HC}, 80°C
1.0 M metbano1, 30°C
100~ RH H:!O, }., = 14, 30°C
20 liq. 25 DC

LOM H~S04, 5°C
0.5-8.0 M e hano], 30 DC
2.0 M H2SO , 60°C

1.25 X 10-5

1.0 x 10-
1.5 X 10-6

2.5 X 10-6

L15 X 10-
6,0 X 10-6

4.9 X 10-6

[159]
[l03]
[89]
[44]

[161]
[103]
[162]



where Dcht:m ha· unit of cm -1. The activation energy
used in this expression wa based on the da a of Yeo
and Ei enberg who measured an enthalpy f diffusion
of 20,25 kJ mol- J pST Thi rudy d monstrat d that the
accurate pr diction of water cone. ntration profiles across

afion@ membranes requires a alid expre sion for the
water-content dependenc of the diffuL ion coefficient.
Hence, re earchers should be carefu i with their choice and
applicat'on of physical properties from the literature 'n sit
uations wbere a wide variation exist.

Another important penetrant of interest for afion®
membranes is methanol due to its use as a liquid fuel
in direct methano P MFCs. Methanol is somewhat eas
ier to characterize than wate' becau e of the abili .y
to expose the membrane to solutions of methanol in
water at various concentration and mea ure the ID.ethanol
released from the other ide of he O1embran.. Verbrugge
util"zed a two-reservoir cel. to 01 asUD the methanol

hydrated 1 7-H+ membrane, the values in the r;terature
vary over nearly one order of magnitude. Based on the data
in Table 0, i appea s that the water dif,u ion coe c'e t

for H+-form memb ane i' higher than that 'or the' salt
form, and t at wa r-vapor quilibrat d m mbran have
a lower valu than liquid wa er quilibrat d ill mbranes.
How'ver, a compr b nsiv tndy on water diffusion under
various conditions has not b n done so tbese interpreta
tions are be t cons'd red speculative.

The variation in literature values of water diffusion coef
ficients wa addressed in a study of water transport in

.afion® membranes reported by Motupally et al. IJ
6{

l l' Water
flux measurements were made across an ! 115-H mem
brane at 80°C by varying the water activity in a flowing
nitroge ga stream e posed to one ide of th m mbrane.
The'e measurements were modeled u i g a macroscopic
transport ll10d 1 making use of variou expr ssions from the
literatur for the water-content depend nc of the diffusion
coefficient Based on compad.ons with th ir experiment,
th most accurat expr ssion for the dependence of the dif
fusion co fficient on wat r cont.ent was exhibited by using
the Fickian diffusion coefficient data of Zawodzinski et al.
The fitting expression used by otupally was

•
Dch'm = 4.17 X 0-4 (1 + 161e-")

(
-2436)

x xp T or 3 < A. < 17 (9b)
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7.3 Electroosmotic drag coefficient

Transport proces e in a y tern compo ed of three compo
nents in thi ca e water, proton, and a n gatively charged
polymer, should be characteri ed fully by thr e indepen
dent lran port properti . Th s properties can be chosen
to b th ionic conductivity, the water diffu ion coeffi
cient and a third property representative of the infJ uence

diffusivity throug 117-H+ in an aqueous solution
of l.OMH2S04 .U6l] A diffusion co ffident of 1.15 x
10-5 cm2 S-1 was obtained. Comparison with the dilute
solution value of 1.6 x 10-5 cm2 -1 at 25°C in water
showed that met! anol transport throug the membrane was
extre nely facile.

Se .ral <tiff r nt tchni ,ues hay b n UL ed 0 measur
the diffu ion of methanol through Nafion® membranes.
Kauranen and Skou used an electrochemical technique
to measure the rnethanol permeab'ity 'n Nl 7 mem
branes in the presence of 2.0M H2S04 solufons,062] The
a ~odic peak curren measured at el ctrodes in adjacent
iquid solution was us d to calculate a diffusion coeffi

ci nt of 4.9 x 10-6 cm- S-I at 60°C with an activation
energy of 12 kJ mol-I. Techniques such as this one that
involve electro hemical measurenlent in adjacent 0 u-
tion are a' ghtforward e p rilllentally but the transport
pr perti in th membrane pba e are affected by the
electrolyte solution present. Ren and co-workers measured
both water. and methanol diffusion coefficients in 117
H membranes expo ed to 1.0 M m thano] , olutions using
the P G NMR technique.L97J Th m thanol s If-diffusion
coeffi, ient wa. 6 x 10-6 cm- S-l and roughly independen
of cone ntration 0 er the range of 0.5 - 8.0 M at 30°C. A
diffusion coefficient for wa er of 1 x 10-5 crn2 -J was
measured similar to the value in other tud' es. Mea ur 
ments of methanol diffus'on over the temperatur· range of
30-130 0 C yielded an acti vation energy of 20.1 kJ mol- 1

for the diffu ion proces .
sefu1 information on the transport behavior ofation®

membranes is often found from non-fuel. cell tudie'
due to the many non-electrochemical u e of afion®
melnbrane 'uch a dryel and penn .Iectiv, membranes.
Cabas 0 and co-work:rs amined the u~ e of afion® meln
branes and hollow fibers in be separation of water/alcohol
mi tures.[l63, 164] They found that the permeation and selec-
i ity behavior of the membranes depended strongly on

the ionomer's cationic form. The pelm ate flu decr ased
and the water elect.vity 'ncreased as he atomic num
ber of th al ali cation form increased. Additionally,
alkyl ammonium-exchanged membrane exhibited a higher
p rmeate flux and se1ectivity than alkali metal cation
exchanged systems.

(9a)

D = 3 1 x lO-3"'(,eo.2 )." - 1)ch'm .

(
-2436)

x .xp T .' for 0 < A. < 3

and
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In th e pr i n ab ,th ub ript 0 r £ r to water and
th + to p'o n; i al nee. of tb pi ,t i the
tran ferenc number and N th mol . u.

Early method to mea ure ~ wer b' . don ea ur m nts
of the wat r flux a 1'0 the membrane at constant current

itb th m mbran po cl to liquid water or aqueou
olut"ons on oth.·d . Th a. umption h re i that the

waer con nt i qu I acr th m m an due to th
equilibrium cond-ti n at each boundar . Whil thi rna
be true for low alues of the current den ity, it i an
as umption that i inherentl diffi ult to v rify and ceI1ainly
br ales do n at low water contents within the membrane

aki g maul' m nt of ~ r th full range of wat r
ntent imp sibl. Th r. ulting wat r drag 0 fii ient

tend to undere timat the tru . alu , oft n alu in
range 0.3-1.0 are found u ing thi approachP6 1 AI hough
this techniqu i not appropriate for accurate physical
prop rty mea. urem n s du to its implicity it is till
pU'sued in om a. a ill an to compar b teen
different ill mbrane .

of the electric field on water tran p 11. T . third pr p rty
is generally refelTed to as either the water lectroo moti
drag coefficient or the transport number of water. A with
the other tfa p rt prop. rf , thi coefficient ha ignif
kant pra ti al influ c on th op ration of fuel cell .
As the operating current den. it . :n r a. d in th cell,
water tran port due to drag mcrea e proportionally and
can exceed the ability of diffu ion to redi tribu e th wat r
ac'O th membrane. This peoce s leads to drying out
at . e a d id of he cell and increa e in membrane
re i tivity.

