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a b s t r a c t

Reduced production costs and enhanced durability are necessary for practical application of polymer
electrolyte fuel cells. There has been a great deal of concern about degradation of the gas diffusion layer
located outside the membrane electrode assembly. However, very few studies have been carried out
on the degradation process, and no suitable methods for improving the durability of the cell have been
found.
eywords:
olymer electrolyte fuel cell (PEFC)
ater management
ater flooding

as diffusion layer (GDL)
urability
ong-term performance

In this work, the influence on the cell performance and factors involved in the degradation of the gas
diffusion layer has been clarified through power generation tests.

Long-term power generation tests on single cells for 6000 h were carried out under high humidity
conditions with homogeneous and inhomogeneous hydrophobic coating gas diffusion layers. The results
showed that the increase in the diffusion overvoltage from the gas diffusion layer could be controlled by
the use of a homogeneous coating. Post-analyses indicated that this occurred by controlling oxidation of

the carbon fiber.

. Introduction

The durability of the various elements in polymer electrolyte
uel cells (PEFCs) must be improved in order to allow practical
pplications of these cells to become possible. To achieve this, it
s important to independently assess the degradation mechanisms
f each element to qualitatively determine correlations between
hem [1,2].

A PEFC consists of a central proton conductive membrane sand-
iched by a catalyst layer (CL) and a gas diffusion layer (GDL) on

ach side; this combined structure is referred to as a membrane
lectrode assembly (MEA) and has a carbon or metallic separator
n each side. Generically, the CL is formed from a Pt-catalyst on
high specific surface area carbon support and a polymer elec-

rolyte similar to a membrane. Carbon black is normally used for
he carbon support since it exhibits high electron conductivity,
igh specific surface area and forms a corrosion-resistant electrode.

arbon paper is generally used for the GDL, in which high elec-
ron conductivity, high gas diffusivity and corrosion resistance are
emanded.
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PEFCs are generally operated under high humidity conditions
created by an external humidifier in addition to the presence of
electrochemically produced water at the cathode; this is because
sulfo-group proton conducting polymers exhibit optimal perfor-
mance under such conditions. On the other hand, during high-load
operation, water condensation can occur at the electrode, and the
gas diffusion overvoltage increases due to inhibition of gas diffu-
sion. This phenomenon is referred to as flooding, and it gives rise
to instability and power reduction. Therefore, optimization of the
waterproofing treatment and the structure of the CL or GDL to pre-
vent such flooding are important [3–6], and this is referred to as
water management.

Even if such water management methods are applied to the
GDL, increasing gas diffusion overvoltage still occurs during long-
term operation as a result of degradation of both the CL and GDL
[7–9].

Many studies have focused on the corrosion of the catalyst car-
bon support. It was reported to be accelerated by the start/stop
cycle with an anode air purge or the load change cycle for focusing
the vehicle [10–14]. Furthermore, the details of the degrada-
tion mechanism have also been clarified by testing of model
carbonaceous materials such as graphite [15–19]. Research into

the use of carbon substitution materials such as conductive oxi-
dation products in order to suppress corrosion is also ongoing
[20–22].

In addition, the CL allows gas diffusion due to its porous struc-
ture, and it has been shown that, during long-term operation, a
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2.2. Fuel cell diagnoses

The polarization curves were regularly observed during the
durability test for long-term power generation. After observations
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oss of diffusivity occurs due to a decrease in the pore volume in
he absence of corrosion [7–9].

On the other hand, there have been very few studies address-
ng the reduction of the hydrophobicity of the GDL. It has been
eported that this occurs due to oxidation of the GDL and degrada-
ion of the PTFE [23–30]. However, the effects of GDL degradation
n the cell performance have not yet been established, nor has a
lear mechanism been presented.

It is estimated that degradation of gas diffusivity is different
y the manufacturing method and a waterproofing treatment of
DL. In the long-term operating test of the PEFC, there are little

esults that gas diffusivity degradations of CL and/or GDL were
eparated. This is because the separating observation of the gas
iffusivity decrease due to CL and/or GDL is difficult. However, CL
nd GDL are components which pass through a different manu-
acture process. If those degradations are separated, it is useful for
evelopers.

