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Development and Characterization of Acid-Doped
PolybenzimidazoléSulfonated Polysulfone Blend Polymer
Electrolytes for Fuel Cells
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gnstitute of Chemical Engineering and High Temperature Chemical Processes, GR-265 00 Patras, Greece
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Polymeric membranes from blends of sulfonated polysulfd®&&SH and polybenzimidazoléPBl) doped with phosphoric acid

were developed as potential high-temperature polymer electrolytes for fuel cells and other electrochemical applications. The water
uptake and acid doping of these polymeric membranes were investigated. lonic conductivity of the membranes was measured in
relation to temperature, acid doping level, sulfonation degree of SPSF, relative humidity, and blend composition. The conductivity
of SPSF was of the order of 1S cm . In the case of blends of PBI and SPSF it was found to be higher thah16m .

Much improvement in the mechanical strength is observed for the blend polymer membranes, especially at higher temperatures.
Preliminary work has demonstrated the feasibility of these polymeric membranes for fuel-cell applications.

© 2001 The Electrochemical Society.DOI: 10.1149/1.1366621All rights reserved.

Manuscript submitted October 19, 2000; revised manuscript received January 30, 2001.

Polymer electrolyte membrane fuel celBEMFC3g have at-  was made to study the electrochemical behavior of SPSF with vari-
tracted much attention during the last decades mainly due to theipus sulfonation degrees and its blends with PBI of different compo-
possible use in the future as power generatdfe potential tech-  sitions.
nological application of PEMFCs is limited by the poisoning effect
of carbon monoxide. Traces of CB-10 ppm) cause a drastic de- Experimental
crease in the activity of anode catalysts. Recently, operation of these . .
cells at higher temperatures, up to 200°C, has been proposed as,a P olysulfonemolecular weighta. 26,000, Aldrich has been sul-
possible way to enhance the tolerance of the catalysts to fuel impuf_ona’[ed to various degrees using chlorosulfonic acid as %ulfonatlng
rities, e.g, CO? However, the development of higher temperature agent, a_ccordmg to the procedure prpposed by Johesai?® The
PEMFCs requires an appropriate polymer electrolyte. The idea ulfonation degreépercentage of th_e introduced sulfonate group to
polymer membrane electrolyte in such a fuel cell should exhibit polysulfong of SPSF was determined b4 NMR and F.oun.er
thermal stability at elevated temperatures, easy preparation of thirt'ransfrc])rrln(FT)-R%man spectroscopy. (l)\/len_wblranesl of mlﬁt'on n
and homogeneous membranes of large area, high ionic conductivit)\fl;\/'g::t ?ea(;ertezijmtl) esc():l?J Tifr;ng;%tﬁ] W1Ero/ ron léicr:n,eﬁelzzﬁf:rt(ﬁuazg:
low gas permeability, sufficient mechanical strength, and low COSt'AIdricﬁ) ?n the c)r:\se of pure SPSgF dimethylfo?lmam(lm/lF AI:

Polybenzimidazole(PBI) membranes, being sulfonated, phos- : ' '

. ad e 2 drich) was used as the solvent. The cast membranes were dried at
{)ehn?ngt‘gﬁjlrg;?Jopt?)dZ\ggl‘jCarl]t?s réeé?t'gg tigtnt)r:(i)sn %?ng:(r:txg}r/n?)tran 190°C under vacuum in order to remove residual solvent. The dry-
P p o 200 %. portec poly fess of the membranes is important since plasticization effects due
electrolyte has a high ionic conductiviti? low methanol crossover

160 lent th | stabilit}? | ter d to remaining solvent may occéf.
rate, —excetlen ermal stabiity, nearly zero water drag The water uptake and acid doping of PBI-SPSF membranes were

coefficient’! and enhanced activity for oxygen reductlrt’®  getermined by immersing samples in distilled water and acid solu-
Fuel-cell tests with various types of fuel such as hydrofen, tion for a few days. The samples were weighed before and after the
methanof;® trimethoxymethané? and formic acid’ have been re-  immersion and the weight gain was obtained. The doping level of
ported. Besides, this polymer mem_bra_ne electrolyte has also beeﬁhosphoric acid was varied by usingf0, of either different con-
used for other electrochemical applicatidfis. ) _ centration at room temperature or of 85 wt % acid at various tem-