Several Inet· 0 ha e been ut- i d in th I't ratur ·0

mea ure drag co fficient for wat r in a n mbran
including treaIning potential concentration ce ,and wat r
flux mea urement . with mea urement of any traIl port
or ' an £ r n numb r, thi property i challenging to

rra tauT t I au it prc~ n· cr at conc ntration
g 'adieI t that I ad to diffu ina ob ur th
electroo Inotic dra proce . The r ha' ng of he.
measurement i thu the eparation f electroo moti
drag from diffu iona] transport. The elect '00 motic drag
co ffic' nt ha be n defin d as the ratio of the flux of
wate· through th mbran to th flu of proton in
the ab ence f w t r cone ntrati n grad' . t. Equal' n
(10 illustrat the quality of the wat d ag ffj ient
with the wa er tran port number tg-/ -0 for an a id-~ rm

afion m mbran a can b hown u ing concentrat d
olution th ory)11 J]

Full rand ewman presen ed an early technique for
xtra ting drag co fficient ba d on an equilibrium mea
ur me t 0 h P t f al of a concentration cell created by

expo ing a 117-H ill mbran tad' r nt ater activity
on either ide. ll 61 he difference in wat r acfviti . I ad to
th impo ition of a potential gradient aero s e membrane
that an be related to th drag co fficient. The measurement
r quir tbe lop of a plot ot potential ver UL activity dif
feren e to e tract ~ a d r quir a. ignificant amount of
time for equilibrium to b reached at each data pint. The
re ulfng drag coefficient wa 1.4 at A. = 1 . and 25 °c and
d crea d harp] below A = 5 tOWaI'd a alue of zero.
Th author utiliz d the econd law of thermodynamics

d man. trate that th drag co fficient mu t be bounded
by zero and tb alu Ci, at a given water content. This
implie that ~ mu t go 0 z ro a t m mbran drie~ out.

he phy ical explanation for thi onditio . b d on the
und r. tanding that ~ i related to the ratio 0 flu e of water
and proton and alue of ~ larger than A would imply that
th . mem ran i ac 1 rating rather than retarding the flow
of water.

he traditional mea ur m nt of wat fiu acro the
Nafton membrane under conditions of zero cone ntration
gradi ot as utilized by Zawodzin ki et al. to Inea ure drag
coeffici nt at wo differ nt wa er content }67 1 he tech
niqu utilized two id uti al Pd h drid ctrode pre ed
again t the m rnbrn t pa UIT nt. Th ater car
ried through the membran w·· ill nit r d b mea uring
th h ioht on capillary column during the e periments.

n tant water acti iti were t on either side of the
m an to a ur that no diffu ional proces occurred.
The me u m nL r. ult d in 1 ctroo motic drag coef
ficient of 2.5-2.9 at 30°C i· a full b drat d 117-H+
membrane ha ing a water n nt of = 2. imilarly, a

alue of 0.9 wa obtained from a membrane having a wat r
ont ot of ). = 11.

Th t e miqu a f un rand cwman wa applied
by Zawodzins " et al. in a lat r publication 0 measure
electroo moti drag co ffi i I for N 17-H+ ov r a wide
range of water content .ll 7] Th e author ~ und traight
lin b ha ior for the potential difference a a function f the
ratio ater acti iti gi ing a alue of 1.0 for the drag
coe fic: ent 0 .r th full rang 0 apor-phase water contents
A = 1- 4). The l' ._ult w r int rpr t d a indicating that

each proton travel through th m mbran with a ingle
bound water molecule when the membrane i quilibrated

ith apor-pha e water. arl' er llleasurements f th drag
cOlemc' nt hen expo ed to liquid water gave a value of
2.5 for A= 22. Thi pr iou re. uti. an indication of a
transition to a different stal with a much more . wollen
pore tructure leading to proton tranSp0l1 mol'. analogou
to membrane-free aqueous olution. Figure 5 iIlu. tra e

10)~ = No = t02+ = to
+ zot_ -0
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Figure 5. Schematic of experimenta~ anangement or concen
tration eel easurements of drag coefc' ent by a odzin ki
et al.11671 If e keepaw,l con tant and measure ~<I> this equa
tion will determie the relation between ~ and a ,r' The local
slope of a plot of nonnalized potential (in the form F 1::../RT) v .
the logarithm of the ratio of water activ' y i the eectroos fc
coefficient ~ = ~(aW.,,) = ~ ). .

the schematic proces' utiliz d for measurem nt of drag
oefficients.

Okada and co-workers have pioneered the application of
the streaming potentia technique to mea ure the transport
proper ies of water in ' 'afion mernbranes.[168] Thiech-

nique is baL ed on the imposition of a pressure difference
between aqueous electrolyte olut'on on either side of he
Nafion membrane and measurement of the resulting poten
tial difference. The tran POlt number can be extracted from
the slope of a plot of potential difference as a function of
pressure drop. Membrane with a variety 0 cafo·c orms
were 'udied to il ustrate he change" in water drag brought
about by the charge canier. In these Ineasur n ent • a 0.03 .
metal c ,} ride ut'on i xpoed to ith r side of the mem
brane. The transport number or 117-H+ was shown to
equal 2.6 for a fully-hydrated membrane (1 = 21 based on

•
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this method. The telnperature dependence of the transport
number reported .n anodle· publicafon increased modestly
with emperature to a value of 3.2 at 80°CJ159'j Values for
other monovalent and divalent cations were much higher
for example 15.6 for117-Li+ and 12.3 for 117-Ca2+,
For the e alkal' and alkali earth cation , the transport num
b r 0 ' water was lower han thmea uIed water content a
i r qu·'ed by t l

I nnodynamic co ide a .ions.£l66] The mea
sured water transpo·t number. corelaed wi e urface
charge density of the various cation , with higher charge
densities leading to higher transport numbers.

Later tudie by Okada and co-workers utilized
hydrophobic cations base.d on alkyl ammonium cation

changed membrane .[169] Unlike the previous studies,

tee hydrophobic cation xhibi d drag coefficient higher
than the re pect' ve water content 0' the membranes
in disagreement wi the I.' eln odyua ,.c consideration

mentioned previously. The e water tran port lUmbers
increased with size of the alkyl anunonium cations uni', e
th r suIt for alkali cations unless the hydrated radius was
us d to correlat results for the alkal~ cations. This implied
that ion moving t' ough hydrophilic channels pump water
by physical n OtiOll through the chann 1, so larg r- ized
cations move more water.

Another new technique for measuring water drag co f
ficient wa introduced by Ise et al.. based on an elec
trophof tic NMR approach.£170] The approach involve
pas ing arrent through a thick membrane sample and
mea 'uring the phase shift of th NMR signal. Drag coef
ficient data for 1 7-H+ at various water contents and
temperatures were presented. The valu~ for high r water
contents were in good agreement with previous studies, in
the 2.5-2.6 range. he value decreased with decrea ing
water content down to about 1.7 a A. = 11. The drag coef
fici nt increased roughly linearly wit . temperature.

Table 11 compare a number of water drag coefficient
value: fICIn meaw'ements 'n the lit ratur . The second
of the two value· based on the treaD I • g po, nlial mea
surement with an identical equilibratiIg solufon (0.03 N

Table 11. Compilation of water dectroos otic drag co fficients 1n afion membrane. from the Hterature.

