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a b s t r a c t

Past studies have shown that both the substrate and microporous layer of the gas diffusion layer (GDL)
significantly affect water balance and performance of a proton exchange membrane (PEM) fuel cell. How-
ever, little effort has been made to investigate the importance of GDL properties on the durability of PEM
fuel cells. In this study, the in situ degradation behaviour of a commercial GDL carbon fiber paper with
MPL was investigated under a combination of elevated temperature and elevated flow rate conditions.
To avoid the possible impact of the catalyst layer during degradation test, different barriers without
catalyst were utilized individually to isolate the anode and cathode GDLs. Three different barriers were
evaluated on their ability to isolate GDL degradation and their similarity to a fuel cell environment, and
finally a novel Nafion/MPL/polyimide barrier was chosen. Characterization of the degraded GDL samples
n situ
egradation mechanism
aterial loss

was conducted through the use of various diagnostic methods, including through-plane electrical resis-
tivity measurements, mercury porosimetry, relative humidity sensitivity, and single-cell performance
curves. Noticeable decreases in electrical resistivity and the hydrophobic properties were detected for
the degraded GDL samples. The experimental results suggested that material loss plays an important
role in GDL degradation mechanisms, while excessive mechanical stress prior to degradation weakens
the GDL structure and changes its physical property, which consequently accelerates the material loss of

the GDL during aging.

. Introduction

The gas diffusion layer (GDL) is typically a dual-layer carbon-
ased porous material, including a hydrophobic-treated carbon
ber paper or carbon cloth substrate covered by a thinner micro-
orous layer (MPL) consisting of carbon black powder and a
ydrophobic agent. Past studies have shown that the properties
f both the GDL substrate and MPL play a significant role in water
alance and performance of proton exchange membrane (PEM) fuel
ells [1–6]. In these studies of GDLs, the impact of GDL materials
nd design on PEM fuel cell performance losses, rather than dura-
ility, has been the focal point. However, decreased GDL surface

ydrophobicity has been clearly observed after 11,000 h of opera-
ion [7] and cold start conditions [8], unquestionably indicating that
urther investigation of the GDL is warranted. As the fuel cell oper-
tes, the polytetrafluoroethylene (PTFE) and carbon particles from
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the MPL of the GDLs are susceptible to chemical attack (i.e., OH•

radical as electrochemical by-product) and electrochemical (volt-
age) oxidation [9]. The loss of PTFE and carbon results in changes in
the physical properties of the GDL, such as the decrease of conduc-
tivity and hydrophobicity, which further lowers MEA performance
and negatively affects the durability of the whole fuel cell. So far,
only a limited number of studies have focused on the degradation
mechanisms of GDLs or on the relationship between GDL properties
and fuel cell performance decay. Moreover, these publications have
utilized mainly ex situ methods in the study of GDL durability to
avoid the possible confounding effects from adjoining components
such as the catalyst layer and bipolar plate.

The experiments of Borup et al. [10] showed that the loss of GDL
hydrophobicity increased with operating temperature and when
sparging air was used instead of nitrogen. Specifically, they ascribed

the changes in GDL properties primarily to the MPL. Frisk et al. [9]
aged GDLs by submerging the samples in 15 wt.% hydrogen per-
oxide at 82 ◦C. They found that weight loss and the reduction in
MPL contact angle increased with the time of exposure and the
increases were attributed to oxidation of the carbon in the MPL.

ghts reserved.
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angasniemi et al. [11] demonstrated the effect of electrochemi-
al surface oxidation on GDL properties and found that the contact
ngle of the MPL surface decreased remarkably over time when
he GDL samples were immersed in 1 M H2SO4 under potentio-
tatic treatment of 1.2 V vs. standard hydrogen electrode. Lee and
érida [12] recently investigated GDL compressive strain under

