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Polystyrene-eth ylene-b u tylene su lfona te c op olym er m em b ra nes (PS E B S ) w ere p h otoc h em ic a lly
c ross-link ed u sing b enz op h enone a s th e p h oto-initia tor. B enz op h enone d ec om p osed b y first-ord er
k inetic s d u ring th e c ross-link ing p roc ess. T h e c ross-link ed PS E B S h a d low er w a ter sw elling ,
low er p roton c ond u c tiv ity, a nd h ig h er c h em ic a l sta b ility th a n u n-c ross-link ed PS E B S . T h e c ross-
link ing p roc ess d id not c h a ng e th e ion ex c h a ng e c a p a c ity (I E C ); th e su lfonic a c id g rou p s w ere
sta b le d u ring th e U V p h oto-c ross-link ing p roc ess. T h e p h oto-c ross-link ed PS E B S m em b ra nes
d eg ra d ed m ore slow ly d u ring fu el c ell op era tion th a n non-c ross-link ed m em b ra nes. A la yered
m em b ra ne w ith PS E B S sa nd w ic h ed b etw een th in N a fion la yers d eg ra d ed a t a lm ost th e sa m e
ra te a s PS E B S m em b ra nes. N a fion la yer c onta c ted w ith elec trod es c a nnot p rev ent m em b ra ne
from d eg ra d a tion d u ring th e fu el c ell op era tion; d eg ra d a tion rea c tion c a rried ou t a ll th rou g h
th e m em b ra ne b etw een c a th od e a nd a nod e.

I ntroduc tion

Polym er elec trolyte m em b ra nes fu el c ells (PE M F C s)
a re b eing d ev elop ed for tra nsp orta tion a nd resid entia l
a p p lic a tions b ec a u se of th eir h ig h energ y c onv ersion
effic ienc y, z ero p ollu tion em ission, a nd low op era tion
tem p era tu re.1-3 N a fion (p rod u c ed b y D u Pont), a p er-
flu orosu lfonic a c id p olym er, is th e m ost w id ely u sed
p roton c ond u c tor in th e PE M F C s d u e to its h ig h ionic
c ond u c tiv ity, g ood th erm a l sta b ility, h ig h c h em ic a l
sta b ility, a nd g ood m ec h a nic a l streng th .3,4 H ow ev er, its
h ig h p ric e (p resently, $ 8 0 0 /m 2 for ∼10 0 µm th ic k
m em b ra nes)5 a nd th e d iffic u lty of its d isp osa l h a s led
to th e inv estig a tion of low -c ost, env ironm enta lly friend ly,
nonp erflu orina ted ionom er m em b ra nes. S om e of th e
p olym er elec trolytes inv estig a ted to d a te, inc lu d e p olysu l-
fona ted triflu rostyrene,6 p olyeth er eth er k etone (PE E K ),7 ,8

p oly(a rylene eth er su lfone) (PS U ),9-11 PV D F -g ra ft
styrene,12-14 a c id -d op ed p olyb enz im id a z ole (PB I ),15,16

a nd p olyp h osp h a z ene.17 ,18 T h e id ea l fu el c ell m em b ra nes
sh ou ld h a v e low c ost (less th a n $ 10 /k W in a PE M F C ),
h ig h c h em ic a l sta b ility, h ig h m ec h a nic a l streng th , a nd
h ig h c ond u c tiv ity. N o m a teria l h a s yet to sa tisfy a ll th e
d esired sp ec ific a tions.

Polystyrene-eth ylene-b u tylene su lfona te (PS E B S ) is
a c op olym er of styrene-eth ylene-b u tylene w ith th e
a rom a tic ring s b eing su lfona ted . M em b ra nes of PS E B S
a re inex p ensiv e, a nd th eir c ond u c tiv ity c a n b e ea sy
c h a ng ed th rou g h v a rying th e d eg ree of su lfona tion.
H ow ev er, PS E B S h a s lim ited c h em ic a l sta b ility a nd
sw ells su b sta ntia lly w ith w a ter a b sorp tion. PS E B S
m em b ra nes lose m ec h a nic a l streng th w h en sw ollen w ith
w a ter. C ross-link ing m a y b e u sed to inc rea se th e m e-
c h a nic a l streng th a nd to d ec rea se th e sw elling of fu el
c ell m em b ra nes. T h e su lfona tion m a y b e c a rried ou t p re-

or p ost-c ross-link ing . Post-su lfona tion is d one b y first
c ross-link ing a p olym er m em b ra ne a nd th en ex p osing
th e c ross-link ed m em b ra ne to a su lfona tion a g ent.19-22