On the other hand, sulfonation of polyaromatic thermoplasticsperatures. The doping level of the membranes is defined as the mo-
_such as polysulfone has been an active subjeft in order to develop, percent of the acidmol % HsPO,) per repeat unit of the PBI
ion-exchan €. membranes ~ for PEMFC ~and other  polvmer or per average repeat unit of PBI and SPSF, and was de-
applications:=“"It has been reported that sulfonation of polysulfone tarmined by comparing the weight changes before and after doping.
increases the glass transition temperature to higher than Z06°C. | this way the obtained weight gain was due to both water and
The cast membranes of sulfonated polysulfof@3SF exhibit good  phosphoric acid. In order to separate the acid uptake and water
mechanical strength, flexibility, and low gas permeability. Theseptake, the doped polymer membranes were dried at 110°C under
properties are encouraging for further investigation of this polymer.yacuum for more than 10 h until an unchanged weight was reached.
Blends of PBI with SPSF have been prepared and studied with retn this treatment the water content in the doped polymer membranes
spect to their miscibility behavid? It was found that blends of PBl  was removed and the acid-doping level was obtained.
with SPSF show miscibility depending upon the composition of  Conductivity measurements were performed by means of a four-
blends and the sulfonation degree of SPSF. In general, PBI-rictprobe cell as schematically illustrated in Fig. 1. The cell consisted of
blends appear to be one compound system, as opposed to the SP&ur platinum electrodes placed on one side of the polymeric mem-
rich blends where two phases were observed. The combination dfrane. Four stainless steel rods pressed the electrodes onto the mem-
SPSF with PBI might lead to a promising new polymer electrolyte. brane with the help of springs. In this longitudinal arrangement the
Besides, SPSF is a quite inexpensive polymeric material that resultelectrodes were in good contact with the membrane while the
in lowering the cost of electrolyte. In the present work, an attemptsample was exposed to the atmosphere of the cell. The polymeric

membranes were narrow ¥ 1 cm strips. The thickness of the
doped membranes was of the order of 10@ and measured using
* Electrochemical Society Active Member. a micrometer before every experiment. Two platinum foils were
Z E-mail: cgk@iceht.forth.gr used to apply current to the ends of the membrane while the other
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Alumina tube tained by a current step potentiometry. Potential values at various
Gas inlet Thermocouple current densities were then taken from chronopotentiometric curves

\ \ r‘f;/ when a steady state was reached.

Results and Discussion

Water uptake and acid doping of PBI and blend mem-
branes—The water uptake of polymer membranes is of special im-
portance, since water is involved in the electrode reactions and pro-
ton conduction through the membrane of PEMFCs. It is well known
that PBI has a high affinity for moisture and is hydrophilic. This is
possibly due to an intermolecular hydrogen bonding between N and
i SS nut N-H groups in PBI and waté¥. By immersing PBI membranes in

H distilled water for several days at room temperature, it is found in
the present work that up to 20-21 w/w with a dry polymer as

SS rod basig water can be absorbed by the pristine PBI membranes, corre-

sponding to 3.4-3.6 water molecules per repeat unit of PBI.

Water absorption is also observed for SPSF membranes. The
water uptake of the SPSF membranes might be attributed to the
interactions between J® and the sulfonate groups in SPSF. The
sulfonation degree of the studied SPSF membranes was 36%, cor-

SS vessel responding to an ion exchange capa¢iBC) of 0.81 mequiv/g. It is
found that, at room temperature, 8-10 w/w % water is absorbed by
the dry SPSF membranes, which have not experienced any pretreat-
ment. This corresponds to about seven water molecules per sul-

i il fonate group. Brousset al?® claimed that the moisture gain by

i TR SPSF of IEC 0.635 and 0.9 mequiwprresponding to sulfonation

degrees around 30 and 40%t room temperature is 7 and 7.4 mol

H,O per ionic site, respectively. Using SPSF of sulfonation degree

O-ring

Platinum 40.3% at room temperature, Lufrarbal?° reported a water uptake
electrodes Membrane Teflon plate of about 9 mol HO/SO;H for the rehydrated membranes after dry-
ing at 30°C for 18 h. This value became about 12 mgDFSO;H
Figure 1. Setup used for conductivity measurements. for the rehydrated membrane after drying at 70°C for 18 h. As they