teady state (over 1500 h aging time at 80 ◦C and 200 psi) and freez-
ng (54 freeze–thaw cycles between −35 and 20 ◦C) conditions. The
hanges in the aged GDL properties, such as electrical resistivity,
ending stiffness, air permeability, surface contact angle, porosity,
nd water vapour diffusion were comprehensively studied. A max-
mum strain of 0.98% was measured over 1500 h of aging time and
heir further experiments showed that temperature had a larger
ffect on maximum strain than fixture load. Water phase transi-
ion during 54 freeze–thaw cycles had no effect on GDL strain but
n increase in in-plane and through-plane air permeability (18 and
0%, respectively) was found, which was attributed to material loss
uring permeability measurements as a consequence of weakened
PL structure under freezing conditions. Most recently, Schulze

t al. [13] found that the decomposition of PTFE in the electrodes
nduced a performance loss approximately twice as high as those
elated to the agglomeration of the platinum catalyst after 1000 h
f fuel cell operation. However, the effect of PTFE degradation in the
atalyst layer and GDL was not separated and the decomposition
echanism of PTFE was not thoroughly discussed in their paper.
The multi-faceted functions of the GDL in a PEM fuel cell include

lectron conduction, reactants distribution, water transport, heat
onduction and mechanical support to the catalyst layer. The exces-
ive mechanical, chemical/electrochemical and thermal stressors
ill undoubtedly affect the degradation of the GDL, and conse-

uently bring down the durability of the whole fuel cell system. In
his paper, the in situ degradation behaviour of the TORAY® TGPH-
60 carbon fiber paper with MPL was investigated under elevated
emperature and elevated flow rate. The effect of electrochemical
tressor of elevated dynamic potentials on GDL degradation has
lso been investigated and the results will be disclosed in another
aper. In order to avoid the impact of the adjoining catalyst layer,

nstead of CCM, different barriers without catalyst were tested and
andwiched individually between the anode and cathode GDLs dur-
ng the degradation test. Three barriers were explored, including

Nafion® membrane, a Nafion® membrane covered with a per-
orated polyimide film and Nafion® coated with sacrificial MPLs
n both sides and a polyimide border and finally, the last bar-
ier was chosen for the GDL degradation studies. The changes in
he GDL sample’s properties over time were characterized, includ-
ng through-plane resistivity, porosity, RH sensitivity as well as
ingle-cell performance. Based on the experimental results, the
egradation mechanisms of unstressed GDL and GDLs mechanically
tressed prior to aging were explored.

. Experimental

.1. Experimental setup

The in situ GDL accelerated degradation experiment was per-
ormed with Tandem® TP50 fuel cell stack hardware (Tandem Tech.
td., Canada) on a Fuelcon® test station (500W Evaluator Test Sta-
ion, Fuelcon Inc., Germany). For the Tandem® TP50 stack, the
ctive area of each single cell was 50 cm2 with a single serpen-
ine channel for the anode flow field and dual parallel serpentine

hannels for the cathode flow field. A 3-cell TP50 stack was used
o simultaneously age the following three different sets of GDL
amples, i.e., as-received GDLs, hot-press stressed GDLs and assem-
ly stressed GDLs. 6% PTFE-treated TORAY® TGPH-060 carbon fiber
aper (190 �m thick) was utilized as both anode and cathode GDL
ces 195 (2010) 1888–1894 1889

substrate. The MPL ink, which consisted of acetylene black (Shaw-
inigan AB50 grade; Chevron) and PTFE, was screen printed on the
substrate. The carbon loading in both the anode and cathode MPL
was kept at 10.0 mg cm−2, while the PTFE contents in the anode
and cathode MPLs were controlled at 10 and 20 wt.%, respectively.
According to the available literature, the ideal operational condi-
tions for PEM fuel cells include a temperature of about 80 ◦C and
relatively low stiochiometry of approximate 2 and 3 for hydrogen
and air, respectively [14–16]. To accelerate the GDL degradation,
in this study GDL samples were subjected to a combination of
elevated temperature and elevated flow rate continuously over
200 h. The hydrogen and air were first fully humidified at 80 ◦C
then heated to 120 ◦C prior to their delivery to fuel cell stack. De-
ionised water was supposed to be utilized as coolant to control the
fuel cell stack temperature, while here no coolant was employed
in order to degrade GDL samples at elevated temperature beyond
100 ◦C. In the accelerated degradation test, the flow rate for hydro-
gen and air was controlled at 7.88 and 31.0 SLPM (standard liter
per minute), respectively. The flow rates corresponded to relatively
high theoretical stoichiometries of 7.5 and 11.8 at the anode and
cathode, respectively, at a current density of 1 A cm−2. The stack
assembly was compressed with a bladder pressure of 100 psig and
leak testing was performed before degradation testing.