T h e su lfona tion is slow a nd not u niform a c ross th e
m em b ra nes b ec a u se th e su lfu ric a c id p enetra tes th e
h yd rop h ob ic m em b ra nes slow ly. Pre-su lfona tion ex p oses
a m em b ra ne to a su lfona tion a g ent, a nd th en th e c ross-
link ing is d one a fter su lfona tion. In th is c a se, th e c ross-
link ing u su a lly ta k e p la c e b etw een th e su lfonic a c id
g rou p s on d ifferent m olec u les,10 resu lting in a d ec rea se
of c ond u c tiv ity.

R ec ently, G ra v es a nd Pinta u ro c ross-link ed p oly-
[(a lk ylp h enox y) (p h enox y) p h osp h a z ene] film s u nd er
U V (365 nm ) ra d ia tion u sing b enz op h enone a s th e p h oto-
initia tor.23 In th e p resent p a p er, th is m eth od w a s
su c c essfu lly u sed to c ross-link PS E B S m em b ra nes. T h e
c ross-link ed PS E B S h a d low er w a ter sw elling , low er
p roton c ond u c tiv ity, a nd g rea ter c h em ic a l sta b ility th a n
u n-c ross-link ed PS E B S . T h e c ross-link ing p roc ess d id
not c h a ng e th e ion ex c h a ng e c a p a c ity (I E C ) of th e
m em b ra nes. N a fion la yers p la c ed b etw een th e elec trod es
a nd PS E B S m em b ra nes d id not p rev ent m em b ra ne from
d eg ra d a tion d u ring th e fu el c ell op era tion.

E x p erim ental Sec tion

Poly(styrene-eth ylene-b u tylene) su lfona te (F ig u re 1)
w a s ob ta ined a s a solu tion in a m ix tu re of p rop a nol,
d ic h loroeth a ne, a nd T H F from D a is-A na lytic C o. T h e
m olec u la r w eig h t of th e p olym er a nd th e m onom er
stoic h iom etry w ere p rop rieta ry. T h e ion ex c h a ng e c a -
p a c ity (I E C ) w a s 1.50 m m ol/g . N a fion solu tion w ith
eq u iv a lent w eig h t 110 0 g /m ol of S O 3 w a s ob ta ined from
I on Pow er (L I Q U I O N 110 0 , 5% solu tion). 2-Prop a nol
w a s p u rc h a sed from F ish er C h em ic a ls.

* A d d ress c orresp ond enc e to eith er a u th or. Ph one: +8 6-10 -
8 97 337 8 3 (S .L .C .) or (60 9)258 -54 16 (J .B .B .). F a x : +8 6-10 -
697 24 7 21 (S .L .C .) or (60 9)258 -0 211 (J .B .B .). E -m a il:
slc h en@ c u p .ed u .c n (S .L .C .) or b enz ig er@ p rinc eton.ed u (J .B .B .).

† C h ina U niv ersity of Petroelu m .
‡ D ep a rtm ent of C h em istry, Princ eton U niv ersity.
§ D ep a rtm ent of C h em ic a l E ng ineering , Princ eton U niv er-

sity.

F igure 1 . S tru c tu re of D a is p olym er elec trolyte. T h e p olym er is
a b loc k c op olym er of b loc k s of p olystyrene a nd th en b loc k s of
eth ylene/b u tylenes. A p ortion of th e p h enyl ring s is su lfona ted .
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The membranes were recast from alcohol solutions
of polystyrene-ethylene-butylene sulfonate. The mem-
brane recasting setup consists of three parts: a cylindri-
cal glass tube (6.35 cm diameter), a glass plate, and a
level adjustment. The ends of wall on the glass tube
were carefully polished flat. When the cylindrical tube
was place on the glass plate and liquid is introduced
into the cylinder, it does not leak out. The level of the
glass plate was adjusted to make the membrane thick-
ness uniform.

