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a  b  s  t  r  a  c  t

The  durability  of proton  exchange  membrane  (PEM)  fuel  cells  remains  a challenging  issue  for  their  long
term operational  use.  Degradation  of  the  PEM  related  to dissolution  of  the  adjacent  catalyst  and  re-
deposition  into  the  PEM  significantly  reduces  cell efficiency.  We  investigate  the  effects  of  platinum  (Pt)
dispersions  intended  to  simulate  the re-deposited  catalyst  on  the mechanical  durability  of  the  PEM.  The
bulge  technique  was  applied  to characterize  the mechanical  properties  of  PEMs  simulating  pressure
loading  on  fully  hydrated  membranes  in  fuel  cells.  The  results  showed  that  with  increasing  Pt  dispersion
concentration  the  stiffness  of  the  PEMs  increased,  and  the  membranes  became  less  ductile  and  inclined
to fracture  at lower  stresses  under  pressure  loading.  We  also  used  the  out-of-plane  tearing  test  to  char-
latinum
ulge test
earing test
afion®

acterize  membrane  fracture  behavior  which  revealed  the  harmful  effects  of  Pt  dispersion  on  the  fracture
resistance  under  different  environmental  conditions.  Deterioration  in  fracture  resistance  was  explained
in  terms  of the  Pt distribution  and  aggregation  as  defects  inside  the  membranes  as  characterized  by  elec-
tron microscopy.  Fracture  was  shown  to  initiate  preferentially  at the  interface  of Pt  particles  and  the
polymer  matrix,  and  propagate  through  the  defect  regions  in  polymer  with  lower  energy,  thus  reducing
the  overall  fracture  resistance  of  the  PEM.
. Introduction

Proton exchange membrane fuel cells (PEMFCs) are a promising
ower source in stationary, portable, and automotive applications
1–3]. Despite significant improvements in efficiency of these fuel
ells in recent years, the durability of current PEMFCs is still a
hallenging issue for their practical use [4].  In particular, degra-
ation of proton exchange membranes (PEMs), including chemical
ecomposition induced by a hydrogen peroxide byproduct [5–12]
nd mechanical damage of the membranes under pressure loading
13–20],  represents common failure modes that limit the lifetime
f fuel cells.

The performance of PEMFCs is also significantly dependent on
he electrocatalytic activity of catalysts such as platinum (Pt) and

t alloys in both electrodes [21]. The deleterious effect of cat-
lyst degradation on fuel cells efficiency has been investigated
22–25], and the phenomenon of Pt dissolution in the adjacent

Abbreviations: PEM, proton exchange membrane; PFSA, perfluorosulfonic acid;
IW, distilled water.
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catalyst layer and subsequent re-deposition into the PEM after
long-term operation was also reported [26]. On the other hand, it
has also been reported that Pt dispersions in PEMs suppress chem-
ical degradation of the molecular structure of the membranes [27].
Notwithstanding such observation, however, the effects of such
Pt dispersions on the mechanical durability of PEMs are currently
unknown.

Accordingly, in this study we  investigated the mechanical prop-
erties of PEMs with Pt dispersions intended to simulate the effect of
re-deposited Pt catalyst. The bulge testing method was applied to
simulate pressurized loading on hydrated membranes in fuel cells.
This method was  previously used with a gas pressure medium to
characterize PEMs’ strength and resistance to gas leakage [17–19],
and was  also applied to analyze the effect of foreign cation con-
tamination on the mechanical reliability of hydrated PEMs using
water as a pressure medium [20]. Here we studied not only the
biaxial stress–strain behavior of the PEM-Pt with various Pt concen-
trations, but also their fracture toughness under hydrated pressure
loading. The results showed that with increasing Pt dispersion con-

centration the stiffness of the membranes increased. Pt dispersion
also made the membranes less ductile and inclined to fracture at
lower stresses. In addition, we  used the tearing test to characterize
the out-of-plane fracture behavior of PEM-Pt. Pt dispersions had