suggested, these water uptake results confirmed the history depen-

dence of the ionomer membranes, well known to perfluorosulfonic
two platinum probe wires spaced 1 cm apart were employed toacid polymer membranes,g, Nafion. As suggested by Zawodzin-
measure the potential drop along the film near the center of theski et al?®2°and Hinatstet al,*° the water uptake by the polymer
sample. This cell was introduced in a stainless steel vessel that wasembranes is essential for proton conductivity. As a comparison,
immersed in an oil bath so as to control the temperature. The polyNafion membranes have a water uptake of about 22 OVSO,H
meric membrane was placed on a Teflon plate in order to be isolateékom the liquid phase and about 16 moJ®ISQ;H from the vapor
from the stainless steel vessel. Also, ceramic tubes of alumina werghase at room temperatti&3 being much higher than the water
used for the isolation of the extension of the electrodes. A thermo-uptake values for SPSF obtained in this work. It has been observed
couple was arranged near the sample for monitoring its temperaturehat the water uptake of the SPSF increases with the sulfonation
The relative humidity was controlled by passing a mixture of hu- degree or the ion-exchange capaéfty! the latter being found to
midified and dry nitrogen through the cell and was monitored usingincrease linearly with the sulfonation degf@dn the present work
a hygrometer. Two flow meters were used to control the ratio of drythe water uptake is found to increase with increasing PBI content in
and humidified nitrogen that were mixed in a chamber placed justthe PBI-SPSF blends. At room temperature without any pretreat-
before the cell. The measurements were carried out by a currentent, blends rich in PB(75 w/w %) absorb 18-19 w/w % water. In
interruption method using a potentiostat/galvanogE#&G model contrast, 10-12 w/w % water can be absorbed by the dry blends rich
273 and an oscillatofHitachi model V-650F. in SPSK(75 wiw %).

Mechanical properties of the membranes were measured by Since PBI possesses both donor and acceptor hydrogen-bonding
means of tensile strengthe., the ultimate tensile stress when the sites, it is capable to participate in specific interactions. In the pres-
sample breaks. The sample had an original cross section of abouince of acids or bases, a PBI polycation can be formed, resulting in
1 X 0.008 cm and was tested in a glass furnace, where the temperacid or base neutralization and formation of a salt with the imidazole
ture was controlled. The tensile strength was measured as a functioring structure. An electrolyte active species dispersed within the
of doping level at different temperatures. polymer structure is a necessity for proton conduction. The proton

Platinum catalyst$20% P} supported by carbon bladk/ulcan conducting active species is phosphoric acid in the present study.
XC-72R, Cabot were prepared by chemical reduction of platinum By immersing PBI membranes in a phosphoric acid solution, the
chloroacid. The catalysts were applied onto a wet-proofed carborweight gain of the polymer is due to both acid and water uptake.
paper (Toray TGP-H-120 by a tape-casting technique. Thus ob- In the previous work it was assumed that the water uptake by PBI
tained gas diffusion electrodes were further impregnated with a 5%membranes remained unchanged in the presence and absence of the
PBI solution in DMAc. The loading of the polymer in the catalyst acid. In the present work, efforts were made to determine the water
layer was controlled in a range from 0.6 to 0.8 mg émAssem- contribution in the acid-doped PBI membranes. This was done by
blies from the acid-doped polymer membranes and the impregnatedrying the doped polymer membranes at 110°C under vacuum while
electrodes were prepared by means of a hot-press at 150°C for 1the weight of the doped polymer membranes was measured periodi-
min. A single test cel(5 cnf) was made of graphite plates with gas cally. It appeared that an unchanged weight of the doped polymer
channels. Two aluminum end plates with attached heaters were useadembranes was reached after about 6 h under this condition. The
to clamp the graphite plates. Fuel and oxidant gases were suppliedieight loss is assumed to be due to the water uptake and the remain-
by means of mass-flow controllers. Performance curves were obing weight is assumed to be the polymer purely doped with the acid.
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Figure 2. Doping levels of the blend membranes in molar percent $1®)

per repeat unit of the polymer as a function of concentration of the dopingFigure 3. Temperature dependence of ionic conductivity of acid-doped

acid at room temperature. The composition of the blend polymers is indi-spsF:;(0) sulfonation degree 44% and doping level 30 mol %P8, and

cated in the figure. The sulfonation degree of the SPSF is 36%. (O) sulfonation degree 10% and doping level 45 mol %8, The relative
humidity is 80%.

