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bstract

Proton exchange membranes for fuel cells that operate under hotter and drier conditions are of interest for improved heat rejection and to
educe poisoning by carbon monoxide in reformed hydrocarbon fuels. Polybenzimidazole/phosphoric acid membranes have good conductivity

nder hot, dry conditions but require use of very high amounts of platinum catalyst to overcome high over-potentials due to strong poisoning by
hosphoric acid. Polybenzimidazole membranes made using bis-fluorinated acids were found to provide significantly better fuel cell performance
t 100–110 ◦C under ambient pressure with 80 ◦C inlet dew point compared to membranes with phosphoric acid. Addition of simple metal oxides
rovided optimal conductivity.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Operation of proton exchange membrane (PEM) fuel cells
ased on the use of perfluorinated sulfonic acid membranes
PFSA) is limited typically to operation at ≤80 ◦C due to loss
f conductivity at higher temperatures caused by reduced water
ontent in the membrane. There are several potential benefits
hich can be realized by using membranes with improved con-
uctivity at higher temperatures and/or under drier conditions:

1) reduced poisoning of Pt catalysts by CO in reformed hydro-
carbon fuels;

2) simpler and less expensive humidification systems;
3) lower parasitic power losses since compressors would not

be needed;
4) improved heat rejection due to the greater temperature
difference between cell temperature and the environment,
which would allow reduction in radiator size and more effi-
cient use of waste heat.

∗ Corresponding author. Tel.: +1 651 736 7338; fax: +1 651 733 0648.
E-mail address: jmlarson@mmm.com (J.M. Larson).
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For fuel cells for automotive applications, there is a need is
or membranes that allow temperature excursions up to 120 ◦C.
or stationary power, there are needs for reduced catalyst poi-
oning from carbon monoxide present in reformed fuels, and
or systems which can utilize the waste heat generated. Both
f these can be achieved through higher temperature ope-
ation.

For membranes that require retention of water for conduc-
ivity, the mole fraction of water in the fuel stream needed to

aintain conductivity becomes increasingly greater as the tem-
erature increases. The use of pressure to retain water becomes
bligatory at ≥100 ◦C. To achieve these benefits, membranes
hat are less dependent on water for conductivity are needed.

There have been several approaches for development of
embranes that are less dependent on water [1–3]. For

olybenzimidazole-phosphoric acid membranes, operation at
emperatures up to 200 ◦C has been reported [4–6]. This type
f membrane has been commercialized by PEMEAS. Poison-
ng of cathode Pt catalysts by phosphoric acid, however, has

equired the use of very high amounts of platinum [6]. Loss of
hosphoric acid has also been a problem. To avoid leaching of
hosphoric acid, complex procedures for start-up and shutdown
re required. In addition, start-up is complicated by low perfor-

mailto:jmlarson@mmm.com
dx.doi.org/10.1016/j.jpowsour.2007.04.010
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ance at ≤120 ◦C. Use of cross-linkable phosphonates has been
roposed to improve retention of the electrolyte [7].

In this report, we describe the preparation of membranes
sing basic polymers such as polybenzimidazoles, perfluori-
ated sulfonic and imide acids, and inorganic additives such as
imple metal oxides. Fluorinated acids have long been the sub-
ect of evaluation as electrolytes. Fundamental electrochemical
tudies were reported in 1985 [8]. Fluorinated acids were added
o phosphoric acid fuel cells to decrease poisoning of the Pt cat-
lyst [9]. Perfluorinated monomeric to polymeric sulfonimides
ere evaluated as additives for phosphoric acid fuel cells [10].
hus, while studies on fluorinated acids themselves, as additives

o other electrolytes, and as pendant groups in ionomers such
s NafionTM have been reported, there have been no previous
eports on fluorinated acids in membranes formed using basic
olymers. Membranes formed by filling the pores of porous
embranes prepared using solvent induced phase separation

rocesses have been reported [11].