dx.doi.org/10.1016/j.jpowsour.2011.05.069
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:dauskardt@stanford.edu
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Detailed information of our bulge test technique, including
experimental apparatus, testing procedures and data analysis, has
been described previously [20], and is only briefly reviewed here.
Fig. 1. Schematic diagra

eleterious effects on the fracture resistance of the membranes
nder different environmental conditions and was explained in
erms of the Pt distribution and aggregation inside the membranes
s characterized by electron microscopy. Fracture was shown to
nitiate at the interface of Pt particles and the polymer matrix,
nd propagate through the defect regions in polymer with lower
nergy, thus reducing the overall fracture resistance of PEM. The
eterioration in mechanical property and fracture toughness of the
embranes indicated that catalyst Pt dissolution and subsequent

e-deposition may  be implicated in the acceleration of mechanical
egradation of PEMs, which is detrimental for the overall durability
f a fuel cell.

. Experimental

.1. Membranes preparation

Nafion® perfluorosulfonic acid (PFSA) polymers were used as a
epresentative material. There were several methods to incorpo-
ate Pt into Nafion® membranes [28–30].  In this study, the PEM-Pt
amples were prepared by dispersing the designed amounts of Pt
owders (platinum black, fuel cell grade, ≥99.9% trace metals basis,
igma–Aldrich®, Inc.) into a PFSA polymer solution (5 wt% Nafion®

17 solution, Sigma–Aldrich®, Inc.), and the various Pt/dry PFSA
ass ratios were adjusted to be in a range of 1–75%, respectively.

 homogeneous suspension of the mixtures was created with bath
onication for 2 h, and then immediately cast onto a flat glass sur-
ace, which was heated at 60 ◦C until the solvent was completely
emoved by evaporation. Pure PEMs were also prepared using a

 wt% Nafion® solution with the same casting and evaporating pro-
edures.

The membranes were removed from the glass surface, and then
ere treated with a 3 wt% H2O2 solution for 1 h to oxide organic

mpurities, followed by 0.5 M H2SO4 aqueous solution at 23 ◦C for
 h to remove ionic impurities [31]. Next, we rinsed the membranes

n distilled water (DIW) to remove the excess acid, and wiped them

ith filter paper. Finally, the membranes were dried at 30 ◦C for

4 h before use. The membrane thickness was determined by the
olume of solution cast per unit area. The resulting thickness of
ach specimen was measured with a digital micrometer (Digimatic
he bulge test apparatus.

Micrometer, Mitutoyo Corporation, Japan) prior to the experiments
and were all 50 ± 10 �m.

2.2. Characterization of platinum

The catalyst Pt dispersed inside the membranes was examined
by transmission electron microscopy (TEM). Cross-sectional spec-
imens for TEM observation were prepared by ultramicrotomy. A
small piece of the membrane was first embedded in a 2.3 M sucrose
solution and frozen in liquid N2. Then the membrane was sectioned
by a cryo-ultramicrotome (Leica ULTRACUT UCT) using a glass knife
at −80 ◦C. The sectioned films with an approximate thickness of
80 nm were attached on a TEM copper grid (SPI Supplies® 300
Mesh, West Chester, PA). The TEM observations (FEI Tecnai G2 F20
X-TWIN with EDS) were conducted at a 200 kV operating voltage.
The tearing test fracture surface of PEM-Pt specimens was  observed
with a Hitachi S-3400N variable pressure scanning electron micro-
scope (VP-SEM) (Hitachi Ltd., Pleasanton, CA) operated at 15 kV and
40 Pa, with a working distance of 7–8 mm.