The water-uptake by PBI membranes from a phosphoric acid
solution is found to be around 3.5 mob® per repeat unit of PBl as  branes under investigation was measured as a function of relative
the concentration of the acid increases from Zgxoe waterto 6.0 humidity, acid-doping level, sulfonation degree of SPSF, and tem-
M. Further increase in the acid concentration results in an increas@erature. When the relative humidity increases in the range between
in the water uptake. For 7.0 and 9.7 MPO,, for example, the 30 and 80% the conductivity was found to increase slighth2-
water uptake by PBI membranes is found to be 4.0 and 5.64%). Poinsignoret al?! also reported a slight increase in the proton
mol H,0, respectively. conductivity with relative humidity from 70 to 110% at 50°C for

The acid-doping level of the PBI membranes was obtained ac-SPSF of IEC 1.8 mequiv/¢corresponding to a sulfonation degree
cordingly, as shown in Fig. 2 as a function of the acid concentration@’ound 80% though a dramatic increase in the proton conductivity
at room temperatures. For pure PBI membrafigs as can be seen 1S observed for SPSF filled with phosphatoantimonic acid at a rela-
from the figure, a doping level of around 500 mol %A@, can be Ve humidity near 100%. . .
achieved gy using gl% M PO, solution at room terflperature The ionic conductivity of acid-doped SPSF membranes increases
which is in good agreement witr41 other repotfs12 ' upon increasing temperatui€ig. 3). In a range from room tempera-

. o F =1 H

For SPSF membranes of a sulfonation degree lower than 50%, a&!e t© 160°C, conductivity of the order 10S cm* was obtained.
studied in the present work, the acid doping level was found to be he relatively low ionic conductivity should be attributed to the low
lower than 50 mol % KPO,. Direct doping of SPSF with phos- sulfqnatlon degree and the I0\_/v phosphoric acid doplong level. In the
phoric acid was also attempted by addition of the desired amount o?tUd'ed range of the su_lfqnahon degr(ér_nm 10 to 44%, a small
HaPO, in a solution of SPSF in DMF before the membranes were dependence of cono_luctlwty on s_u_lfonatlon degree of SPSF was ob-
cast. It is noteworthy that direct doping allows us to prepare self-served’ though a high conductivity was reported at much higher

standing doped SPSF membranes with high sulfonation degreg§ulfonation degree?:*! Actually, the conductivity of SPSF was
(higher than 50% These polymers have a brittle nature and there- found {0 Increase _exponent'ag'gl with the increase of sulfonation
fore they do not form freestanding films either from solution or from degre€”” In the previous worké?! the conductivity was studied in
melt pressing. By increasing the doping level to more than 3porelation to the water uptake of SPSF membranes. In the present
mol % HsPO,, nonhomogeneous membranes exhibiting patches ofVO'k: the SPSF membrane was doped with phosphoric acid and the
different physical characteristid®.g, thickness, coloration, efc. doping level seems more dpmmant for affecting the condu_ct_lwty. A
were obtained using the direct-doping procedure. small decrease in the doping level reduces the conductivity even

. . hen the sulfonation degree is high@¥ig. 3). However, higher
PBI-SPSF blend membranes can be readily doped wifPGj wh ; . .
after immersion in the acid solution. It was found that the doping acid-doping levels cannot be achieved. As stated above a doping

level increases upon increasing the acid concentration, temperatur%ﬁ"lveI of SPSF membranes of 300 mol %R0, was achieved when
and the PBI/SPSF ratio. In the studied blend compossitimm 0 to ey were directly cast from a solution in which phosphoric acid had
50% SPSF, the doping levels of blend membranes from a certain been added. These membranes, however, exhibited no conductivity.