. Experimental

.1. Membrane preparation

Two types of polymers were used for membrane forma-
ion with bis-fluorinated acids: poly[2,2′-(m-phenylene)-5,5′-
ibenzimidazole] (PBI from Celanese) and PBIO (trade name
or a phenylene oxide benzimidazole) from Fumatech. The
olymers were vacuum dried and then dissolved in either dry
imethylacetamide (DMAc) for PBI or N-methylpyrrolidinone
NMP) for PBIO, using a pressure vessel. The structure given in
ig. 1 was consistent with elemental analysis, proton magnetic
esonance, and infrared spectroscopy of PBIO.

The following fluorinated acids were prepared by the 3M
ompany. For the C4-bis-imide, the C4F9-group were linear.

Disulfonate (DS): HO3S(CF2)4SO3H;
C1-bis-imide (C1BI):
CF3SO2NHSO2(CF2)4SO2NHSO2CF3;
C4-bis-imide (C4BI):
C4F9SO2NHSO2(CF2)4SO2NHSO2C4F9.

The DS and C1BI were tetrahydrates. The fluorinated acids
ere dissolved in either just dry NMP or DMAc. A solution

f the polymer was then added to a solution of acid to pro-
ide the desired ratio of equivalents of acid(s) to base, coated
nto a glass plate, heated at 140 ◦C in a circulating air oven for
h to remove solvent, and cooled in ambient air to form the

Fig. 1. Structure of PBIO.

o

2

I
t
Q
i
i
w
t
s
t

Sources 172 (2007) 108–114 109

embrane. No further mass loss was observed after heating for
onger than 4 h at 140 ◦C. For membranes having metal oxides,
he metal oxide was dispersed in a solution of the polymer by
dding the dry inorganic oxide, about 14 ceramic milling cylin-
ers (type BRUNHP050 from U.S. Stoneware Corporation, East
alestine, OH), and 25–30 g of ∼10 wt.% polymer solution to
120 ml screw-cap glass bottle. The sealed bottle was rolled

n a bottle roller at ≤100 rpm for 12–24 h typically. The dis-
ersion of inorganic oxide and polymer was then added to a
olution of acid(s). Except for this preliminary dispersion step,
he remainder of the preparation was the same as for the pro-
edure given above. The silica used was an amorphous fumed
ilica having 100 m2 g−1 surface area that was purchased from
lfa Aesar. All steps prior to coating were done under rigorously
ry conditions. Coating was done under ambient conditions. For
omparison, PBI/phosphoric acid membranes were prepared by
issolving the PBI in trifluoroacetic acid followed by addition
f 85% phosphoric acid [12].

.2. Conductivity

Conductivity was determined by ac impedance using a Bekk-
ech conductivity cell by conditioning at 120 ◦C for 180 min
nd then scanning from 120 ◦C to 80 ◦C in 10◦ increments with
0 min hold time at each temperature followed by returning
o 120 ◦C in a similar fashion. Inlet humidification was kept
onstant at an 80 ◦C dew point for all temperatures.

.3. Fuel cell evaluation

Fuel cell electrodes having 0.4 mg cm−2 of Pt were prepared
y coating a catalyst ink onto a carbon paper gas diffusion layer.
embrane electrode assemblies (MEAs) were tested in a Fuel
ell Technologies single serpentine 5-cm2 cell. Gas flow rates

or H2 and air were fixed at 100 and 500 sccm, respectively.
nlet humidification was kept constant at an 80 ◦C dew point at
ll temperatures.

.4. Retention of acid

Relative resistance to washing out of the acids was deter-
ined by adding 5-cm2 pieces to a 50 ml beaker containing

5 ml water while stirring with a micro magnetic stir bar and
bserving pH change versus time using multi range pH paper.