2.3. Bulge test
Fig. 2. Out-of-plane tearing test specimen.
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Fig. 3. TEM images of PEM-Pt with Pt/PFSA

ulge testing was conducted using a plexiglass unit encasing a
rilled cavity with two channels, which were filled with DIW as
he pressure medium (Fig. 1). PEM-Pt specimens (15 mm  × 15 mm)
ere first clamped onto the orifice of the cavity, and one side

f the membrane was exposed to DIW for 10 min  to achieve the
ully hydrated condition before testing. Then the specimens were
ressurized with the DIW to form a balloon like shape at a con-
tant medium flow rate of 0.089 �L s−1, and the pressure inside the
ystem was measured by a pressure transducer. During the exper-
ments, one microscope was used to measure the bulge height of
he specimens, and another one was positioned vertically above the
ulge system to monitor the surface of the bulged membrane for
enetration of the DIW. The bulge test experiments were carried
ut at a constant temperature and relative humidity condition, i.e.,
t 23 ◦C and 25% RH.

To determine the biaxial stress and strain in the PEM, the pres-
urized membrane was modeled as a section of a thin-walled
pherical pressure vessel having uniform equal biaxial stress and
urvature. Then, the equal biaxial stress, �, in the membranes is

iven by:

 = pR

2t
(1)
 ratios of (a) 1%, (b) 5%, (c) 10% and (d) 70%.

where p is the applied pressure, R is the radius of the sphere and t is
thickness of the tissue. Using the Pythagorean Theorem, the radius
of pressure orifice, a, and bulge height, h, was  related to R:

R = h

2
+ a2

2h
(2)

The bulge height h of the PEM specimens was  measured with optical
microscopy from the side view by focusing on the highest center of
bulged specimens.

The thickness of the bulged membrane was calculated assuming
constant volume deformation with the equation:

t = t0

�2
(3)

where t0 is the initial, strain-free thickness of the PEM measured
before clamping on the test system, and � is the biaxial stretch given
by:

� = L

2a
(4)
where L is the length of the arc of the bulge. The biaxial true strain,
ε, was obtained from the biaxial stretch using:

ε = ln (�) (5)
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agate through a defect region with Pt distribution in the polymer
(Fig. 7(b)). Increasing amounts of Pt particles and clusters are there-
fore expected to result in the reduced fracture stress observed in
the bulge tests with increasing Pt/PFSA mass ratio. This result is
R. Jia et al. / Journal of Powe

he biaxial modulus B of the membrane was determined from the
nitial slope of stress–strain curves before the onset of non-linear
ield loading.

.4. Out-of-plane tearing test

Out-of-plane tearing test (trouser test) specimens were pre-
ared by cutting PEM-Pt samples to have two legs with an identical
idth of 12.5 mm and an untorn ligament length of ∼22 mm,  as

hown in Fig. 2. The tests were conducted with a high precision
echanical test system (Delaminator Adhesion Test system, DTS

ompany, Menlo Park, CA) under two environmental conditions of
5% and 100% RH at 23 ◦C inside an environmental chamber (Associ-
ted Environmental System, Inc., Ayer, MA). The legs were clamped
n the testing machine and loaded in tension in opposite directions
t a constant displacement rate of 100 �m s−1. An out of plane frac-
ure propagated in the ligament. The tearing fracture energy was
alculated using [32]:

tear = 2F

t
(6)

here F is the average tearing force during fracture propagation
nd t is the thickness of the membrane. For each type of PEM-Pt
ith a specific Pt concentration, three specimens were tested, and

he average values of Gtear were reported.

. Results and discussion

.1. Characterization of platinum dispersed in PEMs

TEM images of the PEM-Pt with different Pt/PFSA mass ratios are
hown in Fig. 3. The PEM with 1% Pt was characterized by relatively
niformly distributed Pt particles (dark spots), but with increasing
t/PFSA mass ratio the Pt particles tend to aggregate into larger
lusters with complex shapes. The phenomenon of Pt particles re-
eposition and aggregation in PEMs from catalyst layers after fuel
ell operation has been reported [26,33–35].  It was shown that the
elatively larger Pt clusters (with maximum sizes of ∼500 nm)  were
ainly distributed near the electrodes and smaller particles (with

iameters less than 50 nm)  were scattered further from the catalyst
ayers. The PEM-Pt specimens analyzed in this study therefore are
epresentatives of both regions in PEMs with re-deposited catalyst
fter fuel cell operation. In subsequent sections we  rationalize the
echanical behavior in terms of these Pt dispersions.

