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BACKGROUND,

On 0 th . chnical difficul·es in tb corom rciaHzation
of proto c' ang m mbral1 (PEM) fu leU . the
requirem nthat .h fu 1 and oxidant within tbe fu 1 cell
be atura ed with water vapor. If thi i not done the
water content of the currently used afion® electrolyte
is lower than that de irable for good cell performan e.
Thi los in water content in the membrane ha everal
harmful effects. One effect is a deere e in the ionic e n
ductiv· ty 0 th m lbane wi . low r water ontent, whieh
cau an mer a i th· c 11 it '<oal r i tan . During
cell op ration du to th 1 c roosmotic drag of wat r
from th c 11 anode to the cell cathode the water con
tent becomes even lower on the anode side of the ceU
resulting in even a further reduction in the electrolyte ionic
conductivity. Within the electrodes, the los in wa, er con
tent decrea e both electrolyte conductivity and ga!. eou
r actant pe nleabi .t . The .ne ic of th· ygen r duc
rion r actio i al ow d by th 10 s of water. Th e
ff t cau d by low water content incr as th le trode

polarizations.
Reactant may be saturated with water vapor before they

reach the cel· or they may be saturated within the cell.
Both of the e approache re ult in a more complex y tern
w· th inc 'eagen co tt volunle and weig t. Th atw·ati n
requirement al 0 limit th e ndir n, und w ich a c n
can op rate. If a eel is to op rate at a temperature above
80°C pressur"zation above 1 atm is required a maintain
adequate reactant pressures because of the high water apor

p ur. PU1~ d op ration u t in a large 10 S in
y t m fficiency b can· of the n rgy n d d to compr ss

th oxid ot air.. For op .ration at 1atm pr sur, th required
low operating temperature resu ts in a complex fuel cleanup
y tern if carbon monoxide is a component in the fuel.

Carbon monoxide can be present a a result of the ,ro
duction of ydrogen from a hydrocarbon and·· a ever
poi on for e ar ode reaction. A low operating t mperature
doe not produce u eful was e h at f 'om th fuel c II and
inc' a e th iz, wight, and co t of h at xchangers to

j .ct that h at. The ab nc 0' r liquid water within the
cell shoul, also reduce corrosion of cell component caused
by that water s ac'dity. The development of a PEM cell that
can operate at low humidification would re uIt in a major
advancement in cell technology and enhance canune c'al
viabi.lity.

Th at Tty of a PE cell t operate wi h low wate
conter· also t·e k y to d v· opm nt Qf a more
f dent dir c m thanol fuel c 1. Two ob acle in the

development of the direct methanol c ]I are the slow
..netics for the direct methanol oxidation reaction which
se erely increa e the anode polarization. and the migra
tion of methanol lrrough the membrane from the anode to
the ca ode. Migrating methanol i oxi ized at t e cathode,
which 1 wry tern .ffic'ency, and inc· a th cath
ad polariatio '. Sin Na 0 ® . quir wat r to main ain
it de ir hI. prop rti s, it al a tak s up much methanol
permitting methanol to migrate to the cathode. If a mem
brane could be developed tha is ionically conductive at low
water conent t that membrane would probably contain little
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methanol. This membrane would permit higher temperature
operation where the kinetics for methanol oxidation would
be better and have a reduced cro saver of m thanol to the
cathode.

Approaches that have used lower humidification of the
reactants have centered on the addition to the Nafion m m
brane of components that retain product water from the
electroch mical r action. Materials that have been eval
uated for the retention of water are solid oxides uch
as silica.[J - ]0] Platinum catalyst has also been add d to

the melubrane in orne 0 I the sam refe nce, to non
elec ochemically react the hydrogen and oxygen dif
fusing into the membrane from the fuel and 0·'da t
sides, repectively. Thi reactio pr duce wa r within the

embrane.
Oth r membranes that allow low-humidification opera

tion are prepared by impregnating acids . uc:. as sulfutic
acid [11, 12] pho photic acid[] , '4] or pho phonic acid[15] into

membranes uch as afion® polybenzimidazole or other

oomposite membranes. The e compo ite membranes can
operate at elevated temperature (>IOQoC) under ambi n
pressure. Howeve , the 1iquid acid electrolytes might be
lost during long-term op ration.