Therefore, it is necessary to clarify the relation between GDL
egradation and GDL properties, and to improve the cell lifetime
nd durability by identifying the long-term degradation mecha-
ism of the GDL.

The purpose of the present study is to obtain fundamental infor-
ation concerning the decrease in the hydrophobicity of the GDL in

EFCs under normal operating conditions. Changes in the polariza-
ion during long-term operation were examined using GDLs with
wo different types of waterproofing treatment. The gas diffusivity
ecrease of GDL was specified using GDL used for these long-term
perations and unused GDL.

In addition, post-analyses of GDL were carried out to clarify the
echanism behind the observed decrease in hydrophobicity.
This study adopted waterproofing method of GDL as the exper-

mental parameter to clarify the degradation mechanism of GDL.
eanwhile, the water management property of GDL affects the
oisture state at CL simultaneously. The corrosion of carbon

upport in CL is different with its moisture states [9]. More-
ver, water management GDL may control flooding at CL/GDL
nterface [5,6] due to CL degradation. Therefore, not only GDL
egradation evaluation but CL degradation evaluation was per-
ormed.

. Experimental

.1. Long-term operation test

.1.1. GDL and waterproofing treatment
Carbon paper with a thickness of 110 �m (TGP-H-H030, Toray

ndustries, Inc., Japan) was used for the GDL. Two different water-
roofing methods were used.

The first was treatment with hydrophobic particles by submerg-
ng the GDL in a 12-wt% PTFE dispersion (31-JR, DuPont-Mitsui
luorochemicals Co. Ltd., Japan), followed by drying and heat treat-
ent for 15 min at 350 ◦C. The mean PTFE particle diameter was

.2–0.25 �m. An atomic force microscopy (AFM) image of the
reated surface of the carbon fiber is shown in Fig. 1, where regions
f PTFE adhesion can be seen alternating with exposed regions of
he carbon surface.

The second treatment involved the formation of a hydrophobic
oating by submerging the GDL in a 1-wt% polyperfluoro[4-
inyloxy-1-butene] solution (Diluted Cytop CTL-109AE by CT-
olv.100E, Asahi Glass Co. Ltd., Japan), followed by drying and heat

reatment for 15 min at 60 ◦C. The chemical structure of Cytop is
hown in Fig. 2. It is a fusible material and can form a homogeneous
ydrophobic coating on carbon fiber.

In this report, the former type of waterproofed GDL is referred
o as an inhomogeneous coating GDL and the latter as a homoge-
Fig. 1. AFM observation of carbon fiber with PTFE treatment.

neous coating GDL. Each GDL was assembled in MEA without the
microporous layer.

2.1.2. Membrane electrode assembly
The MEA consisted of a commercially available catalyst-coated

membrane (CCM) which was sandwiched between the water-
proofed GDLs described in Section 2.1.1. Pt particles supported
by carbon black were used for the catalyst. The Pt loading
was 0.3 mg cm−2 in both the anode and cathode, and the elec-
trode area was 3 cm × 15 cm. A 30-�m-thick perfluorosulfonic acid
membrane was used as a proton exchange membrane (PEM). A
perfluorosulfonic acid ionomer was used as an ionomer in CL.

2.1.3. Structure of single cell
Fig. 3 shows the structure of the single cells constructed for

this investigation. Each cell consisted of a CCM at the center with
a GDL and carbon separator on each side. Sixteen straight 1-mm
wide channels were machined into the separator, with lengths of
150 mm and spacings of 1 mm. The channel structure is shown in
Fig. 4. The depths of the channels were 0.5 mm at the cathode and
0.4 mm at the anode. The fuel and oxidant were carried away in a
counter-flow configuration.