.5. Morphological characterizations

Differential scanning calorimetry was done using a TA
nstruments Q1000 (#130, Cell RC-296) Modulated Differen-
ial Scanning Calorimeter in standard DSC mode using standard
1000 TA aluminum pan at a scan rate of 20 ◦C min−1. For

nitial experiments, evaluation with retention of water was of
nterest, so sealed pans were used and the upper temperature

as limited to 150 ◦C. Heating above 150 ◦C was found to rup-

ure the cells and contaminate the measurement cell with acid, so
ubsequent evaluations were done with punctured lids, the upper
emperature limited to 150 ◦C for the first scan to remove water
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ithout splattering, and only then going to higher temperatures
or the second scan.

Elastic moduli were evaluated from 25 ◦C to 200 ◦C in
ension (dynamic mechanical analysis) using a Rheometric’s
olid Analyzer (RSA II) at 1 Hz (6.28 rad s−1) with heating
t 3 ◦C min−1 and cooling to 25 ◦C under dry nitrogen. A
.5 mm × 23.4 mm × 0.030 mm strip was mounted in the clamps
nd tightened. Pre-determined amplitude and frequency were
pplied and the stress response was measured.

X-ray diffraction was done using a Phillips vertical diffrac-
ometer, Cu K� radiation, and proportional detector registry of
he scattered radiation. The unit was fitted with variable incident
lits, fixed receiving slits, and graphite monochrometer. Scans
ere conducted from 3◦ to 45◦ (2θ) using a 0.05◦ step size and 6
r 32 s dwell time. X-ray generator settings of 45 kV and 35 mA
ere employed. Scans were conducted under ambient conditions
n materials that had been conditioned under ambient humidity
nd also under flowing dry nitrogen.

Thermal gravimetric analysis was done using a TA Instru-
ents 2950 HI-Resolution Thermogravimetric Analyzer. An

nitial heating rate of 50 ◦C min−1 was applied with a resolu-
ion setting of 4.0. Under these conditions, the instrument heated
ntil weight loss was detected, the temperature stabilized until
eight loss diminished, and then heating recommenced.

. Results and discussion

.1. Membrane formation

Addition of solutions of PBIO in NMP to solutions of either
mide or sulfonate acids or mixtures thereof provided homo-
eneous solutions after simple mixing without precipitation.
ddition of solutions of PBI in DMAc to solutions of imide

cids in DMAc also gave homogeneous solutions, but addition
f even very dilute PBI in DMAc solutions to solutions of the
S acid resulted in immediate precipitation. For this latter case,

ddition of solutions of DS to solutions of PBI also resulted in
recipitation even for very dilute solutions. Blending salts of
he acids with the polymers followed by re-acidification after

embrane formation, as typically done for blending acidic and
asic polymers, was not possible since that procedure would
ave washed the acids out of the membrane.

The ratio of acid to basic polymer used for membrane forma-
ion was designated in terms of equivalents of acid to equivalents
f base. Note that PBI has two basic nitrogens per repeat
nit, whereas PBIO has only one. Thus, a membrane compo-
ition resulting from addition of one equivalent of PBIO to
wo equivalents of DS and two equivalents of C1BI was des-
gnated as DS:C1BI:PBIO = 2:2:1. For reasonable strength, the
otal equivalents of acid per equivalent of basic polymer were
bout ≤4:1, though self supporting membranes having up to a
otal of 8.5 equiv. of acid were prepared.
.2. Membrane characterization by DSC

Addition of either C1BI or C4BI to PBI or PBIO resulted
n significant plasticization of the polymer. DSC results for

−
2
a
l

ig. 2. DSC results after six scans at ≤150 C in sealed pans. A: C1BI:PBI = 1:1;
: C1BI:PBI = 2:1; C: C1BI:PBI = 2:1 + silica; D: C1BI:PBI = 3:1; E:
1BI:PBI = 4:1; F: PBI (insert frame).