In addition to as-received GDLs, other two sets of hot-press
stressed and assembly stressed GDL samples were aged at the same
time in order to explore the effects due to thermal and mechani-
cal stresses encountered during manufacturing and/or operating
processes such as hot-pressing process to prepare MEA and high-
temperature PEM fuel cells operated above 100 ◦C. The conditions
used for the stressed samples were as follows:

Hot-pressing stress: GDL samples were hot-pressed at 135 ◦C and
435 psi for 5 min;
Assembly stress: GDL samples were assembled in a cell with a blad-
der pressure of 200 psig for 30 min.

2.2. Alternative barriers investigation

Since it is unfeasible to separate the GDL intact from the aged
MEA due to the adhesive property of PTFE and/or carbon particle,
different barriers without catalyst have been employed for GDL
stability and degradation research in this study. The barrier was
sandwiched between the anode and cathode GDL and no catalyst
was used in the degradation testing to avoid the impact of carbon
particles, Nafion® ionomer and Pt from the catalyst layer. Nafion®

membrane, a combination of the Nafion® membrane and a poly-
imide film, and one novel barrier were investigated, with the latter
barrier eventually being utilized.

Nafion® 117 membrane was initially utilized as the barrier to
separate anode and cathode GDLs. As shown in Fig. 1a and b, after an
aging test of 200 h under high dynamic potential condition, portions
of the MPL on the membrane-facing side of the GDL samples bonded
to the Nafion membrane after its removal. Due to the adhesion, it
was impossible to successfully remove the degraded GDL intact.
This is also the reason that most research studies have focused on
the ex situ analysis of GDL degradation.

The second barrier included covering a sample of Nafion® 112
membrane with a perforated polyimide film, as shown in Fig. 2a.
The Nafion membrane was slightly larger than the active area, while
the polyimide film was the same size as the flow field plates. The
polyimide film was chosen due to its superior thermal and chemical

stability. In order to allow water transport through the barrier, the
active area where the GDL samples were located was perforated
by needle at a hole density of 16 holes cm−2. After approximately
70 h of aging under the dynamic potential condition, it shows that
the degraded GDL samples were easier to peel off from the bar-



1890 J. Wu et al. / Journal of Power Sources 195 (2010) 1888–1894

F
t

r
s
o
fi
s

s
1
t
n
s
t
t
c
c
b
f
p

an active area of 50 cm2. The Nafion/MPL/polyimide barrier that
was utilized in the degradation tests consisted of a sheet of Nafion
112 membrane with a polyimide frame and an active area coated
with MPLs on both sides applied after four hot-pressing procedures.
ig. 1. Nafion® 117 membrane barrier after utilization as a barrier in a degradation

est (a); partial enlarged view of the membrane (b).

ier, compared with those attached to the first barrier. However, as
hown in Fig. 2b, slight marks from the MPL of the GDLs were left
n the Nafion membrane through the perforation in the polyimide
lm, a consequence of the membrane swelling that occurs in the
aturated condition.

The third barrier test involved hot-pressing as-received GDL
amples to a Nafion® 112 membrane repeatedly at 130 ◦C and
50 psi for 5 min each time until a layer of MPL had transferred
o the membrane forming a sacrificial MPL layer. The change of the
ormalized Nafion/MPL weight with the number of hot-presses is
hown in Fig. 3. The Nafion/MPL weight increases significantly at
he first three hot-presses due to the adhesion of the MPL from
he GDL to the membrane. As shown in Fig. 3, there is almost no

hange in the Nafion/MPL weight after the fourth hot-pressing pro-
edure. The major advantage of this MPL is to help prevent further
onding between the Nafion and the GDL samples, which are used
or the characterization as well as performance tests. Due to the
orous nature of the sacrificial MPL, it was also expected that the
Fig. 2. Nafion® 112 membrane with a perforated polyimide film after utilization as
a barrier in a degradation test (a); partial enlarged view of the barrier (b).