concentration of the acid are lower than that for pure PBI, as seen AS Shown in Fig. 3, there are two regions where the conductivity
from Fig. 2. increases linearly with temperature. The slopes of the Arrhenius

plots of conductivity between 298-363 and 363-433ridt shown
lonic conductivity of SPSF-lonic conductivity of the mem-  give the activation energy of 12.8-14.8 and 6.1-6.7 kJ/mol, respec-
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Figure 4. Dependence of ionic conductivity of PBI-SPSF blends on acid- rigyre 5. Dependence of ionic conductivity of PBI-SPSF blends on sulfona-
doping level. The content of PBI in the blends is 75 wt %. The sulfonation ;. degree of SPSF. The doping level is 500 mol ¥P8,. The content of
degree of the SPSF is 36%. Doping levetol % H;POy): () 500, (O) PBI in the blends is 75 wt %. The sulfonation degree of the SPSEIs20,
1100, and(A) 2300. Relative humidity 80%. (O) 36, and(A) 70%. Relative humidity 80%.

high doping levelg>1000 mol % HPQ,) are not desirable for fuel-
tively. The change of the activation energy might be connected withcell applications, since membranes of very low mechanical strength
the presence of water in the membranes. As repSftedater is are produced.
involved in the conduction mechanism. The presence of water in  Relative humidity does not seem to influence significantly the
SPSF membranes results in a phase separation between the SP&mnductivity of blends since &3-5% increase in ionic conductivity
backbone and the sulfonate-water clusters that are formed. Thesgas recorded when the relative humidity was gradually increased
ionic clusters permit the ion migration through the membranes. Infrom 30 to 80%. This is in accordance with previous results since
the present work the SPSF membranes were doped wWiBOH PBI can be used with low humidificatidrwhile conductivity of
(85%. It means that not only phosphoric acid but also water is SPSF, as stated above, is slightly dependent on relative humidity. As
present in the membranes. Consequently, both phosphoric acid aral result, the blends of PBI with SPSF could also be expected to be
sulfonate-water clusters are the conducting active species. As statesperational with low humidification.
previously, the conductivity increases slightly when the relative hu-
midity increases in the range between 30 and 80%. This behavio
implies that in this range, the atmospheric humidity does not seem to?". ! S
influence significantly the retention of water in the membrane. ThellVity on sulfonation degree was not studied in the present work. The
change of the activation energy, which occurs~&0°C, might be blends rich in PBI are readily impregnated withsR0, and the

attributed to the phase transition of water at elevated temperaturesonductivity is found to increase upon increasing sulfonation degree
of SPSF. This behavior is illustrated in Fig. 5 and implies that not

only the acid-doped PBI but also sulfonate sites of SPSF are in-

lonic conductivity of PBI-SPSF blends.—Dependence of ionicvolved in the conduction mechanism. The sulfonation degree of
conductivity on doping level and relative humidityThe conductiv- SPSF should not be lower than 20%, since SPSF with very low
ity of blends was found to be higher than 205 cm ! and increase  sulfonation degree is not miscible with PB1When the sulfonation
with temperature. These polymeric materials are conductive aftedegree is equal to 20%, the conductivity is found to b 72072
doping with an acid. The acid-doping level is therefore expected toS cm ! at elevated temperatures for blends rich in PBY. 5). For
influence the ionic conductivity of blends. For blend membranesplends with the same composition and doping level but higher sul-
rich in PBI (Fig. 4) doped with 500 mol % EPO,, the conductivity  fonation degre€70%), the conductivity is found to be 10 S cmi?
was found to be in the range 2 102 and 10* Scm®. The  at 160°C. Since for blends rich in PBI, even with low sulfonation
conductivity increases up to 2 10 Scm ! at 160°C for a dop-  degree of SPSF, the conductivity is found to be in the range of 10
ing level of 1000 mol % HPQ,. Further increase of the doping level to 10°' Scm?, these blends are preferable because of their im-
results in significant increases of conductivity. Using hot phosphoricproved mechanical behavior compared to those with high sulfona-
acid(130°Q, a doping level as high as 2300 mol % can be achieved,tion degree.
which seems to be the limit since at higher doping level degradation The ionic conductivity was also measured as a function of com-
of the membranes occurs. Under these extreme conditions the corposition of the blends. As depicted in Fig. 6 for PBI-SPSF mem-
ductivity is measured up to ¥ 10°* Scm'! at 160°C. However, branes with sulfonation degree of 36%, even for blends with low

pependence of ionic conductivity on sulfonation degree and PBI/
PSF ratio—In the case of pure SPSF, the dependence of conduc-
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Figure 6. Dependence of ionic conductivity of PBI-SPSF blends on compo-
3 ; o o o -
sition, relative humidity 80%(O) PBI content 75 wt %, doping level 500 blends on time without humidification at 175°C. The doping level is 500 mol

mol % H,PO,, _and the sulfonation degree of SPSF is 28A) .PBI content % H3PO,. The content of PBI in the blends is 75 wt %. Sulfonation degree
20 wt %, doping level 430 mol % 4P0O,, and the sulfonation degree of of the SPSF is 30%.