To prepare membranes suitable for cross-linking,
benzophenone to a desired concentration was added into
the PSEBS solution from Dais. The solution was diluted
with 2-propanol to ∼6 wt % PSEBS, stirred for several
minutes, and transferred into the membrane casting
setup. The level of the glass plate was adjusted care-
fully; membrane thicknesses were uniform to (2 µm.
The solvents were evaporated at 50-60 °C in a drying
oven. After the solvent completely evaporated, the
membranes were annealed at 135 °C in Ar for 15 min.
The membranes irradiated with a UV lamp (365 nm,
556 mW/cm2) in Ar atmosphere at room temperature
(25 °C). After 12 h of irradiation, the membranes were
turned over and irradiated on from the other side for
12 h. After irradiation was complete, the membranes
were soaked in 1 M H2SO4 for 24 h and then washed
thoroughly with DI H2O to remove any metallic ion
impurities. The same procedures were used to cast un-
cross-linked PSEBS membranes except no benzophen-
one was added and the membranes were not exposed
to UV irradiation.

For Nafion-PSEBS layered membranes, 10 µm Nafion
membranes were cast from Nafion solution from Ion
Power as described elsewhere.24 The dry PSEBS mem-
brane was placed between two dry 10 µm Nafion
membranes. The sandwich structure was pressed be-
tween Teflon plates at 100 °C and 50 MPa for 2 min.

The kinetics of the structure change of PSEBS during
cross-linking was followed by FTIR. A benzophenone-
containing PSEBS film of ∼10 µm thickness was cast
on a sodium chloride plate from the PSEBS solution
containing a known amount of benzophenone. After air-
drying for several hours, the film was irradiated with a
UV lamp (365 nm, 556 mW/cm2) in an Ar atmosphere
at room temperature (25 °C). During the irradiation, the
sample was removed from UV light source periodically,
and FTIR spectra were recorded using a Nicolet 730 FT-
IR spectrometer.

The conductivity measurements were performed in a
controlled environment bomb using a two-probe method
with a Princeton Applied Research potentiostat/gal-
vanostat model 273A and Princeton Applied Research
lock-in amplifier model 5210. The desired humidity was
reached by injecting a certain amount of water into a
container holding the sample at controlled temperature
and measuring the water vapor pressure.25 The IEC of
membranes was obtained by titration.10

Membranes ∼3 cm × 3 cm × 100 µm thick were
vacuum-dried at ∼80 °C for 3 h and then weighed, and
the length was measured. The membranes were then
placed in liquid H2O for 10 h at 25 °C, the external
water was wiped off, the samples were weighed, and
the length was measured. The water uptake and linear
swelling were recorded for the membranes contacted
with liquid water.

Membrane electrode assemblies (MEA) were prepared
with commercial E-TEK electrode (0.4 mg/cm2 Pt load-

ing carbon cloth). The 5 cm2 electrodes were made by
impregnating 0.6 mg of Nafion /cm2 into the E-TEK
electrodes and then pressing electrodes onto both sides
of the membrane at 135 °C and 20 MPa for 1 min. The
MEAs were tested in a Globltech fuel cell test station.
Pure H2 was fed to the anode at 100 mL/min. Either
100 mL/min O2 or 250 mL/min air was fed to the
cathode. The flow rates are much greater than the
stoichiometric, so the gas phase compositions at the
anode and cathode are nearly uniform. The humidity
of the feed gases was fixed by bubbling the gas streams
through bottles of water at controlled temperature. Our
standard test conditions were with the fuel cell at 80
°C, the anode humidification bottle was at 88 °C, and
the cathode humidification bottle was at 86 °C. The feed
humidification was estimated to be ∼80-90% relative
humidity (RH) at 80 °C. After the fuel cell had reached
stable conditions, cyclic voltammograms were done at
a sweep rate of 100 mV/S and in the range of 0.1-1 V
versus hydrogen electrode for 1 h. Once the CVs were
reproducible, the cell potential versus current-potential
data was obtained with an electronic load.

Membrane lifetime was tested by operating the fuel
cell at a controlled potential of 0.6 V for various periods
of times. Polarization curves were subsequently ob-
tained to estimate the change in membrane resistance.

