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1 INTRODUCTION

In recent years, there has been intense research interest in
the deve opment of proton electrolyte membrane (PEM)
fue cells for tran pOltation and portable power applica
tions. Typically, the polymer electrolyte used i. a hydrated
pedluoro- ulfonic acid polymer uch a DuPont s Nafion®.
Till. type of polymer require water for proton conductiv
ity;. .erefor th operating t .P ra ure " . 't d to b 1 w
the boiling point of water. The maximum conducti it of
-afton occurs at 100% r lative humidity (RH) and is prac
tically con tant with respect to temperature) I] Although
operation at higher presL ure can extend the operating
telnperature range. polytetrafluoroethylene (PT E)-based
materi.als, such as afion®, have a maximum operating tem
perature limited by the physical properties of the material
'It e . Fuel cell operation at hi.gh current densitie'· com
plicated b the water drag accompany'lng protoI transpo, 1.

A water transp0l1 imbalanc r nIts. lading to d hydration
near the anode and cathode flooding with liquid water. [ ]
This is a significant engineering is ue, which could be ame
liorated with a water-starved proton conduction mechanism,
as would be necessary in a high-temperature polymer elec
trolyte. Thi chapter addrese the re earch activi ies in the
dee]opment of a high-temperature po]ynler electrolyte for
fue cell application .

There are a numb r of r asons why a high-t mperatur
polymer electrolyte would be u. efuI be ide lessening th
problems associated with water drag. Consider the advan
tage of liquid fuels in terms of their energy density. These
fuel are often difficult to oxidize d·rectly in a fuel cell,
except perhaps at very high temperatures. hus- they need

to be 'efonned to produce H" and CO". The reforming
~ ~

.eaction, which or ~ tic reason is run at a higher tempe -
ature, yi ld jgoificant amounts of CO, d ·ven by chemical
equilibr'unl wit CO2 and water. Carboll monoxide severely
poi 'ons the platinum cataly t in a conventional PEM fuel
cell. [ ] To deal w'th th' s. additio lal shift reacto 's and pat1ial
o idat' n r acto. are r gulr d to r duce th levels of CO
to tolerable, i.e" low ppm, levels. The CO to erance of a
fuel cell can be greatly increased by elevating i· operating
temperature. For example, experiments in our laboratory
have hown that a uel cell ope'at"ng at 150 0 C can tole
at ca, 1% of CO with only minimal 10 , in cell voHag .
Similar result are well known in the phoL phoric acid fuel
cell community. A theoretical calculation of CO coverage

n Pt as a functio [l of temperam e and CO concentrat' on
has r c ntly b en pr s -nted.[4] Th - gr. a r CO tolerance at
higher temperature also result in lowering the necessary
platinum loading to levels that have been found to give high
performance on neat hydrogen. Greater CO tolerance al'o
avoid the n. ed for Pt allo catalysts which may b mor
expen ive and Ie s table than pure Pt.

Operating a fuel cell at higher operating temperatures,
for example 130°C instead of 80°C, al 0 reduces the heat

change area needed to diss'pate exce hea . Thi could
be a ignificant sy t m ad antag p rhap a n c sity) for
the overall fuel cell system design. A polymer capable of
proton conduction at 200°C also opens up the po sibility
of dir c 1y coupl~ ng endoth l'IDic methanol reforming with
the overall exothermic fuel cell reactions. Thi cou 'd lead to
efficient energy integration and reduced size and complexity
of the overall fuel cell system.[5]
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There is also increa ing interest in the development of a
direct InethanolJair polymer electrolyte fuel cell (DMFC .
DMFC operation at temperature above 100 °Chou d
improve electrode kinetics improve to erance to cata
lyst poisons and reduce fuel eros over, e pecially if the
methanol and water reactants are in the vapor phase.

In this chapter we will sumlnarize some of .. p 1'ted
acconlpli hrnents toward developing prot n- onducting
po ymer capable of opera ing at elevated temperatur
where water retention becornes an is ue. The major empha-
is in this di.scu sion will be given to publi hed and previ

ously unpubli hed re uIts obtained with the PBlipho phori
acid y tern.

rna b· anio .grafon~ thu I ading to exees pho phone
acid accumulation a the an de and con equent . oding of
the electrode tructure.

third approach is ba ed on using basic polymers that
can ab 0 b acids. If the ab orbed acids are polyvalent axo
acid then proton conduction can b through a Grotthu
nechanism~ thu water i not needed for p ot .n . gra

tion. The polybenzimidazole ( BI)/phosphor· c acid y tern
wa introduced by Savinell and co-workers[l2 D] and has
r ceived the .. 0 t atten ·on;[1--261 tb ref r ,a mor detail d

di cussion of the reported re ult 0 tID 'y"'t a d t e
closely related AB-PBIIphosphoric acid ystem will be
given here.

2 GE RAL APPROACHES
2.1 PH and AB-PBI

Figure 1. Structure of (a) polybenzimidazole (PBI) (b) PBI
doped with 2 mol of pho phoric acid per repeat un·t, and c) PBI
doped with 5 mol of phospboric acid per repeat unit.