Nafion/MPL barrier would provide a better ionic connection. The
polyimide film with silicon adhesive on one side was used as the
sub-gasket to protect the edges of the Nafion membrane, leaving
Fig. 3. Change of the normalized membrane/MPL weight with the number of hot-
presses.



J. Wu et al. / Journal of Power Sour

F
e

A
b
a

2

5
e
a
l
t
s
m

2

s
1
h
c
fl
a
h
a
e
a

ig. 4. Polyimide/Nafion/MPL barrier utilized in degradation testing (a); partial
nlarged view of the barrier (b).

fter 200 h of degradation testing, the final Nafion/MPL/polyimide
arrier is shown in Fig. 4a and b, and no obvious changes in appear-
nce or mass can be detected.

.3. Post-characterization of degraded samples

Once the degradation phase was completed, the three sets of
0 cm2 GDL samples were divided for further characterization. For
very degraded GDL sample, two GDL test pieces, each with an
rea of 5 cm2, were cut from the areas of reactant inlet and out-
et respectively for performance and relatively humidity sensitivity
ests. Two round GDL test pieces with an area of 2 cm2 were cut from
pecific locations for through-plane electrical resistivity measure-
ents, and the remainder was utilized for porosity measurement.

.3.1. Performance and relative humidity (RH) sensitivity
The performance and RH sensitivity tests of the degraded GDL

amples were conducted with a MedusaTM RD test station (Model
00 W, Teledyne Energy Systems, Inc., USA). For the fuel cell
ardware, commercial hardware (Teledyne Energy Systems, Inc.)
onsisting of POCO graphite plates with triple parallel serpentine
ow fields for both the anode and cathode were utilized. The active

2
rea of the hardware was 5 cm and a co-flow configuration for
ydrogen and air was employed in the experiments. To measure
nd compare the change of GDL samples before/after aging, all
xperiments were performed using Gore PRIMEA® Series 55 cat-
lyst coated membrane (CCM) with a dry membrane thickness of
ces 195 (2010) 1888–1894 1891

25 �m and a platinum loading of 0.4 mg cm−2 for both the anode
and cathode.

In performance tests, the cell temperature was kept at 60 ◦C with
hydrogen and air humidified at 60 and 50 ◦C, respectively. The cell
was controlled under ambient backpressure and the stoichiomet-
ric coefficients for hydrogen and air were 1.5 and 3.0, respectively.
RH sensitivity analysis, referred to as an RH fingerprint test, is a
technique that has been utilized by Los Alamos National Labora-
tory (LANL) for characterizing GDL degradation [17]. The technique
examines the response of cell performance to changes in the rela-
tive humidity of the reactant gases. In the RH sensitivity tests, the
cell temperature was held at 60 ◦C while the humidification tem-
peratures of the hydrogen and air were changed simultaneously
in the range of 30–80 ◦C. The in situ current interrupt technique
was utilized to measure internal cell ohmic resistance during the
experiments [18]. A constant voltage of 0.6 V was chosen and the
variations in current, as well as current interrupt cell resistance,
with reactant humidification temperatures were monitored.

2.3.2. Electrical resistivity
The through-plane electrical resistivity of the as-received and

degraded GDL samples was measured. The 2 cm2 round GDL test
piece, which was cut from a specific area of the GDL sample,
was sandwiched between two gold-coated copper plates and com-
pressed under a pressure of 175 psi. A current (I) of 4.0 A was applied
with an Agilent E3510A DC power supply and the resulting voltage
drop between two gold-coated plates (�V) was measured with a
Fluke 87 True RMS multimeter. The through-plane electrical resis-
tance (R) was described by:

R = �V

I
= � · L

A
(1)

where � was through-plane electrical resistivity, A was the area
of the GDL sample and L was the thickness of the GDL test piece
under 175 psi compressive load. Thus, the through-plane electrical
resistivity can be determined by re-arranging Eq. (1):

� = �V

I

A

L
(2)

2.3.3. Porosity
The porosity data for the GDL samples was obtained using

an Auto Pore IV 9500 V1.05 mercury intrusion porosimeter
(Micromeritics Instrument Corp., USA). The applied pressure for
injection of mercury into the sample is inversely proportional to the
pore radius in the sample in accordance with the Washburn equa-
tion and consequently, the pore size distribution can be calculated
from mercury porosimetry data.