1

embrane

]17-H+
I H7-H+

117-H+
117-H+
117-H+
117-
117-H+
117-H+
117-H+

Conditio s

H20 liq., 30 oe, A. = 22
Water vapor, 30 oe, A. = 11
Water vapor 25°C).. = 14
'Water vapor 30 °C }.. = 1-] 4
0.03 C , 25°C, A. = 21
0.0 He], 80 °C. A. = 21
0.03 N Hel 25°C A. = 10
H20iq., 25°e, ).. ~ 19
Water vapor 25 °C,A = 11

echnique

Wat.er flux
Water flux
Cone. cell
Cone. ceIl
Streaming potential
Streamingpotelltial
Streaming potential
E

Drag coefficient

2.5-2.9
0.9
1.4
1.0
2.6
3.2
1.5
2.6
1.7

Reference

[67]
[67]
[166]
[167]
[168]
[159]
[168]
[l70]
[170]
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with T and D in h sam unit used in equation (11)
which equates to 2.59 x 0-6 m2 -I a, 80°C. The oxygen
c olubility wa reported by Ogunli and translated into a
:enry' law pr S 'on by Be'nardi et aI., as follows: r1 14]

(11)

(13)

(12)

666 .
lnK(O,) = +14.1

- T

(
-260 )D(H2) = 4.1 x 10-3 exp T

. (-2768)D 02) = 3.1 x 10- e p . T

with K in urn 0 atm cm3 mol- 1 and in K lvin. Yeo
and McBreen reported H2 olubilitya 25 DC in 120;1 17 :11

the e data were used to determin a Henry' law con tant
of 4.5 x 10 .£11 ]

Another common sy tern for stud ing ga olubiUty is
the t microelectrode. Often this is combined with afion®
solution-cast films or afion® m mbrane and u ed for
characterization of 1 etrod kin tie and gas transport.
Slow-sw p oltammetry or chronoanlperometry can be
u ed to e timat th concentration of di solved gas and
he diffusion coeffici nt to t e Ie trode sUlface. These

with T in units of Kelvin and D in cm2 ,-I. Thi
expre ion equates to a value of 1.22 x 10-6 cm2 s-l at
80 DC. Similarly eo and McBreen reported the following
diffu i ity for hydrogen in N120[173]

voltammetry. e fuel cell mernbran - lectrod int rface is
often modeled as a tbin-film y t ill, h re a war r-swollen

afion® olution-coated film covers the activ catalyst Uf

face and the reactant gas mu t dissolv into and diffu e
through thi region to reach the lectrod Ulface. From
the earliest experiment comparing afion@ m. mbrane to
o her ionomer , it was found that the fluorocarbon region
of the polymer was re ponsible for the high solubility of
gases such as oxygen. This irnpIie, that the procedure
u ed to cast menlbran or olution-ca, t films will have
important influence on th ga, tran. port behavior as the
crystallinity of the filrns can b inftu nced by he pr para
tion procedures.

II two separate studies Yeo and McBr n and Ogumi
et al. characterized the solubility and diffu ivity of hydr 
gen and oxygen gas in the 120 membrane. While this
lnembrane has a higher E (1200 g q- J) than the more
commonly employed membrane u ed in PEMFCs the
phy ical property da a for hese gases ,hou d repr sent a
good .tarting point for current re earch. Ogumi reported
that the oxygen diffu ion coefficien in N120 depended on
tenlperature .n the following manner[ 172]

HCl at 25 DC) but a ower water contet ().. = 10) was
prepared by dehydrating th m mbran through ten jve
drying followed by reexposure to the electrolyte olu ion.
One might urnmarize the data in Table 11 as demon, trating
t a· de pite modest variations between re earcher , there is
general agr m ot that 100~ RH vapor-phase equ'librated
drag co fficien·, ar in th 0.9- .7 range and liqu'd wate
equilibrated value~ ar in th 2.5-3.2 rang .

Water drag coefficients in DMFCs ar mor readily
measurable using a technique described by R nand
Gottesfeld.11711 hey took advantage of the fact that bo h
, ides f th cell can be equilibrated with'qu'd water
under condition of high curr n d n iti a hence
the drag coefficient can be extracted from m a, ur m nt
o water flux across the cell. They operated c lis with
1.0 M methanol at the anode side and dry oxygen at the
cathode and hara t tized a vallety of ionomer Inembranes
including NII7, 940 EW, 1000 EW and 1200 W afion®
membrane and an 800 EW Do m mbran . By plotting
water flux versus current density, a linear portion L found
at high urrent densitie where the water activity at th
ca ho e is unity and diffu ion no longer contributes to the
water flux. These mea· urelneI ts allow the drag ooefficient
to be calculated ov r a rang of perating te peratures.
Based on their re ult , the war r drag co fiici nt increa ed
with 'ncreasing temperature from 20 to 120 DC for all
membranes ested. The drag coefficient also increased with
decreaJing EW from about 2 to about 2.5 from a 1200
to a 940 EW afion® m mb ane. The exception to this
was the ,hort ide chain 800 W ow ionomer which
had a lower drag coefficient than the Nafion m mbran
suggesting higher crystallinity or 1 formation of larg
ion' c clu ter Ipores where water flow i not impeded. The
drag co ffi i nt for N 17' lcrea ed from about :.9 to about
5.0 when temp ratur increa ed from 20 to 120°C. A fully
hydrated .afton m mbran . had a larger drag coe ficient
than a vacuum-dried Nafion® m mbrane. The ere ult were
interpreted to indicate that membrane crystallin!, int rf r
with . e formation of regions of bulk water where a larger
drag eff c is realized" drying the membrane to reduce
the r gion of bulk wa er consequently reduces drag in a
similar manner.

The solubility and tran port behavio of oxygen and hydro
gen gases in the Nafton m mbran are inlpOItant for
application in fuel cells as the, ga e mu t r ach the
active catalyst surface for the syst m to op rat. A numb I'

of studie of the transport behavior of the e gase ha
been done over the years, generally employing e1ectro
ch mical mea urements based on chronoamperometry or

7.4 Solubility and diffusion of gases



experiment can b done wi ut upporting electrolyte
and und r xposur to .th r liquid or vapor-phase water.
Partba arathy et ai. pe fOfllled one of the earliest and broad
est studie of the oxygen transport b bavior in Nafion®
membrane u iug a microelectrode-bas d c 11 0 er a ~"'~

perature range of 30-80 °C.[l.41] Th y e ployed chronoam
perom tric plot 0 i (i = current del s'lty) versus t- II

(t = fm ) to tract the diffu ion coefficient and solu
bility of oxygen in Nafion® membranes and olution- at
film . The temperature dependence of the 0 ygen diffu' ,
coefficient in afion@ m mbrane exhibit d two r g' on
botb howing Anh niu .e .avior but with a change in
slop around 40°C. Th oxygen diffu ion coefficient had a

alu of 9.95 x 10-7 cm2 -I at 30°C increasing to 8.70 x
10-6 cm2 -1 at 80°C. he solubility was 9.34 x 10-6

molcm-' at 30°C decrea ing to 4.43 x 10-6 molcm-' at
80°C. The product of diffu ion co fficien and olubility
a parameter of practical impol1ance for mas -transport pro
ce . e increased with temperature. The activation energy
for d'ffu, i n w 23.8 mol-lover the temperature range
of 40-80 °c. U iog the arne technique, these authors found
an oxygen diffu ion coefficient of 2 x 10-6 cm2 ,-1 and a
solubility of 3.8 x 10-6 mo[cm-3 under amb'ent conditions
for a afion® olution-cas film immersed into pho phoric
acid.[174] Th higher diffu ion coefficient and lower solubil
ity were attributed to the ubstantially higher water content
in thi yem.

A more recent microelectrode stud of th xyg n r. duc-
tion reaction kinetic. and yge diffu 'on and olubil-
ity beha ior wa can'ed out by Beattie et al. for pur-.
pas . of compa!' ng 117 to a new experimental ionomer
me brane.1lrl he e author al 0 utilized chronoamper
ometry to measure the oxygen diffu ion coefficient and
olubi}, ty as functions of temperatur . The ygen ..

fusion coefficient increa d with temp rature while the
solubility d cr a d w"th temperature. The diffu ion coef
ficjellt wa 5.96 x 10-6 cm2 S-1 at 30 °e and increased to
1. I x 10-5 cm2 - [ at 70 °C, somewhat higher than the
value reported previously. Their oxygen solubility data
on the other hand were of th am rd r th earlier
tudy by Parthasarathy. Th autho found an Arrheniu

beba ior for th eli usi n proce .. but with two lopes and
a brea in t e region of 50°C.