ydrated C1BI:PBI membranes are given in Fig. 2. For clarity,
he curves were spread apart on the heat flow axis. The relative
ntensities are correct but the absolute position on the heat flow
xis has no meaning. These results showed a large decrease in
g for addition of even one equivalent of C1BI and additional
ecreases for each additional equivalent. For C1BI:PBI = 4:1,
he Tg was −56 ◦C. Addition of silica for C1BI:PBI = 2:1 fur-
her decreased the Tg. The Tg for dry PBI membrane was 420 ◦C
nd 355 ◦C for PBI membrane that was hydrated (about 16 wt.%
ater). The C1BI:PBI membranes were hydrated merely by

xposing to ambient air (∼22 ◦C and 30–40% RH). The ini-
ial DSC evaluations were done using sealed pans to look for
hanges between first and second heats that were not related
o loss of water. Results showed no change in Tg for six heat
nd cool cycles for scans up to 150 ◦C. As mentioned in Sec-
ion 2.5, exceeding 150 ◦C resulted in rupture of the lids and
ontamination of the instrument cell with acid, so subsequent
xperiments were done using punctured lids and limited upper
emperature for the first scan to 150 ◦C to ensure removal of
ater before scanning to a higher temperature on the second

can.
For PBIO itself, a broad endotherm was seen in the first heat

ut was absent in the second heat, which was consistent with
emoval of water (see Fig. 3). The Tg for dry PBIO was 238 ◦C
nd 81 ◦C for humidified PBIO. As for PBI membranes above,
onditioning and DSC analyses were similar to the second proce-
ure used for PBI:C1BI membranes. Addition of one equivalent
f C1BI to PBIO introduced some crystalline order as indicated
y an endotherm at 65 ◦C in the first heat. This endotherm was
bsent in the second heat and a Tg at 76 ◦C was observed. For
ddition of 4 equiv. of C1BI to PBIO, there was only a Tg at
61 ◦C for the first heat. For the second heat, the Tg moved to

◦ ◦
48 C, there were two broad endotherms between 50 C and
00 ◦C with maximum for one at 90 ◦C and the other at 163 ◦C,
nd there was an exotherm at 19 ◦C. For addition of one equiva-
ent of DS, for the first heat there was a Tg at 69 ◦C and a broad
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Fig. 3. DSC results for first heat and second heat for PBIO and PBIO
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temperature than for the other polymer-acid membranes. In any
case, these strong fluorinated acids did not appear to significantly
degrade the thermal stability of the polymer.

Table 1
TGA results for first mass loss not associated with loss of loosely bound water
for polymers and polymer-acid membranes

Material Range (◦C) % Mass loss

PBI 418–491 4
PBIO 288–392 12
DS 305–307 89
C1BI 299–306 89
C4BI 313–322 93
C1BI:PBI = 1:1 266–313 10
ith fluorinated acids. A: PBIO; B: DS:PBIO = 1:1; C: DS:PBIO = 4:1; D:
1BI:PBIO = 1:1; E: C1BI:PBIO = 4:1; F: DS:C1BI:PBIO = 2:2:1.

ndotherm with maximum at 113 ◦C. For the second heat, how-
ver, there was no endotherm and the Tg moved up to 197 ◦C.
hus, the main effect for addition of one equivalent of DS to
BIO was just to depress the Tg. For addition of 4 equiv. of DS,
owever, there was no Tg in the first heat, a strong endotherm
t 82 ◦C and a broad endotherm at about 120 ◦C. For the second
eat, a Tg at −20 ◦C, an exotherm at 80 ◦C, and endotherm at
21 ◦C were observed. These results showed that morphology
hanged as a function of the equivalents of DS added.