3. Results and discussion

3.1. Change in through-plane resistivity

Fig. 5a shows the through-plane electrical resistivity of the
as-received and mechanically stressed GDLs prior to degradation
testing. The resistivity of the as-received anode and cathode GDL
samples is 0.40 and 0.62 � cm, respectively. After mechanical treat-
ment, the resistivity of the stressed GDL samples is higher than that
of as-received ones, especially for the cathode GDL samples, whose
increased electrical resistivity is more significant (see Fig. 5a). For
the hot-press stressed cathode, the through-plane electrical resis-

tivity is 0.78 � cm, while the resistivity of the assembly stressed
cathode is 0.85 � cm, which is approximately 38% higher than that
of as-received cathode. This increase in resistance is likely caused
by a weakening of the GDL structure during mechanical treatment,
such as the carbon fiber breakage at the land/channel edge or the
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ig. 5. Through-plane electrical resistivity of the as-received GDL and mechanically
tressed GDL test pieces before aging (a) and after aging (b).

tructure collapse of carbon particles and PTFE in the MPL, which
egatively impacts the through-plane electrical resistivity.

The through-plane electrical resistivity of the aged GDLs, includ-
ng unstressed, hot-press stressed and assembly stressed samples,
s shown in Fig. 5b. After aging under accelerated conditions of ele-
ated temperature and elevated flow rate, the electrical resistivity
f the unstressed anode and cathode GDL samples is slightly lower
han that of the as-received ones, and it becomes 0.40 and 0.57 � cm
or aged anode and cathode, respectively. However, it is worth not-
ng that the resistivity of the hot-press and assembly stressed GDL
amples drops dramatically. As shown in Fig. 5b, the electrical resis-
ivity of the aged GDLs with mechanical treatment is very close to
hat of unstressed GDL anode and cathode. The decrease in resistiv-
ty for all GDL samples is likely attributed to the material loss, e.g.,
onconductive PTFE loss from the substrate or MPL during aging
t elevated temperature and elevated flow rates. In the case of
ot-press and assembly stressed GDLs, this phenomenon becomes
ronounced due to the weakened structure during the mechanical
reatment, which would likely cause more GDL material loss during
ging.

.2. Change in performance and RH sensitivity

As-received and aged GDL samples were assembled with fresh
CM samples to test the effect of GDL aging on fuel cell perfor-
ance. Fig. 6a and b shows the single-cell polarization curves with

he as-received and aged GDL sample sets, which were obtained
y recording the current change as a function of cell potential. As
or Fig. 6b, it is a partial enlarged diagram of Fig. 6a in the range

f 0–800 mA cm−2. Since all performance experiments were con-
ucted using fresh Gore PRIMEA Series 55 CCM, the activation
verpotentials due to the sluggish kinetics of oxygen reduction
eaction at low current densities should be relatively uniform. Con-
Fig. 6. 5 cm2 single-cell performance comparison between the as-received and aged
GDL sample sets (a) and its partial enlarged diagram without error bars (b).

sequently, for all the GDL sample sets, there is almost no difference
in performance in low current density range of 0–50 mA cm−2, as
shown in Fig. 6b. At intermediate current densities from around
50 to 700 mA cm−2, the cell’s performance with aged GDL samples
are very close and slightly higher than that with as-received pre-
aging GDLs. In this region, ohmic overpotential is the dominant
cause of voltage loss and the cell potential decreases nearly lin-
early with current density. As mentioned above, the nonconductive
PTFE loss during aging can lead to the decrease in through-plane
electrical resistance of degraded GDLs. Compared with as-received
pre-aging GDL, another contribution to the ohmic overpotential
reduction is the drop-off of contact resistances at the GDL/CCM
and GDL/plate interfaces due to the nonconductive PTFE loss of
degraded GDLs during performance experiments. At high cur-
rent densities, the mass transport losses of the reactants for the
cells with the three sets of aged GDL samples are significantly
more drastic than that with as-received GDLs, as demonstrated in
Fig. 6a.