2.1.4. Long-term operation tests
The long-term operation tests were conducted at constant

current of 0.3 A cm−2, cell temperature of 75 ◦C, humidifier
temperature of 70 ◦C, with pure H2 utilization of 70% at the
anode (0.135 L min−1), and air utilization of 40% at the cathode
(0.56 L min−1) under atmospheric pressure. The cell resistance was
measured using a milliohm meter at high-frequency. The humidi-
fier was a bubbler containing pure water.
C
F2

Fig. 2. The chemical structure of Cytop (polyperfluoro[4-vinyloxy-1-butene]) for
homogeneous coating.
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Fig. 3. Detailed view of a single cell prepared for the long-term operation test.
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operation test. The spent components were replaced with a newly
aged CCM and GDL, and the rebuilt fuel cell was operated for further
Fig. 4. Detailed view of observation area of GDL with TOF-SIMS.

ere completed, operation was stopped, the cathode gas supply
as changed from air to N2, and the electrochemical properties of
he cell were inspected. After these measurements were completed,
he long-term test was re-started. Cell diagnosis was periodically
onducted using such a sequence.
Sources 196 (2011) 5453–5469 5455

2.2.1. Polarization curves
The polarization curves were regularly measured during long-

term operation under the same generating conditions [7–9]. The
pretreatment of the polarization measurement was as follows. Cell
voltage was held 10 s or more at the open-circuit voltage (OCV),
current density was increased until cell voltage became about 0.2 V,
and it was decreased to zero. After pretreatment, the OCV was held
for 10 s, current density was increased until cell voltage became
about 0.2–0.1 V, and the polarization curve was obtained. The load
current was increased and decreased at a rate of 5 A min−1 with
constant gas utilization same as long-term operation. The flow rate
of H2 and air at OCV were set to 0.04 and 0.12 L min−1, respectively.

In the polarization curve, the cell voltage is decreased with
respect to OCV EOCV by the following factors (see Eq. (1)): the
resistance overpotential �Resistance (see Eq. (2)), the activation over-
potential �Activation (see Eq. (3)), and the diffusion overpotential
�Diffusion (see Eq. (4)).

The polarization analysis was performed to fit the experimental
polarization curves by Eq. (1) using the least-squares method as
demonstrated in Fig. 6.

E(i) = EOCV − �Resistance(i) − �Activation(i) − �Diffusion(i) (1)

�Resistance(i) = Ri (2)

�Activation(i) = b1 ln
i + ic

i0
(3)

�Diffusion(i) = b2 ln
ilim

ilim − (i + ic)
(4)

where E is the cell voltage, EOCV the open circuit voltage, b1 the Tafel
slope at low current density, i the current density, i0 the exchange
current density, ic the leak current density, b2 the Tafel slope at
high current density, ilim the limiting current, R the cell resistance,
and �diffusion is the diffusion overpotential. The theoretical EOCV of
1.23 V was used. Here, �Resistance was calculated using the instan-
taneously measured high-frequency resistance R. ic was assigned
leak current density measured in Section 2.2.2. In the polarization
curve analysis, the anode polarization was neglected.

2.2.2. Chronocoulometry
After measurement of the polarization curve, operation was

stopped, the cathode gas was switched from air to N2, and the
electrochemical properties were then measured.

Chronocoulometry (CC) was used to assess the H2 crossover
rate as an indicator of degradation of the PEM; the measurements
were carried out using a potentiostat [7–9]. The H2 gas crossover
rate from anode being supplied with H2 to the cathode being
supplied with N2 is estimated as the H2 oxidation current at cath-
ode. The cell and humidifier temperatures were the same as those
used during the long-term operation test. The H2 was supplied at
0.09 L min−1 and the N2 at 0.38 L min−1. After these measurements
were completed, the long-term test was re-started. Cell diagnosis
was periodically conducted using such a sequence.

2.3. Identification of degraded components

Degraded components were identified to determine which com-
ponent contributed more to the overall degradation of the fuel cell
[7–9].

The CCM and GDL were replaced after completion of the 6000 h
diagnosis. The components were combined as shown in Table 1 to
create the rebuilt MEAs, and their polarization curves were mea-
sured.
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Table 1
Combinations of MEA components for determining the GDL degradation level.