Another electrochemical technique tbat can be u ed to
measure he trail port behavior of ga e i the measurem nt
of limiting currents at el etrod s. Haug and Whit u ed
thi approach to m asur th 0 yg n diffu ion coefficient
and solubility in 117-H a 25°C.!1761 They olved the
dif.u ion equation analytically to give an expression for
the time-dependent current density that was us d to fit the
values of the two unknown param t r . Th if technique
re ulted in a diffu ion co ftid nt 0 0.62 x 10-6 m2 -I
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and an oxyg n solubilit of. 8.7 x 10-6 mol cm- . These
values compared r a.onabl to th data of Parthasarthy
et a!. In some cas s it may b pr f :red t tud th gas
olubility and diffu ion in rat ionom r films rath r tban

in Nafion Inembranes. A cell design employing areca t
film coated on a microelec ode wa described by Uribe
et al. without the u e of any supporting electrolyte.[136]
Although these authors focused on the kinetics of the
oxygen reduction reactio l~ their cell design could also be
u ed for tra port tudie.

8 EW CONS IN
P VO' T 0 OME
MEMBRA E S NTHESIS

Much of tb fundam ntal r arch cani d out on Nafion®
m mbran s ba the purpo of r lating ion mer tructure
to phy i al and transport properti of tbe membrane. Thi
re earch is ba ed on th belief that a deep r under. tanding
of this relationship will allow ynt etic chemic ts to cr at
novel ionomer membranes with improved phy. ical proper
ties. A challenge exist in that a limited number of chemical
structure are available for the ionic side chains of perflu
orinated iono e and tbi .imi the flexib 'lity that one
ha in d vi ing new p lyme" . It i' highly likely that for
som future fu I cell applicatio· it will not be necessary to
utilize pcrfluorinated ionom rs) and '. degree 0 freedoDl
will open up new a ennes [or polym r synth is expanding
far beyond what i po sible with perfluorinat d y, t m .

he Ino t common approache for synthesis of n w
ionomer aI'e the modification of either the backbone or
ide chain tructure. If one believes that non-perfluorinated

ionomer have ufficient stability to with tand fuel cell
op rating conditions, then a nearly infinite nmnber of
~ tru tures an b cr ated and tested. On the other hand,
perfluorinat d iOllomer do not p 'esent a large a election
of novel stlucture.:

• The bac bon i g n rally compo ed of monomer
. u h a TFE h· afiu ropropylene (HFP)~ none of
which offer much opportunit for cro linking or
controlled branching.

• The ide chain can be var ing in length d gre 0

branching pre ence of functional groups uch a ether
linkage: ; and the type of anion group.

Se eral modification to he anion group withil e'de
chain are not gen rally pur u d du 0 th b Ii f that they
would disrupt ionomer clu t r fo rna ion. Thee include
placement of the anion group within the polymer ai
chain, ide chains with multiple anion group., or p acement
of the anion group on the si.de chain somewhere other
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than on tb unt ath rd. nct, all of which would re trict
anion mobility. Ace .. i +]it of th anion end groups to on
anoth r i also d tennined partially by id chain mobility
o side chains need to have a certain mj limurn length

for a g' en number density or concentration within t e
polymer. Clearly ·e numb r of po. s+ble tructure· i stin

astly gt1 at. r than I h number t at ha been synthe ized
and chara . riz d in practi e .0 e r omm ndation on
stIucture .1. ould be viewed w·th orne k p i i m. Th
cons'deration do not preclude the u e of any numbe
of novel anion groups such as tho e Ii ted earlier in
Tabl 3 nor do th y indicat the optimum side chain
1 ngth or structure fi·om the .tandpoint of th number of
p rfluoro. th r or oth r linkag.

Ir addition to lOve' polyme· tructu· app' ac d n
a molecular tandpoint; a tremendou numb r f ·0 el
structures can be created using new film formafon pro
cedures and polyme . r tr atments for any given ionomer.
Also compo it yst .Illi that contain a gi en iOllom r com-

bin d itb ot.h r additi '"' bI nd ith oth r p lym r
. fill r pre ent a i h var·ety of t 0 di a'e

,e ear h. A many of the exciting d velopmel t in no el
ionomer are already covered fdly in odler se-etion , we
pro id only a brief overview with a fo u on new direc
don in p ]ym r, yntbesi.. for impro d ionom r . tructur s.

Th pat nt .' t ratur cantai n h m . t t n.Jv d crip
ti n 0 - I ovel ionomer syste t at av b n n h .iz d
w .thin indu trial re eareh laboratorie a· well a data on
phys'cal properties uch a ionic condu ti ity of many of
th ionom r . Clearly th. basic .atiation in th afi n®
m mbran. copol m r of TFE and P EPVE hav b n w 11
tud d ov r the y ar . Cop lyn r w·th a 1 rg rang of
W • tellJolymer with other monomer and c r,ain impl

modifications to the ide chain have been r ported. One of
the mor powerful mean· for improving conductiv'ty under
certa' n condition~ . uch a.· in f e pre ence of poor dielectric
m dia ( .g., organic olvent)· t u " rong-r acid
group such a the per .' uoro ulfoninlid and p rfl u r. ul
fony1 methide (carbon anion) group .

The fir t publi hed tudy of the u e of ac· d-
fOlm p rfluoro ulfonimide-ba ed ionomer for fuel cell
application appeared in 1993 from ppl· by et al.,
u ing ionom,ers . ynthe ized within th D· Mart -au
group.r l77

1: Sulfonimide- ontaining ion ne f lh. form

C 3-[C S02NHS02CF2]n-C 3 with n up to 40 were
synthes·zed from C 35°2 and 3 in a five- tep pro e s.
Carbon anion ionenes were also attempted u ing the same
ynthe ic route but could not be ynthesized. The n = 40
ulion'mid ion .ne as a· abl whiti- .olar d .oUd· ith

a h·gh oIubility in water expected to have th xcellnt
chemica! tability and inertne s of afio [l® membrane but
with higher conductivity and potentially superior oxygen

reduction kinetic due to the stronger and more den ely
pack d acid group. Ionic conductivity was high oreater
than 0.1 Scm-1 up to 90°C but then dropped steadi y over
JOO°C and ached an approximat alu of O.004Scm-1

at 30°C. he ere ult demonst ated that the p rfiuorinat d
sulfonimide ionene required wate; for proton an por in
a similar manner to 0 ber perfluorinated ionomer: and will
10 e conductiv+ty at temperature . over the boi ing point
of water.

Over t e last . veral y ars, the DesMarteau r sear h
group ha synthe ized a var·ety of perfluor·nated ion mer~

and ionenes having ulfonimide and re ated strong acid
site . DesMar eau has de clibed a number of the chal
1 nges faced by re earcher working in thi field. [26] One is
th probl. m of obtainino th n c •. ary p lrifi d functional
nlOl !o ' 0 I pol ,ri ation proces . For example,
y Ithe i of t ill t nun nly ued man m r within the

DesMarteaugroup research, the PSEPV - ulfo ilimideana
logue C 2= OF2C ( F)OCF_CF2S02N( a)S02C 3

b gin with rather expen i e and exotic reactan s
SO (Na -iM 3 and F '2( 2)4S02F). The copolymer

ization proc g n al y empI yed· an aqu ou r dox
initiation system in anemul ion polymer·zat· 01+ Fun ional
monomer are u ed in their a+-sal fonn in this proce to
afford good water solubility and to control pH. Ofte 1 purifi
cation require. formation of the acid-form of the monomer
follow· d by di tillar" on and r neutralization. In the, ase of
the sulfon' mjde c· p 1m. r th. ionic monom r hac b .
copolyrnerized wi T . giving a whie powdery p lym r
capable of bein pre ed into filrn . in it acid form. ' e
Marteau has describ d a number of novel ionene of intere t
but cau i n d hat obtaining high purlt product can be
, ry chalJ 19ing.