PBI is eommerciaHy Inanufactured by Hoech t-Ce anese
primarily for u. e in fabric. for fire protection clothing. The
polym r i higb-t m.peranlr re i tant and chemica ly sta
ble. It ha agla tran ition t mp ratu ofab u 450°C
because of it a I-aromatic tructure. The nzimidazole
group hill a pKa of about 55 whkh facilitates its absorp
ti n of acid, which can act a. a plasfcizer. The struc
ture of PBI i hown in ~ur I .B~PB not commer
cially available ha a chemical tructu, e i' l' to PBI
bu without the connecting phenyl group a hOWD in

"gur, 2.
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Several approaches have been pursued in he v lapIn nt
of a high-temperature membrane for fuel· ell application .
One approach it to modify a perfluorinated u l

". Die ac· d
membrane such as afion® by imbibing the membrane wi
a econd ub tance such as SiO , which could r tain wat r-
at higher temperature. Only nominal condu tivi y nhance-
m nt ha. b en reponed using this approach although
mechanical propert'es are improved with man amount of
Si02 addiliony'i,7J Fuel cell result. u ing a SiO~ afion
m mbrane reported by Lee et al.'81 ugge t that improved
conducti hi are po ible with hi approach. A comp -
it m mbran of Na:fion /zirconium pho phate alion
115, p. otons e changed with Zr4+, fonowed by precipi a
tion in H PO4) was reported to have an area~ re istance
of 0.12 Q cm2 at 90°C, and d creased to 0.08 n cm2 at
t -mp ratur . of . 40-150 ° in contact with an aqueou
2 M m thano} ~ olution at atm pres ure. l9j The e r i
tance i d·cat a condu tivity of the order of 0.2Scm- 1

•

In y t m th zirconium pho phate increased the dry
wight of afion® by 23~ and the dry thickne s by
309L Th . conium pho~phat thought to be r pan i-
bi for wat r r tention, was e tuna ed to have a patticl
iz of about 11 nm lightly larger than the pore in

Nafion®.
In anothe imilar approa h the irnb'bed specie i. meant

to f' pac ater by sol atino the proton to allow charge
migrafon. The ork of Sa in 11 et ,alpoJ demonstra ed
Nafion® proton conducti ity at temperature exoeeding
100°C n pho phoric acid was imbibed into the lnem-
brane. Th were suggestions that the trong ulfonic acid
group a afton protonated the more basic phosphoric
acid.£! 1] ow, in unpubi. hed work from hi group
the Na n®/pho p otic acid s . tern could not sustain large
cunent d n i ie" in an operating hydrogen/oxygen fiuel celL
Although the rea on i til unclear, a po sible mechanism
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Table 2. PBI extracti n re ult u i g D Ac:l initial IV =
.91 ).

th i Id fund' olved pol m r ar ,h wn in Table 2.
For exampl , wh n ateria! initiall ha iog IV - 0.91 i
extra ted at 94 0 69~ of the original rna .a1 r mains
with an IV of 1.14. The yield deer a e as th av rage
molecular wight of the material after extracti n in rea e .
The yield of th high-IV fractions would b ignifi a tly
Ie for a starting mat 'al of IV = 0.71.

Owing to the basic natu· of the b nzirnidazol gr up
P I readily ab orb a id. Ox cid are required to a hi
proton conductivitie comm n urate w' th fuel cell op ra
tio . Prinar"ly ulfuric and phosphor'c aci doping ha b n
con i red. _I P nuclear magn r c . esonance ( ) experi

ment in our la oratory indicate at the first two pho p 
ric a id pe repeat unit prot nate the two benzimidazoI
o-t' up ,a hown in igur l(b). However, additional phos
ph ri a id i needed for high Ie I of ondu tivity e. .,
fi a id m 1 ules per repeat unit a . hOWD in . igur . (c .
Bouch t and i bertl141 performed infrar d IR tudie and
can Iud d t at both ulfuric a id and phD po'c acid pro
tonat th - = - of the imidazole.. Tn th ca e of ulfuric
acid full pr to lation a curred wi h n acid per rep at
unit. Th pr d minant pe ie det t d wa 0/- when
n < O. H 0 .. - when 0.6 < 11 < 1.5 and H~SO.. when
n > 1.5, wh r n = UlfUl-iC acid p r r p at un·t. the
ca e of pho ph Ii ai, full pro onation occur at n = 2
and· P04 - wa th predominant specie over th concen
tration rang tudi, d. T e IR studie of Kawahar[J5] gave

imilar conclu ion £ r doped acids H...S04' CH3S03H,

n

PPAI~
#

H2N eOOH

3,4-Diaminobenzoic acid (DABA)
purified

Figure 2. . cheme of ynthe i AB-PBI.

PB P lymer can be ynthesized with r a range of
molecular weights. One measurem nt ft n u d to char
acterize th m lecular weight of a pol m r i the inherent
vi cosh IV). The TV i found by m a uring the v· co ity
of a 0.5 wt~ oluti n of the polym r di 01 d in a 01
vent (concentrat d ulfuri a id for BI). The equati n for
calculating tbe IV i .
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Tabl 1 how the IV and ill 1 ular weight di tribution
for low med'um and high mol cular w igbt polymer. The
low mol ular weight lnaterial wa pur h d . Aldrich.

oech t- Ian e u ually mak . m dium ill Ie ular weight
with an IV ca. 0.7· but orne high m I U ar weight
material i h an IV of about 0.91 ha b n made a ailable.
A will b . h wn later high mol cular .ght material
i nec ar if th film' to ha e a pta I c anical
properties. Pol m r with an IV of 0.3 uJd n form
ree tandina film. aUf under tanding i tha th high-IV

material' currentl a b pI duct in PBI manu acturin bu
could be the primary product via pro es adju tm nt .