DSC results in Fig. 3 for a DS:C1BI:PBIO membrane were
ifferent from those for either the DS:PBIO or C1BI:PBIO
embranes. For the first heat, there was a Tg at −59 ◦C and

ndotherms at 61 ◦C and 72 ◦C. For the second heat, the Tg
oved to −42 ◦C and there was only a broad endotherm at

49 ◦C.
For PBIO-acid membranes, the DSC results showed that both

he C1BI and DS acids introduced ordering and to a much higher
egree for the DS. The occurrence of exotherms followed by
ndotherms (recrystallization followed by melting) in the sec-
nd heats for C1BI:PBIO = 4:1 and DS:PBIO = 4:1 membranes
howed that reordering processes in these membranes after heat-
ng/cooling were slow or the absorption of water was needed for
he reordering to occur. Similarly for the DS:C1BI:PBIO = 2:2:1

embrane, movement of sharp endotherms in the first heat
o a broader endotherm in the second heat at a higher tem-
erature indicated that reordering to the original morphology
as slow or that water was needed for the reordering to
ccur. For PBIO, addition of either DS or C1BI acids intro-
uced order that was not present for the amorphous polymer
tself.

DSC results for scrupulously dry acids showed that they
hemselves were crystalline solids. Melting points were: DS at

74 ◦C, C1BI at 189 ◦C, and C4BI at 175 ◦C. After exposure to
umid atmosphere, however, the DSC results were much more
omplex with multiple melting points, Tg transitions in some
ases, and recrystallization followed by melting transitions.

C
D
D
D
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.3. Membrane characterization by XRD

XRD results for PBIO showed that it was perfectly amor-
hous. For PBIO-acid membranes, XRD patterns were found
o be different as a function of the type of acid(s), the ratio
f acid to polymer, the presence of inorganic oxides such as
ilica, and whether hydrated or dry. For both DS:PBIO = 4:1
nd DS:C1BI:PBIO = 2:2:1 membranes, crystallite size was too
arge to estimate by XRD other than to say that the size was
1500 Å. Crystallite size was about 600 Å for DS:PBIO = 4:1
ith 19 wt.% silica and for DS:C1BI:PBIO = 2:2:1 with 16 wt.%

ilica. For DS:PBIO = 4:1, the crystallinity index was about 0.5
ith or without added silica. For DS:C1BI:PBIO = 2:2:1, the

rystallinity index was about 0.3 without added silica and about
.2 for membrane having about 20 wt.% silica.

.4. Membrane characterization by TGA

Results for TGA analysis are given in Table 1. The results
rovided were for the first major mass loss not related to loosely
ound water. While many more TGA results were obtained and
ould be the subject of much more extensive discussion, the
esults in Table 1 suffice to determine the limiting thermal stabil-
ty of these materials relative to their intended use temperature.

While PBIO was somewhat less stable than PBI as indicated
y a mass loss of 12% at 288–292 ◦C as compared to 4% at
18–491 ◦C, the thermal stability for PBIO as indicated by TGA
as still very good. Thermal stability for the three acids was also
ood with clean loss of most of their mass at 300–320 ◦C. Ther-
al stability of polymer-acid membranes, however, was of more

nterest. For the most part, there was only minor loss of mass
t temperatures similar to those for which the acids themselves
isappeared. For these cases, the stability of the polymer-acid
embrane was actually better than for the acid itself and not that
uch poorer than for PBIO or PBI. While a mixed comparison,
ass losses for DS:PBIO = 4:1 and for DS:C1BI:PBIO = 2:2:1
as significantly higher than for C1BI:PBI = 4:1. Also curious
as that the 10% mass loss for DS:PBIO = 1:1 began at a lower
1BI:PBI = 4:1 274–306 12
S:PBIO = 1:1 196–278 10
S:PBIO = 4:1 302–316 57
S:C1BI:PBIO = 2:2:1 257–274 67
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Table 2
Maxima observed in DMA tan delta curves

Membrane DMA tan delta maxima

First heat (◦C) Second heat (◦C)

PBIO ∼110 (weak) 100 (strong)
DS:PBIO = 1:1 100 (w), 185 (s) 125
DS:PBIO = 3:1 60 (w), 110 (w), 175 (s) 110 (w), 185 (s)
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S:PBIO = 4:1 30, 65, 100, 125, 180 (s) 185
S:C1BI:PBIO = 2:2:1 155 ∼130