SPSF is 20%; andA) pure PBI doped with 500 mol % 4R0;.

Figure 7. Dependence of ionic conductivity ¢©) PBI and((J) PBI-SPSF

An experiment was carried out using PBI-SB§$F5/25 and
content of PBI that exhibit two phasé&bthe conductivity is still of ~ PBlI membranes in an environment without any humidification at
the order of 102 Scn?, higher than that of pure PBI under the 175°C in order to evaluate the time dependence of ionic conductiv-
same doping conditions. The conductivity of PBI at a doping level ity at elevated temperature. The decrease of ionic conductivity for
of 500 mol % HPO, is found to be 2.7 1072 S cm * at 150°C in both the blend and the pure PBI is shown in Fig. 7. The conductivity
a humidified atmosphere. The conductivity values reported in theWas stabilized after approximately 20 h to %1107 Scm?,
literature are scattered. Due to the various experimental conditionsVhile in the case of PBI the conductivity also reached a plateau after
comparison cannot be straightforward. Wainrightal3 reported a 20 h at 1.9x 102 Scm *. The only difference between PBI and
Conductivity value of 5x 1073 S Cm71 at 150°C in a dry atmo- the blend, besides the |0Wer COndU.CtiVity eXh|b|ted |n|t|a"y by PB',
sphere for a PBI membrane doped with 501 mol 496, They IS thatfor the PBI-SPSF blend the linear dependence of conductivity
also found that the conductivity of PBI, at the same temperature andS-time exhibits two regions with different slopes marked a and b in
doping level, increases with water vapor activity up tox3102 Fig. 7.fAt\hrert;1larI§jab(;e Qec:ﬁasft_a ct)f4?§'nducgvllt_)r/]_|sbol?]ser_ved, in the

=1 6 ; . case of the blend, during the firs ope a. This behavior con-
S cmat O_'SZpHZO/?f“' Fontanellet al. optamed a conductivity firms that the higher conductivity of blends measured in a humidi-
of 45X 107 S cm * for dry PBI doped with 600 mol % PO,  fied atmosphere should be attributed to the retention of water in
at room temperature. Using anhydrous mixtures of PBI ageiGs membranes. Sulfonate groups might interact with water and in this
Bouchetet al? reported an anhydrous conductivity of>7 10°° way the conductivity of blends is significantly influenced. When the
S cm! at a temperature of 30°C and doping level of 305 membranes are dehumidified, the conductivities of both PBI and the
mol % H;PO,. blend were found to have similar values.

Dependence of ionic conductivity on dehumidificatieAs dis- Mechanical strength measurementd=or the acid-doped PBI
cussed previously, the PBI-SPSF blend membranes exhibit highemembranes, high doping levels give high conductivity. As reported
conductivity than the pure PBI membrane. This might be attributedpreviously® however, the tensile strength of acid-doped PBI mem-
to the interaction not only betweenyPlO, and the N-H groups of  branes is reduced significantly as the acid-doping level increases,
PBI, but also between JRO,/H,O and the sulfonate groups of especially at higher temperatures.

SPSF. The question which arises from this speculation is whether On the other hand, polysulfone exhibits excellent mechanical
the high conductivity of blends can be kept constant for a long time,properties. The elongation at break for polysulfone, for example, is
since a long-term performance is essential for any application of theeported to be 50-100%, compared to 1.8-3.0% for BBtor the
membranes to a PEMFC. At high temperature450°Q difficulty sulfonated polysulfone at IEC of 0.98 mequiv&ulfonation degree

of the management of water inside the membrane for a long periodibout 43%, Brousseet al. reported a tensile stress of 1100 and 330
of time might appear, and as a result the ionic conductivity of the kgf cm™2 for the dry and wet polymer, respectively.