In order to increa the average molecular w igh! of
polymer to produce h'gh-quality film , the low r mol cular
weight omponent can b e tracted by fractionation in
dim thylacetaInide (DMAc). Typical extraction re uIt for

2.2 PBI powder and acid doping

10 wto/t: pol mer ~ u~ p n iOl wa tirred at tile temp rature indical d
or 5 h and then tilt red.

Table L M 1 cular weight and inherent i. co it of commer
cially available PBla.

1.14
1.19
1.28
1..42

IV of
undi olved

po]. mer
(dl g-I

69
53
41
23

Yi ld of
undi 01 d
polymer ~)

94
110
130
160

ractionation
{m rature

(0

Trial

IV Mn Mv. M
dl g-t)b MwlMn

0.3 6700 11 00 1.7 A
0.68 18000 27200 1.5 B
0.97 26300 50300 1.9 C

D

Low
Medium
High

aMjh number-a r g m Ie u]ar \ doht; M\ w ight-av rag In Je.cular
weight~ MWD, molecular weight di tributioll ( 0] di persi . ind '.
h lJ IV alue or 0.5 W(~ olution in sulfuri . acid, 1 dl -I = 0.1 Ig-l .

Polymer
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and C2HSSO;\H, but not f r H3P04 . The l1g~ ted that
phosphoric acid int met with th -e=N- group through
hydrog bo ding 'athe, tha I aIr fomation. In any ca e
the additional pho phoie ac' d i mor wakly tied into the
PEl tructure. but '. till relati 1 i lob' . In th 3J P
measu nt can'ed out in th author labora 0 magic
angl pinning had to b. u. ed in ord r to achi re narro
P' width.) Still th polym r/ac' d y tern i 'ngle pha e.

2.3 PB Film-forming method

S eral m thods have been reported fo forming PBI films
d p d with phosphotic add,[ -20] wilh polymer modifi-
ati n to 'mpro phy ical proper ies [-H and additive

to enhan ectrod attachm. n ,[22] and g 1 [_3] for fuel
c II appfcaf n . In on m thod [3] th polymer i dis
s tved in DMAc with 1-2 wt~ LiC] added to maintain
. luHon stabUi!. tHm i ca t on to a gla plate, the
s Iv. nt i evaporat d and the film ithen wa. hed in boil
ino wat r to femo e the re idual Lie. Doping of the
film i accompli hed byjmmer~ion in phosphOlic acid

lution. Th. molarity of th acid determine th final
acid loading in th membran. For ample 'rnmersion
. 5 M acid. tut'· gi _ a d ping Ie el of about 3 mol
of acid per PBI repeat uni (this is termed a 300 mol9(
dopino level). Thi te hniql e yiel a doping level of
520 mol% pho phoric a id by immer ion in 11 M acid

lut'
n th 'econd m thod, PBI and add are directly ast

toP th r from a co- 01 nt, trifluoroacetic acid ( ~).LI9]

Th sol nt is e aporated and the film is ready ~or u e.
E n tbough the composition are imilar the propertie of

film form d by thi~ proce s are substantially different
from tho e formed by tbe DMAc method.

an IV of 4.1 correspond d to a molecular weig ,t of 71 000,
based on the ratio of benzoic acid to monorn r used. I ow
e er, they neglected to consider the impurities originally
present. When tm wa taken into account [25 their highest
molecular weight wa 39000. he highest molecu ar weight
polymer made in our laboratory, with II = 7.33. was

3 000, The analysis howed that the molecular weight was
proportional to the viscosity to the 0.9 power.[~5bl Reports
in the literature[-- cJ indicate that much h' gher rno ecular
weights are achievable (IV up to 15). Th' would corre
spond to a molecular weight of about 100000, Becau e only
a single conlpound i needed to generate p lYlller it is rel
atively imple to make high vi co ity mat rial (>3 dl g-1)

that produc 1m w'th good m chanical prop rti .
A-PBI i oluble in TFAJHJP04 under he arne cod~-

tion a PBl. I· w found to b olubl in -ral alcohol if
aO - r KOH wa add d. 1ni ia] ca fng wa don. from an

tha lINaOH olutio, '. a·· 'tr g n a . pI r . The films
w r plac d 'n pho~· horic acid solution~ '0 order to
dop I em. (PBI' also lubl in than 1 aOH.) AB-PBI
i a1 0 soluble in N -methylpyrrolidinonelLiCl.

2.5 ecban·cal properties of PRI and AB-PBI
membrane

Th. chang.' m. bani. at properti with pho photic acid
doping i int ·e t'ng, Po~t-dop d fll· increa. e in modulu
and t ughn a ac'd' added up to about one phosphoric
acid group p r b nimidazol . al more acid is added, the
u.JU"I.I... ' odu' d .. a e. The 'ect of the doping level on
th I odulu. L shown in I igure 3 for PBr of two different

isco iri s. -ray data how that PBI fonns a crystalline
compI with phD phone acid. a doe AU-PBI.

In the case of 'A films the toughlles (work to break
the film i. . by integration of the tress- train curve of

0.5
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Figure 3. Modulus v phosphoric acid doping lev I for PBI fims
of inherent vis ~o 'ity 0.91 and 1.42.