At elevated tempera ure the acids have considerable
volati: ity that would lead to cell 'allure during long- eon
operation. In tead of llsing aqueous acids as impreg
nants, solid acids with negligible volatility can be ued
as additives into afion® or other proton xchange
ionomers. Heteropoly acids[7, 16, 17] and zirconium (hydro
g n) pho phate[l8-2] are suitable ionic conductive solids

for low-humidification operation. The chemistry of het
eropo y acids has been investigated extensively.[24.. LSI Prop
erti such as conductivity[26-3 1J and. structure[32] have

b. n wide y characterized. The conductivity of heteropoly
acids such as phosphotung tic acidl . 1 in its 29 wate·
molecule hydrate form (H3POiW03)12 ·29_0) is about
O. 7 n-1 em-1 which is similar to that of afton. Since

heteropoly adds are soluble in water, membranes with
heteropoly acid should be u ed at elevated temp rature
(>10QoC) and low water saturation. Vod r these condi
tion , no liquid wat r is present and leaching out of the addi
tives can be avoided. Zirconium (hydrogen) phosphate was
first used in the direct methanol fuel cell.[20] It a "nco '
porated .nto the po ous struct.ur. of the .. afion membrane
by in itu reaction between zirconyl chloride and phos
phoric acid to reduce the methanol era sover by .educing
the pore ize of NaDon® -zirconium pho phat composite
membran . Both h t IOPO'y acids and zirconium (hydro
gen) phosphate are hygroscopic and ionically conductive
solids. These solids would help retain the wa er and ionic
conduct!v'ty in the membrane at low water content.

Although operating the fuel cell at low humidification has
some advantages such as a implified system (lower capital
cost), better CO poisoning tolerance (elevated p ratur ),
and better waste heat recovery (elevated temperature), sev
eral harmful effects, as described previously, occur. Mem
branes for low-humidification operation have been 11 port d
in the literature especially membranes that allow ope ation
of the cell at elevated tempe ature u· d r amb'ent pr s
sure. Unfortunately ~ little detailed discus ion about tech
nical challenges such as electrode polarizations fo' the
cell operated under low humidification' available. I·
section, discussion is focused on ome of the critical techni
cal issues to prepare high performance membrane-e ectr de\ .

assemblies (MEAs) that operate under low--:humidificatiqn
conditions.

2 EXPERIMENTAL

In addition to the general review, many laboratory resul s
have been presented to explain important i sue . Procedure
to prepare composite membranes and MEAs as well a test
conditions are presented here.

Tb composite membranes (Nafion®-Teflon®, afion®
T flon®-Zr(HPO h, afion®-Teflon®-phosphotung tic
acid) were prepared by impregnation of a matrix made of
Te on®. Nafion solution (Solution Technologies, Inc.) or
Nafton solution containing proton conductor (Zr(HPO4h
or phD _photungs ic acid) WID applied into the porous struc
ture of a Tetlo matr:x (Tetratec).. The resulting membrane
was then heated to crystallize the Nafion in the composite
membrane. Th thickne s of the composite membranes was
about 1 mil (25 IJ.. . ).

The ME s (5 cm2 acti e area) were prepared by applying
the cataly t Nafton .ok direcdy to the surfaces of the
cmnpo ite membranes. The eataly t (E-TEK) loading for
anode (PtIRulC) and cathod (pt/C) Will about 0.4 mg cm- 2 .

Single- ided diffus·on substrates (E-TEK) were used for
cell te t .

Hydrogen and air (or 0 ygen) were fed to the cell
through anode and cathode humidifier, respectively. or
nonhumidification e- periment , dry gases were fed into
the cell direct y. The flow rates 0 gases were con
trolled by mas flow con oIlers (MKS) that matched the
desired gas toichiometry 0 the cu:r nt d nsity. The tem
perature of the .. uel cell, anode humidifier, and cath
ode humidifier were controlled by temperature controllers
(Omega®) wi h K- ype thermocouple . Temperature con
trollers, mass flow controllers fuel cell load and data
acquisition were done u·ing a test tand manufact ed by
Scribner Associates. All tests were performed at ambient
pressure.
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drag iner as from 1 to b tw en 2 and and incr ase. whh
increa ing temperature.[40] Water icard d back toward the
anode by diffu ion caused by a wa r concentration gradi
ent and capillary force cans d by th. op ning of por s in
the membran .

or fuel cell. operated under low humid·fication or
nonhumid'fied condition, water manag men I b~comes

extremely important. . or nonhumidifkation op ration the
only water sourc for th syst m is fr m th production
of water at the cathode and a slight amount from reactant
crossover. hinner membranes we preferred for low
humidification or nonhumidification operation becau e the
water concentration change across the thinner membrane
will be les than that for a thicker membrane. or a thicker
membrane the water content can become extremely low on
the anode side of the cell. resulting in a evere reduction in
the membrane conductivity.