In order to analyse GDL hydrophobicity loss, an RH sensitivity
analysis of the as-received and degraded GDL samples was also
conducted with the Teledyne single cell hardware, the results of
which are shown in Fig. 7. The cell operating temperature was
maintained at 60 ◦C while the humidification temperatures of the
hydrogen and air were increased from 30 or 35 to 80 ◦C. At low
humidification temperatures (less than 40 ◦C) the reactant gases
were under-saturated prior to their introduction into the cell. Fur-
thermore, the cell was operated at relatively high potential of 0.6 V,
which likely causes the amount of water removed from the cell to
be higher than the amount of water generated by the reaction plus

the water introduced. In this case, water management becomes a
major challenge, resulting in membrane drying and inferior perfor-
mance. As a result, for the tests with either as-received or aged GDL
samples, current interrupt resistances for the case of low reactant
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stressed anode from Table 1, due to the relatively low hydrogen
flow rate during aging. However, a little increase in total poros-
ity can be noticed for all aged cathode GDL samples, which can be
attributed to the material loss during aging. The function of PTFE is
to impart a hydrophobic nature to the GDL and also provide bond-

Table 1
Total porosity of as-received and aged GDL samples.

GDL samples Total porosity (%)

As-received pre-aging anode 64
Unstressed anode after aging 62
Hot-press stressed anode after aging 44
ig. 7. Comparison of RH sensitivity and current interrupt resistance between the
s-received and aged GDL sample sets.

umidification are relatively high due to the poor proton conduc-
ivity of the drier membrane.

With increasing reactant humidified temperatures, more water
s introduced into the cell, which can mitigate membrane dry-
ess and increase the hydration of the ionomer in the catalyst

ayer. Therefore, the ohmic resistance of the cell decreases and
orrespondingly, the cell performance increases with increas-
ng humidification temperature until a maximum performance is
eached. For the cell with as-received GDLs, the maximum per-
ormance is achieved when the humidification temperature is
0 ◦C. However, for the cells with aged GDL sample sets, includ-

ng unstressed, hot-press stressed and assembly stressed GDLs,
he maximum performances are obtained at lower humidifica-
ion temperatures of approximately 52, 49 and 45 ◦C, respectively.

hen the cell exhibits the maximum performance, the desirable
ater balance is realized in the cell, which means the membrane

emains well hydrated and at the same time no liquid water accu-
ulates in the cell. The difference in RH sensitivities of as-received

nd degraded GDL samples is closely related to the change of
heir hydrophobic/hydrophilic properties before/after accelerated
egradation [17]. In addition, the change in the pore structure
f the degraded GDL samples could give rise to this behaviour;
owever, as described below in Section 3.3, no significant change
an be observed in their pore size distributions. Thus one can
iscount changes in pore structure as the cause of the RH sensi-
ivity variations observed. Compared with as-received pre-aging
DLs, the optimal humidification temperatures of the three sets of
egraded GDL samples drops dramatically, most likely indicating
ydrophobic material loss during aging, which is in agreement with
he abovementioned results of through-plane resistance. Clearly,
mong the three degraded GDL sample sets, the assembly stressed
DL sample set shows the most hydrophobicity loss due to the
eakened structure before aging, while the unstressed GDL sam-
le set demonstrates the least hydrophobicity loss. It is noteworthy
hat the maximum current density of the hot-press stressed GDL
ample set is reduced significantly in addition to the decrease in
he optimal humidifier temperature. This reduction in maximum
urrent density for the hot-press stressed GDL sample set demon-
trates clearly the weakened capacities of water management and
eactants transport, which can be attributed to the severe structure
amage during the mechanical overstress, as well as material loss
nd porosity change during aging.

For as-received and all degraded GDL sample sets, the cell

erformance apparently decreases when reactant humidification
emperatures increase beyond their optimal values, while the cell
hmic resistance remains at an almost constant value, as shown in
ig. 7. This can be explained as an indication of excess liquid water
logging the electrodes and/or flow channels, leading to a flooding
Fig. 8. Pore size distribution comparison between the as-received and aged anode
(a) and the as-received and aged cathode (b).

problem at high humidification temperatures. The decrease in opti-
mal humidification temperature for aged GDLs implies a reduction
in water management, which may cause many critical issues when
the cell is operated under relatively high RH condition, such as
flooding and inactivity of the catalyst layer, and/or limited oxygen
permeability through the GDL to the catalytic sites, and eventually
be a detriment to fuel cell performance and durability.