-(U
a..
C) 1.5-

2.0

(f)
;:)

~ 1.0
o
~

.... 1.42
I:J,. 0.91

2.4 A ..PB synthesis a d membran formation

AB-PBI is th second ba ic polymer studied at Cae West
ern Re erve niver i y (C RU). The polymer i relatiely
simple to s nthes'ze by a condensation reaction. igure 2
show~ th synthesi rout and he chemical structure of
th AB-PB r peat unit. Although the dialninobenzoic acid
(D BA·· starting lnaterial is available ommercially, purifi
cation is critical for high molecular weight polYlner. The
highest intrinsic viscD ityobtain d a CWRU wa 7.33 and
th preferred reaction condition were 200°C for 2 h with
a DABAlP20sIH3P04 ratio of 1: 7: 3.22. Delano et al. I25a]

made AB-PBI with a b ocking agent, benzoic acid, to fullit
the molecular weight. Their highest IV, in 0.05% sulfuric
acid, was 5.86, with no blocking agent. They calculated that
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It ha b en .hown th t th .oni conductivity of Pi phoric
acid-doped PBI memb an'n rease with il crea ing acid
content, RH (at a constant temperature) and ten pera ure at
a . n tant RH). For a n tan water partial pr uc the
c . duct" i ty i 01 wha .ndepend nt of t p ratur • as
thO creas in ondu tiv' du to temperatuI" ala . off-

t by th decreas in RH. Th conducti ity f the TFA-cast
m nbran which ar fOInl d wi th acid al r ady pr nt
in tb tructure, L ,ignifi antly greate' 2.5-3 tun ) han
that of th DMAc ca· t film hat w re sub~ qu nUy dop d

ith acid.
Conducti ity data und r controll d RH ar gi en in

Figur 4 for the PBVpho phOlic add. st ill cast from TFA
olution . At 150°C and 30% RH or 200 DC and 10% RH

th conducti tty of th TF -cast m mbrane . imilar to
that of afion® at 80°C and 100% RH. The purpos .of con
trolling the RH is to control the di tribution of pho phoric
add· pedes. I.e.• H P04 V H4PZ0 7 HSP30 lO • etc., that
occurs with los of water. Caution must be exercised when
examining data in the literature where RH is not controlled
inc. the s ate of the pho phoric acid may be continually

changing and may ne er 1i ach a true steady. tat or equilib
rium condition. Conductivi·y measurements reported here
were perform·ed using a four-probe apparatus to eliminate

3 IONIC CO DUCTIVITY D
RANSPORT PROP RT S OF

A D AB PB EMBRA ES

3. o·c conductivity

elow 600 DC, with only ab "orbe-d water and water f 01
acid dehydration being released. Above 600°C the decom
p if0 poduct d p nded 0 wh ber tb ga' nvironm nt
wa 'educ·· g r 0 'd' ing. .though CO I' ion w e

b rved at low r t mp fatUI th. amoun wa, mall and
was attribut. d to oxidation of Lmpuriti sand th d. compo
.ition 0 th. PBI chain arboxyl nd group (450-550 DC).

Ka ahM et al. [151 hav studi d th th rmal stability of

h PBI and PBIJacid syst m u iog TGIDTA analy is. They
found that PBI and PBIJph SphOilC acid y t m were sta-

1 to t n p .ratllr '" in c s. of 500°C. .n th ca, _ of
PB J. ulfuric ac'd, tabili was ob. erved b Iowa tempera-
'r of about 300°C abov which obs rv d composition

wa. attributed to elimination of acid molecules. In the
authors' laboratory. data show tha at higher acid on
centrations, > 200 mol<1£ . ulfuric acid cata yzed sulfonation
of the benzimidazole ring tar ed at abou 200°C. Below
200mol~ sulfonation OCCUlTed only when the temperature
wa >300°C. It is doubtful that add i lost since it exists
a the hi ulfate or ulfate ion.

2.6 Chemical stab··t of Bad £:1--""-

membrane

the acid-free polymer increases to about l50MPa for 1.42
IV material cOlnpared with 50 for 0.91 IV matelial. Th
additio of 50mol~ p ospho ~cac:d drops th toughn
to about 100 MPa. A h ac'd cone ntrati n incr as . th
toughn ~ incr a, to about 140 MPa sinc th modulus
remain .high while ultimat .10ngation increa es. However.
once the ac'd concentration exceeds 200 mol% the exee s
acid acts as a plasticizer and the toughnes decreases (e.g.
it drops to about 70MPa w'th 5001110l9( acid).

Films forn ed by the DMAc casting nethod are nor-
mally trong r d tougher than th cast fron TF . TFA
film requ'r a polym r of higher IV in ord r t g n rat
film of r asonable , trength. TFA film have much mor
cry tallinity than comparably doped DM c films and the
surface texture i different TFA film are softer and more
rubbery.

The moduli of comparably doped PBI and AB-PBI film
are about the a Ie. However, tie highe· n lecular weight
attainabl wi AB-PBI produG with gf a r
, longalion and t ughne l an ~ und or PBI. A remarkabl
property of thi . mat- rial L th. amount of train before
hr ale In a f w ca es, films hav been tretched by a factor
of 10 befor breaking. The 'ncrea e in elongation. and
therefore toughnes ,i a dire t consequence of the longer
chain length.