Results and Analysis

Cross-Linking/FT-IR Experimental Results. FT-
IR spectra recorded as a function of irradiation time are
shown in Figure 2. The 1654 cm-1 peak is the CdO
stretch vibration for benzophenone. The decomposition
rate of benzophenone was determined by plotting the
log absorbance (ln[A1654]) as a function of irradiation
time, as shown in Figure 3; the first-order rate constant
of photodecomposition was ∼0.25 h-1.

The 2924 and 2853 cm-1 peaks are the CH2 asym-
metric stretch and the symmetric stretch, respectively.
The 2962 cm-1 peak is the CH3 asymmetric stretch. It
is obvious that the 2924 cm-1 (CH2) peaks got smaller
with irradiation time. The CH2 peaks were de-convo-
luted by fitting the spectra with Gaussian peaks. The

Figure 2. FT-IR spectra of benzophenone-containing PSEBS
during photo-cross-linking process. The 1654 cm-1 peak is the
benzophenone’s CdO stretch vibration. The 2924 cm-1 and 2853
cm-1 peaks are the C-H stretching vibration of CH2. The 2962
cm-1 peak is the C-H stretching vibration of CH3. The broad peak
at 3700∼3200 cm-1 is the OH stretching peak.
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area of each Gaussian was determined as a function of
irradiation time; the peak areas for CH2 relative to their
initial area are shown in Table 1. The area of CH2 peaks
decreased with time, indicating the CH2 groups partici-
pated in the cross-linking process. Because the intensity
of the CH stretch associated with the styrene was too
weak relative to the CH2 stretches, it was not possible
to show if the CH group was involved with the cross-
linking reaction during the cross-linking process. But
it is suspected that the CH groups also reacted as they
are expected to be chemically more reactive than the
CH2 groups. A board peak in the range of 3700-3200
cm-1 emerged during the cross-linking reaction indicat-
ing formation of OH groups from the benzophenone. On
the basis of the FT-IR results, a possible sequence of
chemical reactions of the cross-linking process is shown
in Figure 4.

Physical-Chemical Characteristics of the Mem-
branes. The physical-chemical characteristics of the
membranes are shown in Table 2, and for comparison,
the properties of Nafion 115 are also included. The
water uptake and swelling of the cross-linked PSEBS
was lower than that of PSEBS. The water swelling of
both PSEBS membranes were greater than Nafion 115.
The IEC of PSEBS was reduced by cross-linking.
However, the IEC of PSEBS membranes based on the
density of sulfonic acid groups was the same before and
after cross-linking, indicating that the sulfonic acid
group was stable during the UV photo-cross-linking
process. Cross-linking reduced the ion conductivity and

swelling. The cross-linking may have resulted in less
and smaller hydrophilic channels for water absorption
and proton mobility. The conductivity of PSEBS was
twice that of Nafion 115, approximately scaling with the
IEC.

Fuel Cell Performances of Membranes. Polariza-
tion curves were taken as a function of time on line to
characterize the stability of the membranes in use.
Figures 5 and 6 show the polarization curves for PSEBS
membranes without and with cross-linking. The power
density loss at 1 A/cm2 due to the MEA resistance of
the non-cross-linked PSEBS membrane increased from
0.27 to 0.47 W/cm2 over 55 h of operation, while the
power density loss at 1 A/cm2 due to the MEA resistance
of the cross-linked PSEBS membrane was 0.32 W/cm2,
a little bit higher than that of non-cross-linked PSEBS
membrane, but only increased to 0.40 W/cm2 after 85 h
on-line.

To reduce the rate of membrane degradation at the
electrode-membrane interface, a thin perfluorosulfonic
layer of Nafion was introduced between the electrode
and the PSEBS membrane. Nafion-layered membranes
were made by pressing 10 µm Nafion membrane on both
sides of PSEBS membranes. The fuel cell performance
of a layered membrane is shown in Figure 7. The

Table 2. Characterization of the Membranes

membranes PSEBS PSEBS-CL 5.6%a PSEBS-CL 10.2%b Nafion 115

ion exchange capacity, IEC (mequiv/g) 1.50 1.40 1.35 0.91

Water Swelling (in Liquid Water)
linear expansion, % 41.2 32.9 32 13.3
H2O take up, wt % 213 140 140 22

Conductivity, at 100% RH (S cm-1)
60 °C 0.280 0.221 0.235
80 °C 0.304 0.252 0.262 0.142
100 °C 0.320 0.255 0.267 0.154
120 °C 0.303 0.243 0.264 0.166

a The benzophenone in the PSEBS is 5.6 wt %. b The benzophenone in the PSEBS is 10.2 wt %.