3.3. Change in pore size distribution and total porosity

Mercury intrusion porosimetry measurements were conducted
to determine the pore size distribution changes in the GDL sam-
ples. As shown in Fig. 8a and b, for the as-received and degraded
TORAY® TGPH-060 anode and cathode GDLs with MPLs, only large
macropores of 10–100 �m radius can be found and no other pores
are present. With regard to the total porosity of all aged anode GDL
samples, no obvious change is observed except for the hot-press
Assembly stressed anode after aging 64
As-received pre-aging cathode 62
Unstressed cathode after aging 71
Hot-press stressed cathode after aging 65
Assembly stressed cathode after aging 67
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ng to the carbon particles, which means that the PTFE loss might
ikely cause the increase in porosity of the aged GDL samples. The
eason that the total porosity of the hot-press stressed cathode is
uch higher than that of the anode may be ascribed to more severe
aterial loss on cathode side. For both anode and cathode GDL sam-

les, the hot-pressing treatment at 435 psi and 135 ◦C most likely
ollapses the structure of carbon particles and PTFE in the MPL,
nd simultaneously results in the dramatic decrease in the total
orosity at the same time. The significant PTFE and carbon particles

oss might further weaken the GDL structure and increase the total
orosity of the hot-press stressed and aged cathode GDL sample.
hile for anode GDL, the less PTFE loading and low hydrogen flow

ate may cause less material loss and unobvious porosity change.
t can be concluded that mechanical treatment of hot-pressing
tress or assembly stress weakens GDL structure and accelerates its
egradation. For the cell with the degraded GDL samples, includ-

ng unstressed, hot-press stressed and assembly stressed GDL sets,
he mass transport limitations at high current densities are mainly
aused by the material loss in GDLs during aging, especially loss of
he hydrophobic PTFE.

. Conclusions

Three different barriers were explored, including a Nafion®

embrane, a Nafion® membrane covered with a perforated poly-
mide film and Nafion® coated with sacrificial MPLs on both sides
nd a polyimide border. After the barriers were evaluated on their
bility to isolate GDL degradation and their similarity to a fuel
ell environment, the last barrier was chosen in our GDL degra-
ation studies. The barrier was sandwiched between the anode
nd cathode GDLs and no catalyst was used in the degradation
esting. For comparison, three sets of GDL samples were used
imultaneously during the degradation testing, including one as-
eceived unstressed GDL set, and two GDL sets stressed according
o a simulation of excessive hot-press and assembly pressure prior
o degradation. After 200 h accelerated degradation, an obvious
ecrease in through-plane resistivity of degraded GDL samples
as observed, especially for two sets of mechanically stressed GDL

amples. The degraded GDL samples exhibited less-hydrophobic
haracteristics, resulting in remarkable mass transport losses dur-
ng the polarization curve measurements. The experimental results
uggested that material loss, especially nonconductive PTFE loss, is
he major mechanism of GDL degradation in an aging experiment.

hile for hot-press and assembly stressed GDLs, the excessive

echanical damage will weaken GDL structure, cause changes in

he GDL characteristics and consequently accelerate the material
oss in the GDL during aging.

Further work is still needed to measure and distinguish quanti-
atively the material loss from the substrate and MPL, respectively.

[

rces 195 (2010) 1888–1894

To this end, for example, a plain GDL substrate with MPL or a
hydrophobic-treated substrate without MPL can be employed in
the degradation tests. From the viewpoint of practical applications
of fuel cell technology, the accelerated degradation test results
should correlate to real world degradation and the statistical accel-
erated lifetime testing model [19] will be utilized in our further
research. An investigation of the effects of different accelerated
conditions, such as a combination of elevated temperature, ele-
vated flow rate and dynamic electrical potential, on PEM fuel cell
degradation will be reported soon.
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