An i' ue- with po t-doped fihns (". . films ca t from
A ) i t at th y continue to cry alliz with fUl1her h at

ing. The modulu in re e wit iner a ing . ry tallizati n,
t nding to mak- tIl film brittl . Thi w not f, und wh n
TFA ca~ t film" t t d. Th modulu r main. constant
even aft r h atitng at 190 ° for a day.

An issu found with the TFA- ast PB films i their
generally low elonga ion at break. .he polymer cry tallizes
from a relatively dilute olution when it i formed. I here
i little mo ecular entangle-men at t· nolecular weight
and the 61In tend to tear ea ily. iIm" made u ing a
higher mol ular w .gh polymer honld ha e acceptabl
properti ,.

Samm el aI.[_6] studied the thermal tability of PBI under

imulated fuel cell conditions. Thennogravimettic anal
ysi (TGA) coupled with nlass spectrometry (MS) wa
u eel with amples of polymer, poly er/acid and po y-

1 r/acidJplat"num under e virollment f air~ ritr g n or
5lfc hydrog n g .n nitrogen. Th ga imula ed he
fuel cHen· ir nmen. The high urfa ar a pIa inurn
pinned the pot ntial a a trongly 0 idizing condition. or
a strongly educing condition. Th results indicate that
the PBI/phosphoric acid ystem was table at temperatures
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these experime· t a quantit of charge i pas ed through
a • trip of ample which is then ectioned and the COIllPO

sition of each ection is detennjned. a d on the mea

sured pho phoru /carbon and pho. phoru. /nitrogen ratios
the 'e ult th. exp riment show that the transference
numb r for a dihydrogenphosphate anion in PBIIH3P04

electrolyte MAc ca t . ca. 0.02. The proton (ran ference

number wa found to b ca. 0.98 (because of experimen
tal rror, it rna be higher). Dippel et alP I haY r ported

that orthophosphoric acid di ociation in cone ntrat d phos
p onc acid account f, r 2.6~ of h conduction and Got

thu ondu tion a counts for 97.4~ of the current. C ung
et a!.[-] came to a imila con Iu' n, but ith an even

higher proton tran'f, r num r f 0.99. Sin e rno t of the
urrent L carrid by the proton in the I/pho Pl'

acid . m, it is unlikely that edi tr'bution of 3P04 will

adver ely affec fuel ce 1 pat" n.
o ten 1 et al.r 0] and Bo h-( et ai. 31) have e timated

a ti ation o1ume in the PBI/acid sy tem y m a wing
the conductivity a a function pre . ur . Value on the
order of 4-10 I r mol-1 indi. at. that condu ti ity invol. e
mall p. j ueh 3. proton. Bouchet et alPIl ha ug-

g t that th high alue of he activation e tr py i con-
istent with a Gr tt IUS m hani min 01 .ng a protonated

inude ite and a ount rion u h a H2P04- or 04-.

Th acti ation energy range (0.5-1 eV) for th data ho n
in igure 5 icon i tent w·th th rang f a i alion ener

gie of 0.68 V f r ph ph ric aid-doped PB and 1.08 eV
r u uri a id-d ped PBI e timated by Bouch t et a/. lotj

B u bet and iebelt[14] found th activafon rgy to b

0.8-0.9 eV f r PBlipho ph ri a id indep ndent of acid
concent at" ll. H w r for PBI! ulfuric acid the activa
ti n energy wa found to be ca. 0.5 V for .2 id per
repeat unit, but leV when th r wa 1 t at on acid per
repeat unit. h· differ nces in th concentration depen

dency of acti at"on· nergy ugge t that BI/phosp· oric acid
i an ideal olution wherea P II ul u ie a id i not. 0

explanation for t' diff ren. a gi en. Howe er there
is no reason £, r th acti ation n rgy for co lducti n to

b the arne for a bisulfate/ UlfUI'C acid 'y t m r us a
ulfatelbi ulfate y tem. The in r as ina ti ation energy

with lower a -idity i xpect d. ing pul e gradient
p' - ho m a ur ment Chung et alp9

1 reported high r
a ti ation energi (0.38 eV for th I w r pho phoru dif
fu ion a oppo d t low r a ti ation energy (0.26 eV for

pr ton hopping.
Conducti i y of the AB-PBI sy tern has at 0 b n mea

sured for condition imilar to th in Figure 4. .ote tha
the 300~ pho phori acid Ie el in B-PBI is equivalen
in t nn of id molecule per benzimidaz,ole) to a 600~

acid level in PB ., wh' c · as two benzimidazole groups per
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Figure 4. ondu ti ity of PBIJpho phoric aci ca t from
630 mol~ doping level.

.gure 5. 0 duetivity data fit it Arrheniu equation aT = a
e p(-EA/kT ,or the data given in Figure 4 for a 630mol~

phosphoric acid doping level.

int rfada] impedances. The apparatus wa COl tained within
a eal d "tainl . s- . teeI ve se] in 0 which wa r ould b
inj cted, and hich wa placed inside an ° en and co 
ne. t d to a ga manifold system. In thi . manner the t m
p fatw· , pr • ur and humidi y could be contro ed.

In Fio-ur 5, an rrheniu plot i given ° the ata from
Figur 4. F reach RH, a linear relation ip' ob r d.
Th. a ti ati n nergie for ionic onduction . d fr m
thO data ang fr m 0.5 to 1 V.