.5. Membrane characterization by DMA

Results for DMA tan delta maxima for PBIO and PBIO with
dded acids are given in Table 2. The relative magnitude of the
an delta maxima were indicated qualitatively as either strong (s)
r weak (w) in Table 2. The elastic modulus (E′) for PBIO and
or PBIO with added acids was about 2 × 1010 dyne cm−2. For
BIO, there was a shallow minimum for E′ at about 110 ◦C in the
rst heat, but E′ remained about 10 × 1010 dyne cm−2 for the first
eat. For the second heat, however, there was a rapid decrease
n E′ to a minimum of 10 × 107 dyne cm−2 at about 100 ◦C fol-
owed by an increase to 10 × 109 dyne cm−2 at 160 ◦C. During
hree additional heats, the E′ curves moved somewhat closer
o that for the first heat. Similar trends were observed for the
oss modulus (E′′). There were similar differences between first
nd second heats for PBIO with added acids. For addition of
S to PBIO, the number of tan delta maxima seen in the first
eat increased for each added equivalent of acid. For the sec-
nd heat, there was only one tan delta maximum except for the
S:PBIO = 3:1 case. Differences between first and second heats
ere most likely due to removal of water during the first heat,
hich showed that absorbed water had significant effects on
′ and E′′. For the DS:C1BI:PBIO = 2:2:1 membrane, however,

here was only one Tg for the first heat and for the second heat,
hich indicated that its mechanical properties were less affected
y the loss of water than for the other membrane types. While
minimum was still observed for E′ and E′′ in the first heat at
55 ◦C, the results for the second heat were uncomplicated and
ere similar to what would be seen for a normal viscoelastic
olymer.

DSC results also showed significant differences between first
eats and subsequent heats if water were allowed to escape. The
ifferences were ascribed in part to the loss of water, slowness
f reordering and/or the need for absorbed water for reordering.
he same could be said for the DMA results.

.6. Resistance of acids to wash out

Results of qualitative experiments to compare the resistance
o wash out of perfluorinated acids from PBIO membranes as
ompared to phosphoric acid from PBI are shown in Fig. 4.
he results showed that the rate of wash out increased as equiv-

lents of DS to PBIO increased. For DS:PBIO = 4:1, the rate
f pH change was similar to PBI with 3 equiv. of phosphoric
cid (600 mol% as described by Savinell and Litt [12]). For the
S:C1BI:PBIO = 2:2:1 membrane, however, the first part of the

r
a
6
2

ig. 4. pH vs. time for PBI/phosphoric acid and for PBIO with perfluorinated
cids for samples immersed in deionized water.

urve was similar to that for just 2 equiv. of DS and the subse-
uent rate was slower. While these membranes would be subject
o the same issues for loss of acid due to liquid water as com-

ercial PBI-phosphoric acid membranes, they would be at least
s good or better in this respect.

.7. Membrane morphology after washing

Membranes made using PBI with added imide acids remained
ransparent after extraction of acid by soaking in water and dry-
ng. This was also the case for PBIO membranes having just a
ingle type of acid, either DS or imide. PBIO membranes con-
aining a mixture of imide and sulfonate acids, however, were
paque after extraction of acid following soaking in water and
rying. Solvents such as isopropanol penetrated the resultant
embranes readily and a porous structure was observed by scan-

ing electron microscopy. These results showed that there was a
undamental difference in morphology for membranes that con-
ained just a single type of acid and those that contained more
han one type. While it is possible that the phase separated struc-
ure for the washed DS:C1BI:PBIO = 2:2:1 membrane did not
evelop until immersion in water, the good mechanical prop-
rties as indicated by DMA would be consistent with a phase
eparated morphology with PBIO as the continuous phase.