MEA no.CCM conditionGDL water-proof treatment methodGDL condition
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0 2000 4000 6000

Time / h
1 New Homogeneous coating New
2 New Homogeneous coating Operated for 6000 h
3 New Inhomogeneous coating New
4 New Inhomogeneous coating Operated for 6000 h

.4. Post-analysis to evaluate CL and GDL degradation

.4.1. CCM morphology and cross-section analysis with electron
robe microanalysis

An elemental mapping of the cross-section of each CCM was
btained using an electron probe microanalyzer (EPMA, EPMA-
610, Shimadzu Corp., Japan) in order to evaluate degradation of
ach CCM. The thickness of the CL was also estimated from the
ackscattered electron images (BEIs) of the cross-section of each
CM.

.4.2. Measurement of pore diameter distribution in the CL using
ercury intrusion porosimetry

In order to evaluate changes in the porous structure of the CL on
CCM, the pore structure of the CL was measured using mercury

ntrusion porosimetry (MIP, Poresizer 9320 Micromeritics Instru-
ent Corp., USA). In order to avoid destruction of the void structure,
hen stripping the CL from the membrane, the measurements were

arried out with the CLs still on both the anode and the cathode,
ecause small pores from the PEM applied to the CL were not
etected by MIP. Therefore, the obtained pore structure was the
ean of the structures on the anode and cathode. Also, the mean

hickness of the CL was measured using the BEI. This pore parame-
ers obtained by MIP were normalized to the volumetric by dividing
hickness.

.4.3. Evaluation of the catalyst carbon support crystallinity by
aser Raman spectroscopy

Raman spectra were observed to estimate the structural changes
f the carbon support in the CL [9,14] using laser Raman spectrom-
ter (T-64000, Horiba, Ltd., Japan). Raman spectroscopy has been
pplied for many carbonaceous materials, from graphite to car-
on black and activated carbon, and the spectral changes are well
nown to depend on the average size of the crystalline domains. The
14.5 nm laser line was used for the excitation with approximately
mW of power and a 100 �m laser spot at the sample.

.4.4. Wettability measurement of GDL
In order to quantify the change in the wettability of the GDL,

he dynamic contact angles of the GDL were measured according
o the Wilhelmy method with DCAT21 (DataPhysics Instruments
mbH, Germany). Because the Wilhelmy method evaluates the
ontact angle using a boundary line, it is less sensitive to large
ariations in the hydrophobicity and structure of the GDL carbon
aper than the sessile drop or water permeametry methods, and
llows reproducible measurements. However, the wettabilities of
oth sides of the GDL are measured as one. The GDL was cut into
10 mm × 35 mm strip specimen which was dipped vertically into
ure water. In the Wilhelmy method, the contact angle �, the mea-
ured weight m and the immersion depth h are related by Eq. (5).
he contact angle � is obtained from the intercept by extrapolating
o an immersion depth h = 0 in order to cancel the buoyancy force.
g = L�water cos � − sh�waterg (5)

here g is the gravitational acceleration, L the boundary length
f GDL sample, �water the surface tension of water, s the cross-
ectional area of GDL sample, and �water is the density of water.
Fig. 5. Time-based voltage changes during long-term operation at a current density
of 0.3 A cm−2 with inhomogeneous or homogeneous coating GDL.

2.4.5. Elemental analysis of the GDL with EPMA
The oxygen and fluorine content of each GDL were determined

using EPMA in order to evaluate the degree of degradation. This
technique can identify the elements in compounds on the carbon-
fiber surface. Time change of the O intensity was calculated from
the mapping area which was detected strong O signal especially,
after removing the background and standardized by F intensity.