Ilder low hUlnidification or nonhumidified operation a
technique for retention of water to prevent the membrane

3 LOW TEMPERATURE FUEL CELL
MEMBRA, ES

To reduc. the COSE and simphf th ,.y t. m low' mp ratuI

(< 80 0 C) fu I c. n should b operated und r 10· humid~

ification or v n nonhumidification conditi n, ,p dally
for portable applications. To r ach tbi goal fir t, proton
exchange ionomers "hould b abl to maintain good ionic
conduc i ity below atura'on c· ndition. n th· d top-
ment of PEM fuel c lIs a artety membra materia
such a. poly(styr ne ulfon" c acid) and suI:£' nated ph no]
formaldehyd hav b en plor d. How. r, th mem
brane are limited due to their degradation under fuel cell
operating con itions. A breakthrough was achieved with the
introducfon of afion®, a p rfluoro ulfoni acid (PFSA .

'afion and it relative. have become the tate-of-rhe-art
membrane in PE fuel c .lIs. They ha high chemi al. ta
bility and ionic conductivity nnd r water-rich environment ,
which often occur under PEM fuel cell operation.

A variety of membrane . material hat have been emplo 
ed in P M fuel cell contain poly(tetrafluoroethylene)-like
backbones with perfluorocarbon uUonate side chains that
facilitate ionic conductivity. Due to their strong acid char
acteri tics .( ulfonate group ), the proton conductivity of
P .SA Inembrane. is tron y dependent on membrane
water can ent. Water uptake .n ionomeric mem ranes has
been investigated iI tensivelyp4-~6] There are significant

difference in water uptake by membranes from gas or liq
uid phases. The difference in water uptake can be exp ained
by the les favorable orption from the vapor invol ing
capil l ary conden ation of water vapor into the membrane
compared to filling with liquid water due to liquid sur
face force . Th· characteris ic ha been demonstrated by
contact angle experin entsp7] The effect of water activity
(relative humidity and temperature on proton conductivity
ofNafion 117 membrane i shown in Figure 1.[38J The con
duct',vity of the membrane is strongly dependent on relative
humidity and lightly affected by the temperature.

A sc ,elnatic d·agram of water ources and water flux
within a P M fuel cell is shown in Figure 2. The con
centration profile of water can be quite teep hrough the
membrane thidrne dimension depending on membrane
th·ckness, reactant water content, and the operating cell
cUlTent density. Water is produced at the cell cathode and
catri d ·oto the ce by hu nidified fuel and 0 .dant. Wa er
i tTan p0l1ed from the cell anode toea 0' e by elec
troo motic drag. A wa er drag coefficient of 1.0 HO/H
was found t be near y independent of membrane water
content when 'afion® or other PFSA melnbranes were
quiibrated with wa er vapOl)39I Tin ugge ts ha the

mignu t pecies Inight be the hydronium ion (H)0 ). When
th Nafion®mem.brane is equilibrated with liquid water, he
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from drying out i need d to improvee m mbrane for
operation under such conditions. Zirconium (hydrog n)
phosphate is a hygroscopic and proton conductiv . solid
which has been te ted as an addit'v to Na on .. a on
and the proton conducting ord can b . I P gnat d Onto
a porous structure of Teflon that erve a a 0 t for
maintaining strength while allowing the membrane to b.
thin for fuel cell application.. [41]

The effect of cell temperature on the internal resistance of
afion - Teflon®-zirconium (hydrogen) phosphat ( TZr)

membrane operating wit no reactant humidification i
shown in igure 3. The re . tanc in all m mbran. .1· .
trode a sembly performance experiments was measured by
the "current interrupt' technique. Since the res'stance mea
sured is from the leads to the single cell then through the
carbon pIa e ; through he gas diffusion ayers and then
through the MEA the mea urement doe include contact
resistance. Although t e internal resistance of the mem
brane increa e with increasing cell temperature indicating
that membrane dries out a· higher temperature comparison
between the Nafion® -Teflon ( T) and membrane
hows that the reduction in t e internal re i tance is due

to the additive. The internal resi tance of the mem
brane at 60°C under nonhumid'fied cond'tion i below
0.2 11 cm2. Thi . membrane resistance value is comparable
with that of a Nafion 117 membrane under fuU hydration.
Figure al 0 ow the effect of flow rate on the inter
nal re i tance, illustrated by difterent oxidant air or oxy
gen) witll ame stoichiometry (VairN "en = 4.76). Since
the primary water produced in this system is from the
cathode reaction, higher flow ra es (here the air stream)
aggravate the dry ou of the membrane indicating that

go d flow di tribufon within the cell and at good diffusion
ub trateare needed for low-humidified or nonhumidifica

tion operation.