A numb r of tudi have'uggested that p rftuoro ulf
ornruide-ba ed acid group would p'eent a upeior I 
trolyte y tern to the ulfonic acid group used in the com
mercial Nafion membrane. Perftuorosulfonimide have the
hiah t known oa. -pbas a idities of an compound whHe
r aini ng 11 n th rmal . tabiHt and promoting good
o ygen ·educti .net' cs. umner et aI. (1 port d c nduc-
tivity data for the -form ulfoninlide analogue of the

afton membrane aving an W of about 1100g eq-I )17. I

Th perfluoro ulfonimide ionom r bad an equ·librium water
uptak. of 116% b eight of the dry ionomer under 100%
RH condi.· ns c ne. ponding to 70 at r mol cuI p r
ac·d ite. IOilic conduc ivity ver us % RH wa con i. tent!
higher than 117 by a margin 0 about x2 until very low
%RH at which point the ulfonimide polymer achi v
o er an order of magnitude improvement. The ternpera
tur depend nc. of the ionic conducti it for both ionamer
were irni ar and b th ystem. show dad reasing con
ductiv~ty wit increasing temperature over 60-70 °C under



a fixed water partial pressure of 150torr. The study con
cluded tl at both systems required a certain quantity of water
to achieve proton transport and that the proton transport
mechanism was ba katly the sam. in th two. yst .m .

A numb r of modification to he ba Ie p rfluoro ulfonic
ac'd ,ide chain have been reported over the years, gen
erally motivated by the desire to implify the synthesis
and polymerization proces for the ·onic monomer. . eiring
and Rozen reported partially fluorinat d ionomer. consist
ing of TFE and CF2=CFOe 2CF2(CF2)nS02F.[179] The e
cOpolylll .r hav. a horter ide . ha·n than PSP V . due
to the ab· ence of the second ether group. Pre umably the
presence of the ingle CH2 linkage in the side chain will
provide a relatively weak ite for oxidation" however test
ing would need to be don 0 determine wh tb r thi. won d
hav any practical n gativ :ffi ct w' .n a fu I cel . It wa
, hown that these iono er. can b produced from monomer
of the form CF2=CFOCH_CFJCF2)11SR by converting the
end group to . ulfonyl chloride funct'onal groups after
polymerization. Another modified ide chain reported by
Farnham and Yang was th CF~=CF{CF2CF1 nS02F group
wh re n = 1_5)180] The synthe is of these monomet

was reported in the patent literature and polymerization
with monomers such as VF2, VF2/HFP and TFE/ethy1ene
wa de cribed. How v r, th allyl monomers ar dif
ficult to copo]ym riz dir oly witb TFE, making good
compari on with NafiOll® membrane analogues impos
'ible. In another patent, Yang reported ionomers based
on partially fluorinated suIfonimide-type monomers of

the form C 2=C (CF2)nOCF2CF2S0zN(M)S02Rr wh re
M= or alkali m tal cation. .oS1 1 Copolymer. wi h VF2,
TFEJethy lene. and TFENF were de cribed. Yang .howed
that the: e monomers can be prepared from CF_S02 2

and CH2=CHCF2C 20C 2C· 25°2 without protection of
the double bond, thn saving step. in the synthesis process.

Th s'mplicity of styrene ulfonic acid ',onomer ha
motivated re earch on variations to this .y .tern over the
years. Of en new approaches to locate more fluorine atoms
within the structure have been attempted for purpose of
alleviating the poor stability of these s stems under typ
ical fu I c n op rating condition . Feiring et aZ. report d
ion·c monomer based 0 il aromatic groups such as styre ilic
and isophthalate monomers with pendant fluorosulfonate
and fluorosulfonimide group .[24] These monomer have
the functional group attached to the aromatic ring via
an eth r linkage, proYid~ng greate thermal stability and
syn l etic versatility than approaches without this r nkag .
Styrenic monomers can be polymerized u ing a variety
of means such as anionic, cationic, coordination, free
radica and 1·ving potym rization offi ring a wide range
o poly ers with novel architectures. Additionally. thes
monOlners can be prepared by straightforward luean with
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re atively few . teps giving high yield and including
the minimum desired quantity of ftuorin atoms to give
strong acid sites. However. it is unel. ar whe .er th e
ionomers WOll d be stable enough for fuel cell applica
tion " Moe higWy delocalized electron withdrawing func
tiona groups, such as sulfonimide and SU' fonyl methide
group have also been attached to the aromatic group via
ether linkages. Copolymerization of th no 1 ono· e··
C 2-C -C6 -oCF2CF2S02 · (i)S02CF3 with acry
late, acryon~trile, styrene, and other monomers was
perfonned and data on orne of the e ionomer were
reported.1[ 32J

Another variation on th poly(styr n ulfonate)· ys-
tern are copolymers of (1, ~. ~-trifluoro.tyr n. which can
be ulfonat d u ing a number of approaches. Thi y tern
was fir t synthe iz, d in the 19508 and pursued for fuel
eel applications in the 1960sP 3, I J The partially fluo
rinated system is highly resistant to oxidativ degradation,
making it a sub tandal improvement over non-fluorinated
tyr n~c ionom r) 5] The copolymer will commonly be

ero linked to improve mechanical perfOlmance at high
level of ulfonation where ionic conductivity and water
welling are optimized. Most recently, Ballard have intro

duced a family of ionomer. based on copolym .rization of
ct, ~, ~-trif1uorostyr n and a . tie of sub. tituted ct, ~,

~-trifiuoro. tyrene conlonOlne ·s. T ese new ionomers are
referred to as the BAM3G membrane. I 1861 The e copoly
mer reportedly have good oxidative stability and can po 
sess high water uptake and conduc.:viiy with proper
control of the degr e of . ulfonation and crossrnking.
Among 0 he· properties, the 0 ygen diffus'on coeffic'ent
and olubility for these polymers have been measured and
reported. I 17. I

A number of patents have described ionomers with par
tially fluorinated backbones of TFE/ethylene, VF2, and
viny ftu01id (VF). Metalloc n organometaHic polymer
ization catalysts have been used to generate copoly
meL of ethylene and other olefinic monomers with
comonomers of the form CH2 =CH(CH2)n(C Z)mSOZ

n = 2 or greater) as well a their ulfonimide and sulfonyl
m tbide analogues.[187J Whjl it is c ear that t e hydrocar

bon backbone wi I comp omi e oxidative stability for these
ionomers, this highly active and controllable polymeriza
tion process affords a number of means for manipulation
of final polymer propelties, such as olubility, mechanical
strength and 01 nt uptak due to th control of the degree
of branching and tructur ..

Another partiall} fluoinated ionomer systenl tha has
benefited from ubstantial development efforts are copoly
mers of the F2 monomer (CH2=C 2). F2 is a highly
polar monom r with good stability and is r lativ 1y active
in polymerization with a vari ty of comonomers. Its polarity
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9.1.2 Implications afmethanol crossover in DMFC

-ethanol tran ported through the membrane by dif
fu ion and .] ctroo. motic drag recOlnbine chemically
with oyg. n at the cathod. and herefor • h. fu.1 con
v 1'S100 ffidency is low. r d;

• ethanol at the cathod d polariz th ygen elec-
trode and establishe . a mixed paten ial thus loweling
the cathode potential:

• Methanol competes with the oxygen reduction reaction
at the cathode and predominantly reacts w'th oxygen;

has been treulendous effo in'dentifying alternate fuels
for u e .n fuel cell , Me .anol i considered to 'e one of
th . trong cont· nd r inc unlik hydrogel', it offers high

olum tric n rgy d nsity and as of handfng the liquid
fuel. M thano1 as a fuel can b utilized in two way~ in
t pical PEMFC.. M· thanol i . 'th r r formed to produce
hydrogen-rich ga which is t n fed into the an d truc
tur of the PE FC or f d direcd into th anod tructur
of the fuel cell where it is con umed to produce energy
through electrochemical r action . Th .att r approach L
an attractive option since it eliminates the bulky reform
er ,thn increa ing the overan energy efficiency as a result
of ystelll imp'city.1191 J De pite hese advantage . D Fe
technology i not we· advanced due to two major technical
hurdle.: th luggi h nl thanol 0 .dation r action ki .etics
and m than 1c o~ 0 er through th ill mbran both ig'f
icantly 10 . r fu 1cell p If< r. an .£192, 19.1 '" c th ,·ocus

i perfluorinat m bran 'elated 0 th Nafion®
membrane ar r ie d.