2.4.6. Identification of surface adsorbates on the GDL using
time-of-flight secondary ion mass spectrometry

Time-of-flight secondary ion mass spectrometry (TOF-SIMS;
TOF.SIMS 5, ION-TOF GmbH, Germany), which measures the masses
of positive and negative ions ejected from the surface during bom-
bardment with Bi32+ ions, was performed to identify the chemical
species present in surface organic adsorbates in a 6 mm × 6 mm
region of the GDL. In order to determine whether the degraded area
of the GDL was facing the rib or the channel of the separator, the
GDL sampling area was defined as shown in Fig. 4. Since TOF-SIMS
is capable of identifying chemical compounds on the carbon-fiber
surface, the results obtained complement the EPMA results. Fur-
thermore, TOF-SIMS is more sensitive than EPMA, particularly to
surfaces. Peak intensity was calculated from the 2 mm × 6 mm area
corresponding to contact face of the channel and the rib of separator
which are shown in Fig. 19(a).

3. Results

3.1. Long-term operation

3.1.1. Time-dependence of cell characteristics
The variations in cell voltage with time during long-term oper-

ation with a 0.3 A cm−2 load are shown in Fig. 5. A decrease in the
cell voltage is observed for both GDLs.

These decreases were analyzed to decouple the polarization
curves at higher current density of 0.6 A cm−2 in order to evaluate
the changes in gas diffusivity.

The initial performance of MEA using GDL which applied each
waterproofing treatment is shown in Fig. 6. Although the initial
performance was almost comparable, homogeneous coating GDL
showed smaller diffusion overvoltage.

Fig. 7 shows the time-based changes in �Activation, �Resistance and
�Diffusion at current density of 0.6 A cm−2. �Activation and �Resistance
remained almost constant. Although the activation overvoltage of

the cell using homogeneous coating GDL was high, it originated
in the variation of the CL performance on CCM. Because activation
overpotential was smaller than this when only CCM was exchanged
for a new one, as shown in Fig. 9. In contrast, �Diffusion exhibited
a different behavior for each of the GDLs, significantly increasing
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ig. 7. (a) Activation overpotential �Activation , (b) resistance overpotential �Resistance ,
uring the long-term operation test at a current density of 0.6 A cm−2.

ith time for the inhomogeneous coating GDL but remaining in
light increase for the homogeneous coating GDL.

Fig. 8 shows the time-based changes in the leakage current den-
ity due to H2 crossover calculated from the CC results. For both
DLs, the leakage current density remained almost unchanged over
000 h of operation. The H2 crossover rate increases with thin-
ing and degradation of the membrane, but is appears that such
egradation was negligible for both GDLs.

.1.2. Identification of deteriorated components
Fig. 9 shows polarization curves for combinations of new or

pent homogeneous coating GDL components. The specific combi-
ations are listed in Table 1. The polarization curves for both MEAs

re almost identical. The homogeneous coating GDL operated for
000 h suffered little or no degradation during power generation at
1% RH. This indicates that there was almost no GDL degradation
ith increasing wettability.
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) diffusion overpotential �Diffusion estimated from the polarization curve conducted

Fig. 10 shows polarization curves for combinations of new or
spent inhomogeneous coating GDL components. The active areas
of these MEAs were only 30 mm × 25 mm because some parts of
the GDL were sampled for post-analysis before these tests. The
cell voltage at high current density at 81% RH is seen to decrease
following 6000 h operation due to an increase in the diffusion
overvoltage. This indicates GDL degradation with increasing wet-
tability.

3.2. Post-analysis

3.2.1. Pt mapping of CCM cross-section with EPMA
obtained with EPMA mapping. The layer with a high concen-
tration of Pt was the CL, and the membrane was between two
CLs. Comparison of the new CCM with the CCMs employed in
long-term operating tests showed that the latter had a slight
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Fig. 9. Polarization curves of MEAs after exchange of homogeneous coating GDL, as
indicated in Table 1. Active area of MEAs was 45 cm2.
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Table 2
CL pore parameters measured with MIP.

Pore volume
(cm3 cm−3)

Peak pore
diameter
(nm)
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Table 3
Contact angles of GDLs.