In rder t d t 11'nin tb sp ie r pon ib e 0 th ioni'
condu ti n itt rf exp rim nt ha e been performed. l 71 Tn



Table 3. E timat of methanol drag coefficient from rna .pect.romct.r·c data under
load. l1

aDM -ca t PEl mem r ,n. (500 molt,ll: H3P04 0.011 em thick. Temperature. 180 0
• All

mem llremcnt at atma pheric pre me. node ga' comp ition: 50 mol% H2. 35 m· CH30H.
15 mol% H_O.

2.5
3.2
4.1
4.4
5.4

eros over rate
due 0 drag
mAcm-2

0.0042
0,0035
0.0034
0.0029
0.0030

thanol cro 0 • rate through doped PBI membrane
DM c ca t) ha b· n d tennined by dir ct measurement

of th m thanol permeability by a methanol sorption tech
niqu and by real-time analysis of the cathode exhau t
stream of an opera ling fuel cell using mas spectrometry,l3- 1:

Each of these measurements yielded cros over rates of the
order of 10 rnA cln-2 for 3 mil (0.0075 cm) thic ,···lnlS. The

S re ults are ummarized in Table 3. Th e p lim n
were perform d at 80°C u ing op rating fuel ell. For
the e udie the mas . pectrom t· was u ed to d t f

mine t e CO part~al pre ure in thc . od I au t, using
the m . ignal for mlz 44. A uming lOO~ 0 'dation of
nl thana! to 02'n th cathod, th CO2 "ignal is th n
prop rtional t lh methanol flux. Th CO~ partial preL-
ul' wa in r I proportional to th air . ow rat into the

cathod , indicating a can tant methanol flux. With the cell
at op n circuit the methanol crossover rate increased with
a decrease in the water/methanol ratio in the anode feed
tream as .xpected.

Similar mea urements were lnade with the ce 1 on
load. The e re ult are hown Ul able and indica
a slight increase in CO~ in the cathode exhau t a the
cutTent i increa ed. or the e . ea -u ement the an d
wa fed an HiH 0/CH30' . tul' . Sufficie t hydro-
gen wa· fed to the cell to . upporl the current pa,,, d
s it an be a£ ly as umed that no O2 wa g nerated

th anod·; th CO2 co t d at th cat ode' purely

3.3et anol permeatio

actually zero. the experimental method cou d not reliably
distingui h drag coefficients maHer than O. Land mo t
experinlents indicated e s than 0.01. In other w rd, h
water balance problems (dehydration near th anode and/or
. athode flo ding) typically a ociated w'th P M fu ] c II.
u ing pertlu ro u 'fonic a id nbran ill not occur in
fuel cells utiliz"ng d ped PBI lembran .

Drag coeffi '. nt:
CH30H/Hr

4.3 X 10-9

5.5 X 1O-'}
7.0 X 10-')
7.4 X 10-9

9.3 X 10-9

Melba·· 1 flu
detected C02
(M -I cm-2)

100
150
200
250

00

Current
dell 't
(mAcm-~
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polym r rep at unit. or an qui al n doping level th con
ductivity of the AB-PBI films is roughly 20~ greater than
that of the PBI films acros the range of condition hown
in Figure 4. There are two possible exp anations for the
higher conductivity of doped AB-PBI films compared with
the doped PBI films. They may be acting together. ir t, the
impler truc ure may allow the AB-P'BIlpho phari acid

complex to reach higher cry tallinity campar d wit the PBI
conlpl x. The cry talline pha . reject e c pho pho'
'cid g n ratil g an ac'd- .c amorphou p as . Thi e pIa
nation' certainly I ue when COl paring th post-doped
PBI filn} v r u, th TFA-ca t film. cond AB-PBI has
a low r mol cular eight p r benzimidazole group than
PEl Thi m aos that th same doping ratio, AB-PBI ha
a gr ater weight fra tion of acid than doe PBI. At .0
acid molecule per benzimidazole. the acid weight fraction
i 71 <fl for AB-PBI v 66'* for PBI. This hould lead to
higher conductivity for AB-PBI films.

3.2 Electroosmotic water drag

he electroo motic rag of water that accompanie proton
tran port f.rom anode to cathode i an ilnpor ant paramet r
when evaluatilg poly ner el ctrolyte. xce ive wat r drag
can lead to an unbalance wat r w'1 thin th ll, u t·· Ig
.n dehydrafon of th a lOd ad 1 of c ndu t' ity and!

oding th cath ... Th eJ ctf smoti drag co f lci nr
ha. b n d t rmined for th PBIlH1PO lectrolyte II ina a
hydrog n pump cell' whi h th t tal flu of hydro .. nand
o... motically d ao-ged ater i d'· cdy mea ured}- 1 The e
m asur ment were p rformed with DM -ca t membrane
a a function of temperature humidity, and current den ity,
The cOlnbined drag fluxes of water and methanol have al a
been inve tigated.

eng et al. have reportedl ~] that the electroo motic drag
coefficient for water and methanol was e sentially zero
under all condition . (Although the valu· may not b



1

from me hanoI cro. sover. The crosso er rate inerea ed
with increasing current, indicating a small electroosnlotic
drag of lllethanol associated with proton tra 1 er. The total
methanol crossover due to drag and concentration dri· en
permeafon i ca. 15 mA cm--.