9.1.1 Methanol cr:05sover in Nafion membranes

Nafton membrane work very w ]1 as a eparator when
neat hydrogen or hydrogen-ric r formed oa is tiL ed a
a fuel, ~ ince diffusion of t e r actant gase. i negligible
for practical membrane thickne ses above 25 ~m. When
methanol i u ed as a Euel in D C technology. the
Nafion membrane suffer from methanol cro over issues.
Met anol i tran potted through the me nbrane by two
modes nm lely diffusion and electroosmotic drag. I194. 19-1

When ill thanol come in contact with the membrane it
diFfu . through th m mbran from anod to cathode and
i a~ dragg a ong w· th th hydrated prot u der
th influ n f urr nt fl wing a ro . th c' t Th ph
nomenon of transporting m. thana] from anod. t cathod
through tb ,. .mbran i known as methanol eros over.
The diffu. iv mode of m thanol tran 'port dominates when
the cell it idle. whereas the electr omotic drag domi
nates w en the cell is operating meaning current flowing
acros the cell. Methanol that is transported to the cathode
adversely affect t e cathode perlormanceJI9 1971

c

imparts in it po 'ynlers a higher affinity forceItain organic
o v· nts than mo t ot .e . tandard fluo ina d Inono . eB .

Copolymer of VF2 and PSEPVE with t rtl onomer llch
as TFE. CTFE ethylen • HFP. and VF wer r port d. ll 8.1

The challeng in producing th .se ionomers i h. base in ta
bility of the VF2 monomer. which i readil attack d h

rong a1 ali solution.. The hydrolysis r action to c n ert
the sulfony' fluorid precur or of the PSEPVE monomer
to the fluorosulfonate group can be achieved via the use
of weak carbonate bases och as a. u ous carbonate solu
tion whic attack the sulfonyl fluOlide group preferen
tially to the VF2 backbone, The acid-form ionomer can
b obtai ·ed through imp e ion e c aug. Te patent li 
e atur co tai olvel t uptake and"oni onductivity data
on the .enamel' r vea]ing that their ionic ondu tivity
can r a h imj]ar lev l. to th ali n® m mbran . Bey od
the simpl tluor sulfonat i n m r VF2 po m . with
sulfon'mid and s Ifon 1 m thide group ha al 0 b en
synthesized. D 9]

Ideally one would like to reduce the cost of Nafion
memb ane while improv'ng on their key performance
propertie such a ionic conductivi y and mechanical
strength in the swollen state and maintaining the desirable
features such as chemical and electro herni, a1 stability
and fi In forming ability. A likely place to earch for
such an ionomer is in the .hort ide chain Dow ionorner

th·, Y t m has h Wll excellent p rforn1ance in fuel
c 11 testing and it low r molecuar wight holds he
promi . a 1 s e pen ive poly e' witl higher ionic
conducti ity. While 10 on . a ye managed to delnon trate
a ynthe i of this onom r ilia i imple enough to
realiz thi low-co t pot ntial, an int re ling variation wa .
repOl edP 0] Blau has shown that h P EPVE monom r.
precur or cyclic sulfon can be react d i h F3SO_ Na2

(formed from CF S02NH2 and laH) to giv the monom r
CF2 =CFOCF CF20SO (a)S02CF3 which i. th shor
side chain su1fonimide variant of the Dow monomer. A.
till reaction makes use of a smal· number of steps from
the cyclic ulfane. i i appealing in its irnplicity compared
to other approaches reported to sulfoninlide monomers.

nfOltuna e y no fuel cell data has appeared on the TFE
based copolymet c

• of thi new monomer 0 one CalIDO yet
ay wh th r h e will realize the performance potential

promi d bye ombination of the ho ide chain
monom rand th. .trong acid ulfonimid group.

9.1 Methanol cro over in

9 METHANOL CROSSOVER

Due to several practical problems associated with hydrogen
fuel, su h as afe handling, storage and distribu "on, there
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Figure 6. Effect of m mbrane thickle sand EW on melhanol
cro over rate, operating the cell with I M methanol at 80°C and

tandard ' I --',. aiT with 25 m- ctivc area.

1500

EW, 5 mil

Effect of EW

•5 mill? m-II 1000 1100
r~~!'--l -- ·1-1--'-20_0'--- ----l

Effect of thickness

1.20
Measured at open circuit voltage

(80°C, 1M MeOH, 3 SLPM alir, 0 psig, 25 cm2 cell area)

L... 1.00 -;-:r2_m----,il__------=:----_----:-:- --1
CD Commercial
~ 0.80 -1-1 1100 EW Naf~on®
f/)
o
o 0.60--l!-ll
Q)

.>
1ii 0.40-.-1
CD

a: 0.20 -l-~

increasing membrane thickness. T e ill thanol cro, saver
.at - duced or than 60qf go ''fig from 2 to 7 mil
thic membranes. Al o. fOJ a given thicknes of melnbrane
(5 mil), the cro saver rate d creases with increasing EW of
the afion®·' embrane. he cra sover rate can be reduced
as much as 85% by employing 1500 EW membranes
c mp . d to 112.

Therefore it may be advantageous to u e either a
thicker membrane or a higher EW membran to r duce
t ill thanol cro over rate. However. the di advantage
is the penalty of paying higher voltage losses due to
high r . peci c resistanc a a r ult ,tbic rand .gh r
EW membranes. The vo tage 10 s is patiicularlyevere at
maher current den ity op ration. An opt'mum D1 mbran
hou Id b determined for a given application after carefully

re iewing the combined effects of specific conductiv'ty
and m thanol crosso r I ,F r ampl. it '1 n c' al
to u e thicker or higher W membranes for applications
relating 0 consumer ' lectronic . which require v ry low
current and power den'i ies where the voltage los is
negligible and also the fuel efficiency increases as a r suit of
10 r ro. thanol crosso r a s. 0 th 0 h r band. nne·
membrane would be beneficial for application relating to
hioh r CUIT n d nsity/po r d nsity r quirement i IC th
voltag 10 due to pecifi conduc ance is critical. Higher
fuel efficiency could al a be achieved by operating tb c 11
at .gh r CUlT nt d n iti , . inc th me hanoI ero .ov r rate
is greatly reduced.l l9 ,200, 20 IJ

A pr viousl mentioned, th I etrod tructur par-
ticularlye methanol electrode ru ture and diffu ion
backing play a role in influencing the methanol crossover
rat but th ir impact is minimal compared to olh r fac
tors such as membrane thickness and membrane EW. If
m thanol .s consumed f' etiv y .n the anod tructur.
the concentration of methanol at the membrane -electrode

•

There are several factors influencing t e methanol crossov,er
ra e .namely membrane thicknes membrane .V,.T. electrode
tructure and the cell operating parameter uch a cell

tempera ure me .ar 01 feed concentration air flow ra es and
cell current density. A of these factors playa ignificant
rol in methanol cro over.