.8. Conductivity as determined using ac impedance
ethod

The conditions selected for conductivity and fuel cell eval-
ations, constant inlet dew point of 80 ◦C for 90–120 ◦C, were
elected for screening a large number of developmental mem-
ranes over a range of increasingly challenging temperature
nd humidity conditions. This selection of conditions typically

esulted in decreases in conductivity with increases in temper-
ture as a result primarily of the decrease in relative humidity:
7% RH at 90 ◦C, 46% RH at 100 ◦C, 33% RH at 110 ◦C, and
4% RH at 120 ◦C.
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were used. Given that membrane conductivity was significantly
lower for the DS:C1BI:PBIO = 2:2:1/silica membrane than for
the PBI-phosphoric aicd membrane as determined by the AC
ig. 5. Conductivity for DS:PBIO membranes with and without added silica at
wo ratios of acid to polymer for constant 80 ◦C inlet dew point.

Conductivity for DS:PBIO = 3:1 and 2:1 membranes with
nd without silica is given in Fig. 5 (constant 80 ◦C inlet dew
oint). As expected, conductivity was greater for the 3:1 than
or the 2:1 membrane. Addition of silica increased conductiv-
ty substantially for both 3:1 (22% by weight silica) and 2:1
S:PBIO (28% by weight silica) ratios. For the DS:PBIO = 3:1
ith silica membrane, the conductivity at 90 ◦C was as high

s typical values reported for perfluorosulfonic acid polymers
uch as NafionTM. While conductivity was much higher for the
S:PBIO = 3:1 membranes, they were not very strong. On the
ther hand, the DS:PBIO = 2:1 membranes were quite strong
nd conductivity with added silica was still respectable.

There was greater hysteresis between the down temperature
can and the up temperature scan for membranes with silica,
hich suggested that the silica helped to retain more of the
ater absorbed during the down temperature scan during the

ubsequent up temperature scan. The difference in conductiv-
ty between the down temperature scan and the up temperature
can increased with temperature. This difference indicated that
he membrane did not revert quickly to the lower humidified
tate and conductivity observed during the down temperature
can given that the membrane was conditioned for 90 min at
ach temperature. Experiments were not done to determine the
ime required to return to the original conductivity for the down
emperature scan.

A comparison of conductivity results for PBI having six
oles of phosphoric acid per equivalent of basic polymer,
S:C1BI:PBIO = 2:2:1 with 16 wt.% silica, and DS:C1BI:PBIO
ithout added silica is provided in Fig. 6. As expected, the con-
uctivity for the PBI-phosphoric acid membrane was high and
id not decrease very much as temperature increased with con-
omitant decrease in relative humidity (inlet dew point was held
onstant at 80 ◦C). Conductivity for the 2:2:1 membrane with
6 wt.% silica was about the same as for the DS:PBIO = 2:1
embrane with 28 wt.% silica. Similarly, conductivity for the

:2:1 membrane without added silica was similar to that for the

:1 membrane without silica. While these results might have
een coincidental, the similarity in conductivity between 2:2:1
nd 2:1 membranes suggested that the DS was the primary

F
b

ig. 6. Conductivity for DS:C1BI:PBIO = 2:2:1 membrane with and without
dded silica and for PBI with 3 equiv. of phosphoric acid (600 mol%).

ource of proton conductivity. As noted above, the pH versus
ime curve for the 2:2:1 membrane was coincident with that for
he 2:1 membrane for the first part of the curve. While conduc-
ivity for the DS:PBIO = 3:1 membrane with added silica was
onsiderably greater, it was notably weaker. On the other hand,
he 2:1 membranes and 2:2:1 membranes with or without silica
ere reasonably strong.