4 ELECTROCHEMICAL B H V ,0

4.1 Hydrogen fue eel s

Some early work demon ating an H 102 PBI fuel c II
wa "p rted by Wang et al.r-41 Th. r ult ,how d no
mmbran d t riorafon after a 200h te t at 150°C. The
maximum power was 0.25 W cm-2 at 700 rnA cm-2 with
annospheri.c pre sure hydrogen and oxygen with ut humid
ification. These ults were obta"ned with 4 mil (0.01 cm)
tIne DMA-ca. t U1 mbran . . Although not impre si e, it
n eds to b not d that th lctrode development has ju t
started.

More recent H2/02 fuel ell re ult p.. ent d b
Samm ii-I u ing I we Pt 1 ading (0..35 mg PI em-2 on

each el c ode) and 1\.-cast m .mbranes ( mil,0.0075 m
thick)· alua ed th ffeet. of emperarure and anode feed
gas eompo hion' H 2/25% 02 H2/25~ CO2/11'f£ CO)
at atmo pheric pre sure and wit out hUlnidifie fan. Th
maxin um power den ity rep .. d wa. ca. 0.4 W cm-2 at
0.5 V. The pow r utput ro.". with temperature, reaching a
broad lateau between 175 and 225 °C. The addition of 1%
CO to the hydrogen . tream wa ob erved to decrea e e
cell potentia by 17 mV at 600 rnA cm-1 at 200

oe.
Hyd ogenlo ygen fuel eell rut obtain d with ph 

phoric ac'd-dop d PBI membran have been reported by
Qing15 ng et alY5] A power d n ity of nearly 0.5 cm-2

(at ca. 0.5 V) wa reported for a membrane dop d t '
650mol% operatmg at 190°C on atmo phed pre ur ~

and ° . The power output iner a ed ub tantiall. a. th
temp ratur was in va. d from 55 to 190 oe.

Sa ad go and Xing[_6] hay a1 0 reported 2/°2 fuel
eell r _ult. between 50 and 185°C at atmo pheric pres ure
using ulfuric and pho phoric acid-doped PBL A n ,aximum
power output of 0.65 W m-2 wa r port d. Tb found that
the ad irian a 30/<: CO 0 th· hydrog n feed had no effect
on h polarization curv at 1· 5 0 c.

Various indu trial groups have informally repo ted H2/air
fuel cell performance of the orde, of 0.25-0.4 W cm-2.

nfortunately, the etail of h exp riments are kept
confid ntial.

4.2 Direct methanol fue cells

A DMFC using a DMAc-cast melnbrane ha· b epol1ed
by Wang et alp71 In that work, th anode was a 4 mg cm-2
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PtJRu alloy cataly t an the ca i . ode wa Pt black with the
same loading. Using first-generation electrodes~ the authOI
d monstrated a 0.1 cm-- power level at 200°C at 0.4 V
op fa .ng on air and a 1 : 1 mixture of m thanol and water
at atnl pheric pr s. ur . Previou] unr ported DMFC data
obtained with TFA-cast membrane are r ported her.
Platinum black (John on-Matthey) and platinumlIuUlenium
allo Giner) were u ed a catalysts for oxygen reduction
and m thanol oxidation~ re_pectively. The measur,ements
we'e p rform d at 200°C and atmo.pheric pre. sure and a
water '0 metha 01 Lno] ratio of 2: ] wa u d a lh anode
feed. The maxinlun power d n ity btain d wit tb TFA
ca t melnbrane was ca. 0.2 W cm-2 at 0.4 V. Th j nerea. d

power output wa plIDlarily due 0 lowe' i io se . Th
op n-drcuit potential. of the DMA~e- and 1\-cast cell
w r ntiaU th am 0.75-0.78 V). Thi indi ate t at
the m thanol ero. ·er [feet on th cathode i the same
for both membran ,and that th . nhanc d nductivityof
the T :A-ca t luembrane did not promote high m thanol
pernleability.

Th. ffec of temp rature (l50-200°C) on DM -C per
forman h be n evaluated using DMAe-cast membranes
and an anode feed (water/nl thanol mol rat") of 2: 1.
As the temperature wa inc ·ea· ed t e op n-ci uit olt
age of the cells increa ed f 0 n 0.63 to 0.75 V. Th
iner. a observed i due primarily to a lower eros over
rate; methanol i Ie oluble in the elec olyte at higher
t -mp rat· r.. Th oltage under load a so in rea ed over
a broad range OfCUIl"e lt de· .ty a th II t mperarur
increa ed. At 250mA cm- , the voltage gail wa appro 
imately 75 mV over the range of temperatur COIl idered.
The in rea d performance with increasing temperature can
b attribut. d 0 low r methanol ero 0 er and higher elec
tro y co ductivi y. urpri ino-) ,th performance of the
methanol anode did not ignificantly impove it inerea
ing temperature. Tills may be due to the lowe nethanol
olubil'ty in he electro yte at higher temperature offsetting
he xp: t d kinetic improvement. The effect of varying

wate' to m than01 ratio in the anode feed ha also been
de' ennir ed for the mole ratio ra g of 1: 1 to 4: 1. It
wa . found that increasing the wat r content ignificantl y
impro es the 0 erall petformal1ce of tb fuel c ll. For

ater to m thanoI ratlo of up to at least 4: 1, the gains
in the eath d performance (a a r sult of lower methanol
ero over) a din c nducti ity (due to higher hmmdity) are
greate' ,an the 10 in anod p rformanc (a a result
of lower methanol concentration). or wat r t mhanol
ratios of 2: 1 or higher, CO2 is the predominant product
>97o/t.). At a· oichiom trie water: methanol ratio of 1 : 1

the product di tribution was CO2 (80-90%) and roughly
equal parts of methyl formate at d methanaldi . ethylac
etal [H,C(OCH3h]. Both of the minor produc are ik ly- .
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4.3 Other direct oxidation uel cell

the re ult of electrochemical/chemical m chani ill, .g.
0- .dat' on of methanol to formic acid followed by acid
ca a y ed reaction of formic acid with methanol 0 form
ill thy formate.