4 PERFORMANCE OF FUEL CELLS AT
LOW TEMPERATURE W TO LOW
DUMIDI CATION

The performat ce 10 s of the fuel cell is the contribution
of anode and cathode polarization and ohmic drop from
the 11lembra Ie. When operating on pure hydrogen the fast
reaction of hydrogen oxidation cau e the anode to exhibit
a negligibly small polarization compared to the cathode.
A a result, the IR-free cell voltage is almost equal to
the cathode potential relative to a hydrogen electrode in
the same electrolyte under normal condition. Decrease
in thicknes of the proton exchange membrane leads to
a decrease in the internal resi lance (IR) not only by the
direct effect of a reduced ionic conduction leng h b It
a1 0 by the increase in the average ionic conductivity in
he thinner membrane from more ffecti e back-diffusion

of wa er from the ce ca hod ~ ide 0 h anod . id.
nder low hu idification or nonhumidification tb anode

polarization increa es slightly from dryout of that .1 ctrade.
The reduce hickness of hm mbran can all 'at _ this
harmful effect due to more e ti e bac I -d'· u ion of
water.. For a c U with water- aturat- d reactant, liquid a er
flooding the cathode sid 0 th c I can occur due to
inadequa,e bac. migration d· .t .om th g - ide of
thcathod ..

0.6,-------------------.....,

Compo i ,e membrane . containing olid proton conductors
have been fabricated 0 operate at low levels of humidifi-

ation under conventional P M cen temperature, but also
at elevated temperatures for ambient pressure cell opera
tion. A higher cell temperature (> 100°C) alleviate carbon
monoxide poi oning on the anode, facilitate water man
agement,. and increase the qua ilty to waste beat to further
increase the oVleraU efficiency. 0 t PEM fuel cell devel
opers use Nafion® membranes which meet requirements
in terms of mechanical strength chemical tability. and
ability to pro ide a relativ ly high-p rfanning electrod.

~ ow r. Nafion los ionic conducti ity dramatically at
emp ratur abo e 100 DC at the lower water vapor par
tial pres ures in 01 ed in c II operation at atOlosph ric
pressure.

5 G ERATURE FUEL CELL
MEMBRANES
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ode 2 sto'chiometric air/02; re istance mea urement taken at
400mAcm-2).
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Figure 5. ffee. of temperature on internal re istance of (a)
TZr an, of (b TPTA at 400 rnA cm-2• H midifier temperature
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comm rcia] Gore MEA ased on a afion -like mem
brane of 25IJ..rn thicknes' wa te te' at v' us cell m
peratures wih reacants saturated at constant temperature.
T e effed of te nperature on pelfOlmance 0' that
using ambient pressure hydrogen/air with both reae ant
a Ul'ated at 80 0 C i own in :gure 4. Th Ta ] lop of

the cOlrunercial M A at 80°C i about 70 illV deea e- l ~

which i clo t· the valu f .. .3RTIF ba d on th
anticipated ra :e-determining step for th oxygen reduc
tion reaction (0 I, Alth gh th MEA how. e c. II nt
performanee at 80°C, a severe drop-off in performance
and .fic'eas in re i tance i crea 'ug t mp ratur are
observed. At devated temperature (120°C), internal r i
tanc iner a ligh Iy i h iner asing CUlT nt den i y..
Thi is a consequence of the drying out of the anode
fae h m mbran becau· th back diffu ion of wat r
is not sufficient at elevated temperature. e nbrane' that
maintain good .onie conducti ita ele at d temp. ra
ture and low 'aturation are needed to obtain better cd'
p rformanc .

Oi ussion of the nmnerous efforts tha have been
mad in preparing high temp rature m mbranecan be
found in other section of thO handboo. The add'tion
of ionically conducti e .olld such a h teropoly aci; s
and z"co'um (ydroge pho pha to PFSA m mbran
hows a promi ing reduction in the membrane re i lance.