.2. Bulge test on PEMs with Pt dispersion

The pressure applied on PEM-Pt with various Pt/PFSA mass
atios during bulge testing is shown as a function of time in Fig. 4.

ith increasing Pt concentrations the initial slope of the pres-
ure vs. time curves increased and the membranes burst pressure
ecreased.

Using the applied pressure and corresponding bulge height
easured from the side view microscope (Fig. 1), the biaxial stress

nd strain of the PEM-Pt with various Pt concentrations were
alculated using Eqs. (1)–(5).  Fig. 5(a) and (b) shows the biaxial
tress–strain curves over the full strain range and the initial strain
ange (0–0.03), respectively. The biaxial stress–strain curves have a
imilar shape but the membranes with higher Pt concentration tend
o fracture (bulge burst) earlier at lower stress values (Fig. 5(a)),
nd the biaxial elastic modulus B increased with increasing Pt/PFSA
ass ratio (Fig. 5(b)).

The fracture stress of PEM-Pt in bulge tests decreased with

ncreasing Pt/PFSA mass ratios, becoming constant at ∼8 MPa, as
hown in Fig. 6. This trend represents the deleterious effect of cata-
yst Pt dispersion on the fracture resistance of PEMs under pressure
Fig. 4. The pressures applied on PEM-Pt with various Pt/PFSA mass ratios as a func-
tion of the pressurizing time until bulge burst.

loading. TEM images of PEM-Pt clearly reveal that cracks initi-
ate preferentially at the interface of Pt particles and the polymer
matrix (Fig. 7(a)), and cracks were subsequently observed to prop-
Fig. 5. Biaxial stress vs. strain of PEM-Pt with various Pt/PFSA mass ratios (�) 0%
(pure PEM); (�) 1%; (�) 25%; and (�) 70%) over (a) full strain range and (b) initial
strain range of 0–0.03.
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Fig. 6. Fracture stress of PEM-Pt as a function of Pt/PFSA mass ratios in bulge test.

Fig. 7. TEM images of PEM-Pt with (a) cracks initiation and (b) cracks propagation.
Fig. 8. Biaxial modulus of PEM-Pt as a function of Pt/PFSA mass ratios.

consistent with an interesting phenomenon recently reported [36].
It was  reported that catalyst coated membranes have shorter life-
times than pure PEMs in blister fatigue tests, suggesting the large
amount of Pt depositing on PEM surfaces tends to reduce the
mechanical reliability of membranes.

The biaxial moduli B of PEM-Pt are summarized and compared
in terms of the Pt/PFSA mass ratios in Fig. 8. It is noticeable that
the biaxial modulus gradually increased with increasing Pt con-
centration, reaching a maximum at a Pt/PFSA mass ratio of ∼55%.
The incorporation of catalyst Pt particles and clusters therefore
had the effect to stiffen the PEMs. However, we note that the
resulting stiffness is significantly lower than that of pure Pt bulks
(Young’s modulus E ∼158 GPa) or even plasma deposited Pt nano-
structured films (E ∼140 GPa) [37], which using effective medium
theory would be expected to have a larger effect of increasing the
PEM-Pt modulus. For the present membranes, the reduced effect
of the Pt dispersions is likely related to the high volume fraction of
porosity within the Pt clusters (Fig. 3(d)).

3.3. Tearing test on PEMs with Pt dispersion

The forces measured in the PEM-Pt tearing tests were used to

calculate the corresponding tearing fracture energy, Gtear, using Eq.
(6). Fig. 9 shows the results of Gtear for PEM-Pt with various Pt
concentrations, tested at 25% RH and 100% RH.