The re ults shown here indicate that thpect d bene
fit of elevated-temperature fuel cells (enhanc d tol ranee
to arbon monoxide, greatly reduced humidification i. ues)
can be realized in a polymer electrolyte system. owever,
it i 1. ar that other ignificant is ues remain, including
lectrod tructure optimization and melnbrane optimiza

tion for optimal condu tivity, m chanical propertie and
stability against acid 1 aching. It· a 0 apparent that funda
mental question re a . , g .0 th mechani ill for conduction
and for oxygen reduction in the eectroly s r n ain open.

hese area will need to be addr s cd in order to . ealize
the potential benefits in a commerdall viabl sy t ffi.

7 SUMMARY

6 OTHER BASIC POLYMERS

S veral other acid-doped ba ic polymers have been itlVes
tigat. d as potential electrolytes for fuel cell applications.
In ,tudi , r pOI' d by Hasioti et al. l43 - 4 I blends of PBI
and . ulfonated polysulfon wee doped with pho phoric
acid. The conducti itie or lh bJ nds w re reported to
exceed those of the PBIJpbo. phoric acid y t . In addi
tion the blend offer potentially better mechanical prop r
tie for film .r4 ) The desired composition ill d P nd on
the trade-off between condu tivity and mechanical prop
erti . Bozkurt ef al. r 1 examined the phosphoric acid
d p d PAMA H2P04-. H20 system when x varied
from 0.5 to 2.0. Tsuruhara et al.I47 I have tudied phos
phoric acid poly silamine) (PSA . Both of these system
have proton conducti 'fe ~ at practical leve under celtain
conditions.

Another i ue with PHI/pho phoric acid electrolyte for
u I cell app ications . the fact that liquid water can

1 acb th ac· d rom the e nbrane, leaving only about
two acid mol cuI p r repeat unit. The conductivity of
the membran wi! d cr as a acid i extracted. Even
if a fuel cell is op ra d at temperatures above water
condensation this cou d I ad to erious p ob ems during
fue cell tart-up~ as well as for long-t rm stability. Akita
et al.[42

1 have examined organic phosphoric add analogs
o add e this problem. Th notion was to increase
the a id ydrophobicity and thus Ie sen the leachability
of th acid by aqueou olutions. They showed that
60% of diphen lpbo phoric acid remained in a membrane
initially doped with flv acid molecul p r repeat unit
after attempting to extract w'th I M methanol olution at
85-90°C. This compares with only 32% remaining for
an quivalent sy tern PBI doped with phosphoric acid. Of
our e, further improvements in tability are desirable.

•SSUES

Wang et al. l - 81 have reported the eIectrooxidation of tha-
01, -p opanol and 2-propanoI in a phosphoric acid-doped

P I uel cell at 170°C with PtlRu alloy a th an d
ca aly t. MS w used to determine the anode reaction
product di tribution. The polarization behavior of ethanol
was ~imilar to that 0 methanol (ca. 0.1 W cm- . however,
thanal (a taldehyde) wa the main reaction product.

High r 02 yi Id were obtained with higher water/ethanol
ratios in the fed. I-Propanol and 2-propanol oxidation
yi ld d mainly propanal and acetone respectively; th
electrochemical activ· ty of these fuels was low. Wang
et alP ] a1 0 xami d trimethoxymethane as an alternative
fuel in a PHI fu 1 c U.

Savadogo and Rodriguez Varelal4U1 have reported the
direct 0 .dation of propane in a ulfuric acid-doped HI fuel
celt They claimed comp ete oxida ion of propane to CO2
at 95°C u ing a Pt/Cr03 cataly t. The maximum power
density was reported 0 b 0.046 W m-2 u ing oxygen as
the oxidant.

5

The PBlJdihydrog npho phate acid lectrolyt - i Ie s than
ideal for eIectrochemi al fu I cell rea tion . The pho phoric
anion i known to ads rb strongly on platinum urface
thus lowing the inetic of, urfac reaction especially
the reduction of 0 ygen. 0 ygen r duction on a PBI
coated platinum di k 1· ctrode in dilute acid olution has
been studied by Z c ic et al. l411 Th y found that a
expected the rat of 0 yg 11 reduc 'on was ignificantly
lowered in phosphoric acid compar d itb a ·on-a orbing
anion such a that of p rchIori acid. owever, the Tafel
slope was the am for th two lectr lyte , ind'cating
no change in the m chani moth r action. There was
little if any effect on th ra of r actio· due the presence
of tIe PBI filIn on the platinum surface in pho phorie
acid electrolyte. Qingfeng et al. [3 ] ha al 0 tudied the
oxygen reduction reaction but at high temp. rature u ing
gas diffusion electrodes. The re u t indicated that PBI
actually enhanced the 0 yg 0 r ductio action. Although
the reason for this is not dear i is thought that the
enhanced rate is at least partially du to increas d oygen
solubility in PB .
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