9.2.1 Membrane thickness and EW

Membrane thickness and EW have a major iInpact on
the methanol era over rate. Several research groups have
reported methanol cro saver data for the variou commer
cial afion® membrane .l'93, 1981 Although the magnitude

of thecro saver rate varies from one group to another the
trend' the· arne. The reasons for variation in the crossov,er
data. de pite using inular nlembrane • are differen e in
electrode preparation .. ethod. thickne and composition
of electrode structure uc as afion® solution to cataly
ratio and percentage composition of Teflon or other added
components. In addition. the nature of diffusion backings
such as their relative hydrophobicity and hydrophilicity. has
an influence on the era sover rate.

Figure 6 compare t, e methanol eros 'over rates for
various thickne es of 'afion® membran (112 115
and : 17) a well for a giv n thicle· (5 mil·c )
of cOInmerdal (NilS and NEI05) and non- ommerci.al

W Nafion® luembrane (1200 an 1500 EW) rdative
to a 2 mil cOlllDlercial 112) n embrane.']l)91 As shown
in the figure. the methanol eros over rate decrease with

9.2 Factors affecfng methanol cro ave·

• Thi undesired reaction incr a e th . d.emand or
oxygen and therefor r quir s higher stoichiom. tric
flow rates·

• Because of the negative impact of methanol cro saver
currently DMFC developers are forced to u e thicker
membranes thus increasing cell resistance.
112 membranes are preferred for hydrogen-ba ed fuel

cells since they offer lower specific resistance and help in
easing water management within the celL Unfortunately
due to very high methanol crossover rates with 2 mil mem
branes, NIl? is currently t e most desirable candidat for
DMFC techno ogy. Nt 17 reduces the methanol crossover
rate >60% compared to 112. Use of Nll7 not only
increases the material cost. but a1 0 reduces t· e fuel cell
peIformance. parti ulady in the high cur.rent densi y region
(>SOOmA cm-2) due to the higher specific re istance.
Th refore, it i llnportant to addre s the lnembrane-related
i ue to advance DMFC technology to become a comnler
cially viable altelnafve.
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9.3 ea u me ts to quantify methanol
coo er

the literature that m thano] crossov r ould be totally elim
inated by can mning the methanol at the anod cataly t and
not letti g any diffu e through the membran . Thi. may b
achie ed b t eding the cell with ery low methanol con
centration « 1M) and flow rates typically in a , t ady- tat
operafon. The d'ffi ulty' finding an application that suit
th e ope ating c nditio 1 ince many prac ical applications
demand va ia .Ie load change .

il it i advantageou. to operate the cell with lower
m thanol on n ration the downside i th higher anode
ov rpotent' al due 0 co lcentration polarization a. a .ult of
inad quat fu I uppl the reaction site and a1 0 the poor
r action kinetic as d tailed p'e iou ly.120-1 Therefore, it is
n ce sary to identify th ptimum met anal concentration
to achi ve high r fu lin y and the required power
output for a gi cn application and ta k de ign.

Figure 8. ffect of temperatu e on methanol cros over rate,
operating the cell ith] m (hanoI and 3 tandard Umin air, at
80°C 17 mem ran , 0 pig, 25 em- cell ar a.

Several method are employed to detcrmin th. m thano]
ero 0 er ate in the DM C, ueh a voltamm try, IR

Cell temperatllre
Methanol ero a r data g n ra d at ar ou temperatures
ran .ng from fO m t mp ratu t 90 0 Care hown in

igure 8. The fecd on ntrati n L 1 M methanol in water.
he Ine, hanol cros 0 er rat· d r as ·s with d cr asing eel]

temperature over th t mp ratur range tudi d (90-22 °C)
both at open-circuit voltag (OCV) and at t e current
den ity of 200 m cm-2. Th ~ re ult ugg t tha it is
ad antageous to operate th 11 at lower t mp 'atur to
attain higher uel effi iency but th difficult i attaining
higher power output ince the methanol e] ctr d 'bi
po r ill thanol .xi ation kinetic at low temp ratur ..

stems (PEMFC)
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interface is ignificantl r du d and th ref< r the over
all methanol cro 0 er rat i al 0 r duc d. Incr a ing the
thi knes of the electrod h-uctu and using roo -e active
catalyst compared to h eu ntly us d PtlRu bla k cata-
ly t would help 0 r du the methanol eros r rate.

Figure 7. Effect of feed I ethanol concentration on iflethanol
era sover ra· e at a eel perating temperature o· 80 ° and a 17
membrane.

9.2.2 Cell operating parameter

M thanol feed concentration
In theo y, the D C cell can be op rat d i h '"V 7 M
methanol/water mixtures based on thear ti a1 i hi m t

r"c reactions. However the mo. t commonlud"£ d 00-

enat" nil methanol ince higher op rating m thanol
nc at" n (> 1 ) ignificantly increa e the methanol

er rat a a result of higher In thanol diffu ion and
] tr m ic "ag.119JI AI 0 there i reall no ad antag in
p rat" g th ell wi lllgher Inethanol oncentration ith
hUff I 1y utilized PtlRu black catal ts a th m thanol

idaf n rea tion follow zero -order .nctic abo t

con ntrati n of 1 methano· which i urrent pra tice and
th r or, i . entially concentration ind p nd n. ow

. r th r are orne rep0l1s ind'cating the anod kin tic
ar haU orde' for concentration lower than 1 m thanol
down to 0.0 1202.2031

, V n th ugh the u e of 1 methanol i conlmon pra ti e
t da th feed lllethanol concentration can b furth r fin 
tun d d P n . g on the current den it requirem nt n d .d
t a hi v higher fuel efficiency in e m thanol cr r
rat d r with decreasing methanol feed on entration.
Figur 7 w the methanol cro a er rat b n op rat-
ing th II at atiou methanol feed oncentration rangino
ff In 0.25 M to 1 . The cro so er rate wa m a ur d and

mpar db th at open circuit oltage and at 200 rnA cm-·.
Tho ver rate clearly decrease with m thanol fe d
con ntration and further for a given feed II thanol eon

ntra ion the ero sover rate decrea e. with in rea ing c 11
p rating current density.[~()() 204J I ha b n rep0l1ed n



MR and gas chromatography lGC) Inethod , CUlTently
both voltammetry and an optical IR method measuring
the CO_ in the cathode exit stt"eam are the most widely
u ed techniques. While die voltammett'ic method is limited
to eros over measurements at open-circuit potential. t ,e
optical IR method of measuring the CO2 in le cathode
exit strearn allows measurelnent both at open circu·,t and
under any cell operating curre It den ity.

9.3.1 Voltammetric method

nand co-wo 'ker firt de lop d th oltamm _trie
method. r192] Standard c hardwar and m mbran '
.....1...., .....t1' d mbli ar u ed or thi pr c dul' a in
n InIal DMFC t _' ting. But in t ad of air, an in rt
ga. .uc a, nitrog n L pump d through th - po hi
el t1' d and ,halo]' ~ d thrOUP-h the negative
el tro e. Met -all01 that diffu thr ugh th _ membran'
i oxidized at tb po. iti ,] etr de and the proton are
r duced to hydr gen at t, e negativ el ctrode. The rna s
transpor -limited CUlT nt m, a ured from the plateau of
the CUtTen - ltage oltammogram plot is the cunent
quiva] 1 of methan ,1 flux acr ,th m mbrane. Th

. oltanm· tric m thod pro id a ry a curat. n . a ur m nt
o methan 1 ero vel', but the drawback i that tIns m thod

anna u d t d t I mine th em. ov .r ra dir ctl in
an operating fu I elL

9.3.2 IR method

In a typi al DMFC cell the methanol ransported through
thmembrane i oxidized at .he cathode according to the
reaction H_ ° +3/20_ -+ CO2 + 2H O. The rne hano
crossover rate can be accurately estimated by mea uring the
CO2 content in the cathode exit stream, Narayanan et al.
developed this technique and ucces full demon trated it
using a Horiba ga analyzer.£! ~, 101] ir ,the total volurne
of CO2 generated was determined using the 0 ume Ok CO2
read-out from the gas analyzer, then the number of mo .-1

of CO2 were calculated using the idea gas law ( V =
nRT). The methanol cro over current density equi alent
( x A cm-2) is obtained using araday' law according to
quation (14)