polymer electrolytes might decrease. Besides, the operation of a For the PBI-SPSF blend polymer membranes, the mechanical
PEMFC without any humidification of gases is desired because itstrength is shown in Fig. 8 and 9 as a function of the membrane
simplifies the construction of the cell system. doping level at 25 and 150°C, respectively. No improvement was
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Figure 10. Cell voltagevs. current density curves for a PEM fuel cell based

on the blend membrane electrolyte. Temperature 190°C. Electrodes: plati-
num loading of 0.48 mg/cfifor both anode and cathode. Membrane: 75%
PBI-25% SPSHsulfonation degree 36§0doped with 455 mol % EPO,.

Both oxygen and hydrogen are at an absolute pressure of 1 bar and a flow
rate of 40 mL mint cm 2,

were much improved for blend polymer electrolytese Fig. 9. At

a doping level of about 450-660 mol %4PIO,, for example, the
tensile stress for pure PBI membranes is in a range of 25-62 kgf
cm2, while for 50-50 mol % PBI-SPSF blends it is as high as
58-115 kgf cm2.

Fuel-cell tests—The potential application of these membranes to

Figure 8. Tensile strength of the blend membranes as a function of dopingfuel Ce|_|S has been demonstrated and the preliminary results are
level at room temperature. Composition of the blend polymers is indicated inshown in Fig. 10. The noble metal catalyst loading was 0.45 mg

the figure. Sulfonation degree of the SPSF is 36%.

cm™2 for both electrodes. The membrane electrolyte was 75% PBI-
25% SPSHsulfonation degree 36%blend doped at an acid doping
level of 455 mol % HPO,. It should be noted that the fuel cell

observed for blend polymer membrane electrolytes at room temperaeperated with no humidification for either hydrogen or oxygen. Both
ture. At 150°C, however, the mechanical properties of membranegases were under atmospheric pressure. At a cell voltage of 0.5V, a

160 | i
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Figure 9. Tensile strength of the blend membranes as a function of doping
level at 150°C. Composition of the blend polymers is indicated in the figure.
The sulfonation degree of the SPSF is 36%.

current density of 650 mA/cfnwas obtained, corresponding to a
power density of over 0.3 W/ch This performance is achieved
with unoptimized electrodes and is comparable to that of pure
PBI .34 Further development of the fuel-cell technology by optimiz-
ing electrodes and membrane electrolytes is in progress.

Conclusions

Blend polymer membranes of sulfonated polysulfones and poly-
benzimidazole were developed and characterized as potentially high
temperature polymer electrolytes for fuel cells. The water uptake
and acid doping of the blend polymeric membranes were investi-
gated. The ionic conductivity of acid-doped sulfonated polysulfones
and their blends with polybenzimidazole was measured. Conductiv-
ity of 1072 S cmi ! level was obtained for the SPSF membranes at a
very low acid-doping level. The acid-doped PBI-SPSF blend mem-
branes exhibit ionic conductivity over 18 S cm 2, which is higher
than pure PBI membranes under the same doping conditions. The
electrical conductivity was found to increase slightly with atmo-
spheric humidity. The blend polymer membranes exhibit much im-
proved mechanical strength compared with pure PBI membranes,
especially at higher temperatures. Fuel-cell tests have demonstrated
the feasibility of the blend polymer electrolyte for polymer mem-
brane fuel-cell operation at temperatures up to 200°C, although data
on prolonged operation are needed to verify the performance of
these blends.

Acknowledgments

Financial assistance from the European Commission in the
framework of the Non Nuclear Energy Program JOULE ¢ibntract
no. JOE3 CT97 0045s acknowledged.

The Institute of Chemical Engineering and High-Temperature Chemical
Processes assisted in meeting the publication costs of this article.

Downloaded 28 Jun 2010 to 192.38.67.112. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms _use.jsp



N

11.

12.

13.

15.

16.

Journal of The Electrochemical Sociey48 (5) A513-A519(2001)

References

H. P. DharJ. Electroanal. Chem357, 237 (1993.
R. F. Savinell, E. Yeager, D. Trysk, U. Landau, J. Wainright, D. Weng, K. Lux, M.
Litt, and C. RogersJ. Electrochem. Socl41, L46 (1994.