The effects of temperatur on the lnembra e re . tance
of afion® containing these additives are compared w~th

membranes w'thout additive in igure Sea) and b), Large
reduction in the ill mbrane resi tance are observed due to
the addition of ionic/conduetiv .olids. All of th data w r '
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. Thi low CUITent ratio is due to high ionic

r i tanc pre nt in the cathode cataly t layer. he cathode
polmization incr a e at elevated temperature due to reduced
i ni condu ti ity can al 0 be seen in the commercial Gore
M A b r -plottino- the p rformance data of Figure 4, using
IR-fre data. Since proton in the cathode behave both a a
conductor and reactant low proton activ'ty in the electr lyt
in th cathode can lead to large po arization ow reaction
rat ), r suiting in poor cell performance.

A. a m asur of cathode catalyst activity, the current at
0.8 V (IR fr e) on oxygen wa 50mAcm-2 for the NTPTA
MEA of Figur .6 and 7 at 120 oe. he cat ode cataly·t
activity measured on oxygen as a current at 0.8 V (IR fr e)

F· u e 7. IR fce p r ann nee data of N A EA at 120°C
(ambie t pre ure; a de .4 toichio etr1c H2 aturated at O°C;
eath de, 4.0 stoichiometric air r 19.0 toichiometric oxygen
aturated at 4°C.

6 PERFORMA CE 0 C . LS T
... ,A...GO TEMPER TURE WITH LO

UM C ON

obtained at 4GOmA cm-- u :ng 1, e unen int rruption
technique. Howe r, the re istan . f tl1 111 m ran
i ' independ nt of UlTen d n ity fo' xampl., th data
plotted . 1 igure 6. A matIi n ad of 11 Aon wa used
he'e t mali lain g d . ngth a a m mbran thickn L of
25 J.l.ID. D tail d di Cll i n about he membranes an b
found in th lit fdure. 117.:2 J

The p rim'mance and .n· mal r i tan dat Nafton I< 

Te on®-phosphotung i a id ( TPTA) undcl' ambien
pre ure (1' actant ew pint f 90°· at 120°C u +ng
hydrogen a the fu 1 and ox go or air the oxidant
are hown in Figur 6. Data u iI g air a t xidan wer

b ain d both brand aft r ox gen data to make ure tha
th diff, r n in p rformance between u ing air and oxy
gen al h r actant w r accuratel d ternUn d. he cell
p rf rman u ino- air for he two a e were ery do e,
indi ating tha n decay c urs in a hort period of time.

A mil garithmic plot of th IR-free performance data
at 120°C i shown in Fio-ure 7. The afel lope on 0 ygen
i about 83 mV de ade-I which is clo e to the e pected
TaB I slope of 78 mV decade-I. he e el of polarization at
low current den ity shows that the cathode cataly t' qu' te
activ . The current ratio between oxygen and air i b 'ow
4.8: 1 (a ratio of 4.8: 1 is expected for the fir t order oxygel
reduction r action) over he entire range. A 20 rnA cm-2

for air, the current ratio wa 4.0: 1 deer asing· 3.2: 1 at
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for the NTZr EA of Pigur 5(a) wa,< 49 n cm-- and
148 mAcm-2 at 20°C and 80°C r petie

This reduction in CUff nt at a on tant c. 11 oltage
as temperature incr ases i larg.]y due 0 th chang in
reactant pres' or . Th 0 ya n pr .. sur d ca." .th the
temperature incr ase r suiting in a 1 s a CUff nl or . e
first order oxygen reduct"on reacti u. b redu "on of
hydrogen pres or andincra of wat r ap r p ur ~

al 0 r ~ nlt in a reduction 0 th tb 0 fca' op -n ircuit
oltage with iner a. ing t - P ratue. . mall reduction of

theor tical p n c'rcuit voltage al 0 ult from a decrease
in th ire ~ n rgy chang .

7 SUMMARY

Single cell testing results' ndicate that the performance drop
at low humidification conditions i due to he combinat"on
of membrane intenlal re istance 10 s and electrode polar
ization mainly from the cathode. Preparation of membrane
wi . low re i ~tance under low humidification conditions at
ambient pres ure is a first . tep in developing high perfor
mance P M fuel cell. abrication of As with . mall
cathode polarization under ow-humidification condition
i the main challenge. P M fuel· ell have been devel
oped for operation in a saturated environment. As a re ult
technical knowledge of optimal electrode structure under
low-humidification condition is lac .ng. Mor eff011s in
research are required to make PEM fu 1 cells ncc . ful
under water-lean environm nt.
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