Homogenous coating GDL Advancing
contact

Receding
contact

F
h

100 h 0.44 57
Homo-coat 6000 h 0.42 56
Inhomo-coat 6000 h 0.33 58

ncrease of Pt signal in the CL. The thicknesses of the CL measured
rom the BEIs were 10.8 �m for the new anode and new cath-
de, 10.9 and 10.4 �m for the anode and cathode operated with
omogeneous coating GDL, and 13.6 and 13.4 �m for the anode
nd cathode operated with inhomogeneous coating GDL, respec-
ively.

.2.2. Pore structure of the CL by MIP
Table 2 shows the CL pore volume cumulated pores from 10

o 1000 nm and peak pore diameter determined by MIP. The pore
olume of the CL decreased more using inhomogeneous coating
DL than homogeneous coating GDL. Each change of the peak pore
iameter is small.
.2.3. Raman spectra of carbon support
Fig. 12 shows Raman spectrum parameters of carbon support

alculated from spectra of the CL. For the comparison of the Raman
pectra, full width at half maximum (FWHM, denoted as �G), the
band position and relative band intensity (ID/IG) were calculated.

ig. 11. Pt mapping of the CCM cross-section with EPMA. Left side is anode and right si
omogeneous coating GDL. (c) CCM after 6000 h operation with inhomogeneous coating
angle angle

100 h operated 172◦ 108◦

6000 h operated 167◦ 96◦

Comparison of these parameters indicated that the operated CLs
exhibited higher G band positions and smaller �G and smaller
ID/IG. This change suggested oxidation of the carbon support. Fur-
thermore, the tendency was greater for the CLs operated with
homogeneous coating GDL.

3.2.4. Wettability measurements of GDL
Hysteresis curves of wettability of the homogeneous coating

GDL determined using the Wilhelmy method are shown in Fig. 13.
For advancing immersion, the curves for GDLs operated for 100 and
6000 h are almost identical. However, during receding immersion,
it can be seen that the GDL operated for 6000 h exerted a stronger
pull than the GDL operated for 100 h. Table 3 shows the contact
angles of the homogeneous coating GDLs. The advancing and reced-
ing contact angles for the GDL operated for 100 h were extremely
large, indicating high hydrophobicity. However, for the GDL oper-
ated at 6000 h, the advancing contact angle was 5–6◦ smaller and
the receding contact angle was 11–12◦ smaller than for the 100 h
case. As shown in Section 3.1.2, the cell performances with these
GDLs were almost identical, although changes in the wettability of
the GDL had occurred.

3.2.5. Elemental analysis on the GDL with EPMA
Fig. 14 shows EPMA O mappings of the GDLs. The homogeneous

coating GDLs exhibited stronger oxygen signals due to the oxygen
content of the Cytop coating (see Fig. 2). O mappings of the homoge-
neous coating GDLs following 6000 h operation are shown in Fig. 14
(Homo-a 6000 h), (Homo-b 6000 h) and (Homo-c 6000 h), for the
surfaces (a), (b) and (c) indicated in the inset. There are no charac-
teristic patterns in the oxygen distribution at any of these regions.
For the cathode channel side of the inhomogeneous coating GDL
following 6000 h operation, however, a clear oxygen pattern was

found, as shown in Fig. 14 (Inhomo-a 6000 h), which reflected the
channel pattern. There was no such pattern found on the CL side of
the same GDL, as shown in Fig. 14 (Inhomo-b 6000 h). In addition,
no pattern was observed on the channel side of the anode GDL, as
seen in Fig. 14 (Inhomo-c 6000 h).

de is cathode. (a) CCM conditioned for 100 h. (b) CCM after 6000 h operation with
GDL.
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Fig. 12. (a) G band half-widths calculated from laser Raman sp

These were subject to more detailed semi-quantitative mea-
urements over a 256 �m2 region. Especially channel side of
nhomogeneous coating GDL measured the region where the oxy-
en signal was strong shown in Fig. 14 (Inhomo-a 6000 h). On the
ther hand, the oxygen content in the homogeneous coated GDLs
as corrected to account for the fraction originating from the Cytop,
sing the fluorine peak intensity and the known composition of
ytop. The results are shown in Table 4. A large increase in the
mount of oxygen present on the channel side of the inhomoge-
eous coating GDL was observed, compared with the homogeneous
oating GDL.