Figure 3 . Depletion of benzophenone with time. The absorbance
of the carbonyl stretch of benzophenone at 1654 cm-1 as a function
of irradiation time. The data fit is A(t) ) A(0)e-0.25t.

Table 1. Relativ e Peak Area of CH 2 FT-IT Absorption

normalized peaks area

irradiation time 0 h 3.0 h 6.5 h 13.0 h 29.0 h

2924 cm-1 (CH2) 1.0 0.62 0.6 0.53 0.46 Figure 4 . Chemical reactions of PSEBS photo-cross-linking using
benzonphenone as initiator. The process starts with photoexcita-
tion of the benzophenone to generate radicals. The radicals take
a tertiary or secondary hydrogen atom from the polymer chain,
making a radical center on the polymer. The radicals attack
another polymer chain forming a cross-link.
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performance of Nafion-layered membranes shows that
the stability of Nafion-layered membranes was about
the same as membranes without the Nafion protective
layer. The stability of different membrane preparation
is shown more clearly in Figure 8 where the cell voltage
is shown as a function of time with the current main-
tained at 600 mA/cm2. The voltage decline precipitously
over 100 h for the non-cross-linked PSEBS membrane
and the Nafion/PSEBS-layered membrane. In contrast,
the cell voltage decayed by only ∼10% over 300 h with
the cross-linked membranes.

A frequent assumption is that degradation of mem-
branes in fuel cells occurs at the interface surface
between the electrodes and membranes.26,27 The results
reported here show little effect of having a protective
layer at the membrane-electrode interface, which sug-
gests that degradation of PEMFC membranes occurs

throughout the membranes and is not limited to the
membrane-electrode interface.

The reduction of oxygen at the cathode may occur
with the formation of free radicals, which could attack
the polymer chains and degrade the performance of fuel
cell. The accepted view is that the polystyrene structure
can be attacked at the R-C forming stable tertiary
radicals.28 Cross-linking removes the most reactive
centers in the PSEBS and reduces mobility in the
polymer matrix. Both of these may contribute to the
improved performance stability of the cross-linked
PSEBS membrane in the fuel cell.

Conclusions

PSEBS membranes were successfully cross-linked
through photoreaction using benzophenone as a photo-
initiator. The benzophenone reacted by first-order ki-
netics during the cross-linking process. The cross-link
takes place between CH2 and CH groups in PSEBS
membranes. The photo-cross-linked PSEBS are much
more stable than PSEBS membranes during fuel cell
operation. After cross-linking, the PSEBS conductivity
was reduced, while the IEC kept constant, indicating

Figure 5. Performance of a fuel cell over time with a PSEBS
membrane. Membrane thickness: 90 µm, anode: 88 °C, cell: 80
°C, cathode: 86 °C, total P ) 1 atm, H2/O2.

Figure 6 . Performance of fuel cell over time with a cross-linked
PSEBS (PSEBS-CL 5.6%) membrane. Thickness: 90 µm, anode:
88 °C, cell: 80 °C, cathode: 86 °C, total P ) 1 atm, H2/O2.

Figure 7. Performance of fuel cell over time with a PSEBS
membrane sandwiched between Nafion. Membrane: Nafion/
PSEBS/Nafion (10/90/10 µm, anode: 88 °C, cell: 80 °C, cathode:
86 °C, total P ) 1 atm, H2/O2.

Figure 8 . Cell potential changes with time at 600 mA/cm2 for
different membranes (88/80/86 °C, total P ) 1 atm, H2/O2).
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that the sulfonic acid group is stable during UV cross-
linking process. Nafion layers between the membrane
and the electrodes cannot prevent membrane from
degradation during the fuel cell operation; the degrada-
tion reaction carries out all through the membrane
between cathode and anode.
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