Fig. 9. Tearing fracture energy of PEM-Pt as a function of Pt/PFSA mass ratios tested
at  25% RH and 100% RH, respectively.
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Fig. 10. SEM images of tearing fracture surfaces of PEMs with Pt/PFSA mass r

The tearing fracture energy tested at 25% RH was  gradually
educed with increasing concentrations of Pt dispersed in the mem-
ranes, and became relatively constant after the Pt/PFSA mass
atios were higher than 50%. SEM images of the fracture surfaces of
he membranes with selected Pt dispersions are shown in Fig. 10.  It
an be observed that at a lower Pt concentration (3%) the Pt particles
the largest particles with ∼1 �m diameter) were distributed inside
he membrane (Fig. 10(a)). As Pt/PFSA mass ratio increased to 10%,
arger Pt clusters appeared on the fracture surface (Fig. 10(b)). Sim-
larly to the fracture mechanism of PEM-Pt under pressure loading
iscussed in the previous section, cracks would initiate easier at
he interface of Pt particles and the polymer matrix, and propagate
hrough defect regions with Pt distribution in the polymer, thus
educing the overall fracture resistance of PEM. When the Pt con-
entration increased further to 70%, we observed a small amount
f PFSA polymers existing among Pt with macro porous structures
n the fracture surface (Fig. 10(c)), and the corresponding frac-
ure energy was reduced ∼40% compared with that of pure PEMs.
he relatively constant energy values for the membranes with Pt
oncentration higher than 50% would probably be related to the
ignificant volume fraction of Pt in the membranes. As the propor-
ion of polymers decreased to a certain level, the fracture resistance
f PEM-Pt specimens was mainly dependent on the porous Pt and
ould not decreased significantly further with increasing Pt/PFSA
ass ratio.
It is also noticeable in Fig. 9 that the tearing fracture energy

tear of all PEM-Pt specimens at 100% RH decreased significantly
ompared to their dry counterparts measured at 25% RH, and was

lightly lower than that of pure PEMs measured at 100% RH. SEM
mages of fracture surfaces of PEM-Pt with the same Pt concen-
ration (3%) but tested at different humidity conditions illustrate
oticeably different features, as compared in Fig. 10(a) and (d). The
of (a) 3%, (b) 10% and (c) 70% tested at 25% RH, and (d) 3% tested at 100% RH.

fracture surface of the membranes tested at 25% RH had feather-
like structures, but the surface of the membrane fractured at 100%
RH showed narrow strips along the fracture propagation direction,
which represented a common feature of brittle materials. The dele-
terious effect of water absorption on the mechanical durability of
PEMs has been previously reported [20]. The decreased fracture
resistance under hydrated condition was explained by the presence
of excessive water that can not only weakens the ionic interaction in
clusters formed by sulfonic acid groups, but also reduces the inter-
molecular forces of the main chains in the PFSA polymers [38,39].
Therefore the significant decrease in fracture energy of PEM-Pt
under fully hydrated conditions is related to the combined effects
of water absorption and the role of the Pt dispersions discussed
above.

4. Conclusion

In this research, we  studied the effect of Pt dispersions intended
to simulate the re-deposited catalyst on the mechanical dura-
bility of PEMs with thin film characterization approaches. The
bulge testing was applied to assess the biaxial mechanical behav-
ior of membranes by using water as a medium to simulate
hydrated pressurized loading on PEMs in fuel cells. The stiffness
of PEM-Pt increased with the increasing Pt concentrations, but
the membranes became less ductile and their fracture stresses
were noticeably reduced. In addition, we used the out-of-plane
tearing test to characterize the fracture properties of PEM-Pt. The
results showed that the Pt dispersion had deleterious effects on

fracture resistance of the membranes under different environ-
ments. These mechanical and fracture behaviors were explained
in terms of Pt distribution and aggregation inside the membranes
as characterized by electron microscopy. Fracture was shown to
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nitiate preferentially at the interface of Pt particles and the poly-
er  matrix, and propagate through the Pt defect regions in polymer
ith lower energy, thus reducing the overall fracture resistance of

he PEM. The deterioration in mechanical property and fracture
oughness of the membranes indicated that catalyst Pt dissolution
nd subsequent re-deposition may  be implicated in the accelera-
ion of mechanical degradation of PEMs.
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