(14

where F ,. Faraday's constant, n 'e numb r of mol -1

equivalent of CO::!, ne i . the number of electron in 01 ed
in the reaction and A is be active area of t e eel . A
mentioned earlier, .he advantage of tm method i that i
aHows the lnethanol eros over rate to be deter ne-d 0

at open circuit and under applied loads,

Perfluorinated membranes 389

There were orne conce n· rai ed about th r ult
obtained by thi procedure 'nee part 0 the anod p 'oduct
CO') i believed to diffu through thafion® ill mbrane
and intelfere with he mea urem 11 • During eell operati n
a large alnou ,t of CO2 is produced at the anode a a
re u t of 0 .dation 0 me ha 10 . I . po" ib e that a portion
of the CO di u e through the menlbrane and interfere
wit tl the CO_produced by the m than 1 fO SOy r fo acti n
at the a hode. he diffu ion rate o· anode pr due CO2

through the membrane val'e ' depe' ding on the ethanol
oxidation rate or operating current den ity. Doh e et alP061

ugge ted a· irnple method to eparate the CO that diffu d
through e melnbrane from t· e CO produced a. a result-
of metha 101 ox'dat"on at the cathode. A imilar II' t-up
u ed in DMFC operation i . e . played but the cath d i
fed an inert ga uch a nitrog n rath" than air. ethanol
oxidation occur at ,e po itive Ie trod and protons ar
transported through the membrar ,e, Proton are reduced
to hydrogen at the negative electrode unde" he in It
atmospheric cond:t'on.

Met anol tha it 1ran ported through diffu ion and v.,I.......v

troosrno ic drag' unreacted at the cathode in e theli i no
oxygen present to oxidize the methanol and the potential of
the negative electrode i too low to oxidize the methanoL
Therefore the CO2 measured at the cathode exit tr anl

under thi condition' purely rom diffu '01, of a!l de
product CO2 , The true methanol era over rate cal thus
b deduced from the Ie ults obtained by tm method and
the total O2 mea ured during t e standard Demode
of op ration.

9.4 Approaches to minim·ze methanol crossover

di u . d in detail, m thanol eros 0 er in per-fluorinated
mem ran i a major one rn and unavoidable as long
a tb m mbran requir c watr for it be. performance.
Tleg ral trat _gi . ~ und in the lit rature to minimize
the .. ethanol l' s er rat t achi e higber fuel and
pow r ffic' e cy u ingafion perfluorinated ionomer
membran . ar di 11 c d in thi . ction.

9.4.1 Methanol concentration and ell operating
temperature

Th b trategy known to date to rninimize the lnethanol
cros.o r rat u ing Na.:fion mernbratle-based cells is to
operat. the cell w'th lower methanol concentration «2 M)
and . mperature .[.93. 1 ,107] Op rating the cell witb lower

t mp 1'atur s i. ad aotageou , and th. eros over rate could
be for xampl. r. du d b a.cl much a 50o/t by operating
th c n a' 60°C rath r than 90°C.
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9.4.2 Lean feed method

Zelenay el al. demonstrated that higher fu 1 fficiency
could be achieved with a lean anod d op. ration.[20 ]

Bo Ih ITlethanol feed concentration to a largere tent, and
methanol flow rate to a ler xtent, wer adjusted to
obtain >90% i ue effic·enc . Th simple concept i to
oxidize the .. ajor"t of methanol that diffuse through
the anode cata y t layilius - duc· ng the presence of
methanol adjacent to the membrane at the anode. Thi.
re ult in a low red ill .hanoI concentration gradient acro s
the me ban and can _qu ndy decreases the me hanoI
ero .ov .r rate.

9.4.3 Methanol tolerant cathode calaI st

There are some efforts to u e me hanol-i nSlt1ve oxygen
reduction catalyst to impro e the athod p t n ·a1. [209, ~10]

See Poisons for the 02 reductio eac ion Volume 2
for more infom ,ati.on n thi opic. Th y general y cansi t

of macrocycles based on tran ition metal ions. umer
ous macro yc1ic comp und ha b n r p011ed to how
no activity towa cIs thano during the oxygen reduction
reaction. How v r, su co pounds ha e problenls with
re pect t ng-t rm ,tabHity and temperature. In addition
til ir acti ity towards the oxygen reduction reaction i .g
nificantly lower compared to Pt-based cataly,t tructure.
The efore, achieving higher power outpu with the e . ata
Iysts i quite challenging.

•
9.4.4 Filler approach

Approac es to modify the exi ting Nation m. mbranes
have been explored by a large nu b r 0 res h gr up~

since so much i known about tbi b ic membrane,
and it tructur·e provide numerou ill a ,r chemical
and physical m dification. Some of the approaches taken
include incorporating ino ga .c proton conductors uch
a zirconiUln phD phate a d ilica.[211 "12] While lower

me . I anol ero ov r i r ported compared to the neat
membran or th e compo it structur • the membrane

.i tanc· cv a a a re ult of impregnation of hose
compou d . Th app oach are still u efnl for low-power
fu . c II applications.

9.4.5 Blend membranes

Blended membranes are yet another way of reducing
the methanol crossover. Composite membranes utilizing

afton membranes and polybenzimidazole (pBI) ha e
been studied taking advantage of the afion® membrane
stability and oonductivity and PBI s repOlted absence of
electroosmotic drag. \2}.11

9.4.6 Alternate high EW membrane

The commec·a1 afton membran s currently offered are
based 011 nominal 1100EW polymer. Higher EW mem
brane' lower th m thanol c ossover.[19~, 199, 214] However,

the down" id i th higher membrane resistance as detailed
earl"er. An opfmum EW membrane is po sible with an
acc ptabl tfad -0 b tw n conductivi y and crossover.

o FINAL COMMENTS

The PE C based on poymeric ion-exc .a .ge e bran
re in i approaching its 50th anniv ary. T'e industry
has nearly 35 years of experience wi th us of the

afion® perfluorinated ionomer membran in PEMFCs.
The tremendou . experience and knowI dge ba e built up
over these decades on perfluorinated ionomer embran
based fuel cells, and their eadPy incr a ing p rfafmance
over e year . confirms that the. e y t ms are lik .Iy to
be the membrane of choice ·n P MFC 0 I an years to
come. The drawbacks of perfluorinated ionom r me. branes
such as poor elevated temperature (>90°C) p rformanc,
oxida ive degradafon under relatively dry condi·on , . igb
co t. and permeability to methanol, are likely to fade 'n
significance over time as olution ~ are eng·neer d into
commercial fuel cell systems to circum entthe problems.

As large-scale conunercial applications of PEMFCs
move closer to r,eality the fundamental . su _. that '_ e the
greatest level of study wil . Ilift t studi 0 •ifetime
and failure mode of these material. quaIl important
will be deeper tudy of the optimal ·pI -pha boundary,
and tran port in compo ite ystem ei.· e tial for optimiza-
tion of catalyst performance and utilization. timat 1 , a
costs of perfluorinated ionomer decrea e. p e iou metal
u age will remain a fundamental limiter of ystem ost.
Finally novel ionomer tructures with lower W buttruc
tural stability, higher acidity, and lower co t w·! co· tinue
to be tudied. Eventually, engineered materia may con
tain ion channel ideally uited to fast proton tran port .n
relatively anhydrous cond·tion and operating effectively
at temperatures in excess of 100°C. Thi future stat w~n

only be po sible through a better undeB tanding of polymer
nanostructure and the'r relationship to the mechanisms of
proton transport.
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