. J. S. Wainright, J. T. Wang, D. Weng, R. F. Savinell, and M. litt=lectrochem.

Soc.,142, L121 (1995.

. X. Glipa, M. E. Haddad, D. J. Jones, and J. Rozi&weljd State lonics97, 323

(1997.

. R. Bouchet and E. Siebe@plid State lonics118 287 (1999.
. J. J. Fontanella, M. C. Wintersgill, J. S. Wainright, R. F. Savinell, and M. Litt,

Electrochim. Acta43, 1289(1998.

. M. Kawahara, J. Morita, M. Rikukawa, K. Sanui, and N. Og&iactrochim. Acta,

45, 1395(2000.

. Li Qingfeng, H. A. Hjuler, and N. J. Bjerrund, Appl. ElectrochemAccepted for

publication(2003).

. J-T. Wang, S. Wasmus, and R. F. SavinglElectrochem. Soc143 1233(1996.

. S. R. Samms, S. Wasmus, and R. F. SavidelElectrochem. Soc143 1225
(1996.

D. Weng, J. S. Wainright, U. Landau, and R. F. SavideElectrochem. Soc143

1260(1996.

S. K. Zecevic, J. S. Wainright, M. H. Litt, S. Lj. Gojkovic, and R. F. Savin&ll,
Electrochem. Soc144, 2973(1997).

L. Qingfeng, H. A. Hjuler, and N. J. Bjerrurilectrochim. Acta45, 4219(2000.

. J-T. Wang, R. F. Savinell, J. Wainright, M. Litt, and H. M&lectrochim. Acta41,

193(1996.

J-T. Wang, J. S. Wainright, R. F. Savinell, and M. LittAppl. Electrochem26,

751 (1996.

J-T. Wang, W. F. Lin, M. Weber, S. Wasmus, and R. F. Savilddctrochim.
Acta, 43, 3821(1998.

17.

18.

19.

20.

21.

22.

27.
28.

29.

30.

31.

A519

M. Weber, J-T. Wang, S. Wasmus, and R. F. SavidelElectrochem. Soc143
L158 (1996.

R. Bouchet, E. Siebert, and G. Vitter, Electrochem. Socl44, L95 (1997).

B. Baradie, C. Poinsignon, J. Y. Sanchez, Y. Piffard, G. Vitter, N. Bestaoui, D.
Foscallo, A. Denoyelle, D. Delabouglise, and M. VaujadyPower Sources/4,
8-16(1998.

F. Lufrano, G. Squadrito, A. Patti, and E. Passalacquéppl. Polym. Sci.77,
1250(2000.

C. Poinsignon, I. Amodio, D. Foscallo, and J. Y. SancMgter. Res. Soc. Symp.
Proc., 548 307 (1999.

J. Kerres, W. Cui, and S. Reichle,Polym. Sci., Part A: Polym. Chen34, 2421
(1996.

. Y. Matsumoto, M. Sudoh, and Y. Suzulii, Membr. Sci.158 55 (1999.
. V. Deimede, G. A. Voyiatzis, J. K. Kallitsis, L. Qingfeng, and N. J. Bjerrum,

Macromolecules33, 7609(2000.

. Cl. Brousse, R. Chapurlat, and J. P. Queriiesalination,18, 137 (1976.
. B. C. Johnson, I. Yilgor, C. Tranc, M. Igbal, J. P. Wightman, D. R. Lloyd, and J.

E. MacGrathJ. Polym. Sci., Polym. Chem. E@2, 721(1984).

T-S. ChungRev. Macromol. Chem. Phy<37, 277 (1997).

T. A. Zawodzinski, Jr., T. E. Springer, J. Davey, R. Jestel, C. Lopez, J. Valerio, and
S. Gottesfeld)). Electrochem. Soc140, 1981(1993.

T. A. Zawodzinski, Jr., C. Derouin, S. Radzinski, R. J. Sherman, V. T. Smith, T. E.
Springer, and S. Gottesfeld, Electrochem. Soc140, 1041(1993.

J. T. Hinatsu, M. Mizuhata, and H. Takenalla,Electrochem. Soc141, 1493
(1994.

Specialty PolymersR. W. Dyson, Editor, Blackie Academic & Professional, Lon-
don (1998.

Downloaded 28 Jun 2010 to 192.38.67.112. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms _use.jsp