.9. Fuel cell evaluations

Hydrogen/air fuel cell polarization results are given in Fig. 7
or DS:C1BI:PBIO = 2:2:1 with added silica (50 microns thick)
nd for PBI-phosphoric acid with six moles of phosphoric acid
er equivalent of basic polymer at 100 ◦C and 110 ◦C (ambi-
nt pressure, constant 80 ◦C dew point for inlet gases). The
BI-phosphoric acid membrane was 30 �m thick. Conventional
ispersed platinum electrodes having 0.4 mg cm−2 of platinum
ig. 7. Hydrogen/air fuel cell polarization for DS:C1BI:PBIO = 2:2:1 mem-
rane/silica membrane as compared to PBI with 600 mol% of phosphoric acid.
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ig. 8. IR-corrected hydrogen/air fuel cell polarization for DS:C1BI:PBIO =
:2:1 membrane as compared to PBI with 600 mol% of phosphoric acid.

mpedance method, it was surprising that fuel cell performance
as significantly better for the former than for the latter. This
ismatch in conductivity and fuel cell performance was most

ikely due to the well known poisoning of platinum by phosphate
nion adsorption.

A comparison of quasi IR-corrected polarization for the
10 ◦C results of Fig. 7 is given in Fig. 8. The IR correction
as done by calculation based on membrane thickness and ac

onductivity under the same temperature and humidification
onditions rather than on high frequency resistance measure-
ents under fuel cell polarization conditions. This method of

orrection does not account for the electrode IR drop or gain
ue to greater water back diffusion for thinner membranes.
or the PBI-phosphoric acid membrane, the IR-corrected polar-

zation curve was only slightly greater than the experimental
olarization curve. The increase was small due to the thin-
ess of the membrane and due to its high conductivity. For the
S:C1BI:PBIO = 2:2:1/silica membrane, the IR correction was
uch greater due to both its greater thickness and much lower

onductivity. The much higher performance of this MEA versus
he PBI-phosphoric acid containing MEA is presumably due to
ower electrode over potentials, due in turn to the lower propen-
ity of the fluoroalkyl sulfonic acid or imide groups to absorb to
he catalyst surface compared to phosphoric acid.

. Conclusions

Good mechanical properties, good conductivity, and good
uel cell performance above 100 ◦C with minimal water input
ere demonstrated for membranes prepared from PBIO, perflu-
rinated bis-acids, and silica.

Perfluorinated bis-imide acids were shown to plasticize
BI and PBIO, whereas a perfluorinated DS acid was shown
o impart crystallinity to a much greater extent than for a
erfluorinated bis-imide acid, which was also confirmed by
RD. For PBIO, a mixture of imide and sulfonate acids was

hown to result in a phase separated morphology. Conductiv-

[
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ty results for a DS:PBIO = 2:1 membrane with added silica
as quite strong and had conductivity that was as good as a
S:C1BI:PBIO = 2:2:1 membrane with added silica, which had
equiv. of acid. Addition of metal oxides improved mechanical
roperties and improved conductivity. TGA analysis showed that
he acids and membranes formed with them were stable for the

ost part up to about 300 ◦C. Differences between first heats
nd subsequent heats for DSC and DMA results were thought to
e due in part by loss of water during the first heat, slowness of
eordering, and/or the need for absorbed water for reordering.

Fuel cell results for membranes formed from PBIO, fluo-
inated acids, and silica were shown to be better than for the
BI-phosphoric acid membrane despite its much higher pro-

on conductivity and lower thickness. This difference in fuel
ell performance was thought to be due to the difference in
nion adsorption between phosphate and the fluorinated anions.
or PBI-phosphoric acid, the correction for ohmic losses were
ery small, which showed that polarization losses were acti-
ation over potential losses rather than ohmic. On the other
and, for DS:C1BI:PBIO = 2:2:1/silica membrane, IR-corrected
esults showed that ohmic losses were primarily responsible
or polarization losses. While this new type of membrane
howed improved performance compared to PBI-phosphoric
cid membrane under the given conditions, additional increases
n conductivity and/or reduction in thickness would be needed to
educe ohmic losses and thereby improve fuel cell performance.

“Nafion” is a registered trademark of DuPont.
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