.2.6. Surface adsorbate on the GDL with TOF-SIMS
The EPMA results indicated an increase in the amount of oxygen

n the surface of the channel side of the inhomogeneous GDL which
howed degradation in the polarization (Section 3.1.1). This sur-
ace was also examined with TOF-SIMS to determine the chemical
pecies present.

Comparisons of the relative amounts of surface chemical species
or homogeneous coating and inhomogeneous coating GDL are
hown in Figs. 15 and 16, respectively. The observed peaks were
tandardized by the 31CF+ peak for positive ion data and the CF3

−

eak for negative ion data. The relative intensities of secondary
ositive and negative ions are shown in Fig. 15(a), Fig. 16(a) and
ig. 15(b), Fig. 16(b), respectively.

When the homogeneous coating GDL and inhomogeneous coat-
ng GDL were compared, stronger CxFyO− and CxFyO+ signals were
bserved from the homogeneous coating GDL, reflecting the molec-
lar constitution of Cytop. Moreover, slightly strong CFO−, CF3O−,
2F5O− and C3F5O− signals were observed from the inhomoge-
eous coating GDL following 6000 h of operation. It is thought that

hese originated mainly from the polymer electrolyte, since com-
onents such as C2F3SO4

− and C4F8SO4H− were detected, which
re hereafter referred to as decomposed polymer electrolyte com-
ounds (DPECs).
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Almost no CxFyO− or CxFyO+ signals were observed in the unused
inhomogeneous coating GDL.

A large amount of DPECs, hydrocarbons and the sulphated
compounds were detected in the inhomogeneous coating GDL
following 6000 h of operation compared with the unused inho-
mogeneous coating GDL. However, the adhesions like DPECs and
the sulphated compounds increased on GDL operated for 100 h.
Moreover, increases in the peak intensities associated with sur-
face oxidation, such as O−, OH− and C2HO−, were observed for
the inhomogeneous coating GDL on cathode operated for 6000 h
compared with inhomogeneous coating GDL on cathode operated
for 100 h and the unused inhomogeneous coating GDL. Although
the increase is detected on the GDL operated for 100 h, it is
small compared with the adhesions like DPECs and the sulphated
compounds.

Next, a comparison is made between the cathode channel side,
the cathode CL side, the anode channel side, and the anode CL
side of the homogeneous coating GDL operated for 6000 h, and the
homogeneous coating GDL operated for 100 h.

Large amounts of DPECs were detected on these GDLs. They
were detected most strongly on the cathode channel side, next on
the cathode CL side and then on the other sides. A roughly similar
tendency was found for hydrocarbon and sulphated compounds.

Next, the cathode channel sides of GDLs with different water-
proofing treatments are compared. The following tendencies were
observed for sulphated compounds, Ca+ and peaks associated with
surface oxidation species such as O−, OH− and C2HO−.

Sulphated compounds were detected at almost the same levels
in the homogeneous coating GDLs operated for 100 and 6000 h, and
inhomogeneous GDL operated for 100 and 6000 h. Ca+ was detected
most strongly in the homogeneous coating GDL operated for 6000 h,
followed by the inhomogeneous coating GDL operated for 6000 h,
the homogeneous coating GDL operated for 100 h and finally the
inhomogeneous coating GDL operated for 100 h.

O−, OH− and C2HO− were detected most strongly in the inho-
mogeneous coating GDL operated for 6000 h, followed by the
homogeneous coating GDL operated for 6000 h. The inhomoge-
neous and the homogeneous coating GDL operated for 100 h were
almost the same.

Next, the results of TOF-SIMS mapping for the homogeneous
coating GDL in the area as shown in Fig. 4 are presented. A secondary
positive ion image of the channel side of the homogeneous coat-
ing GDL operated on the cathode for 6000 h is shown in Fig. 17(a).
Ca+ was detected along a straight line through the center of the
measured area. This lay on the dividing line between the channel
and the rib and corresponded to a white deposit observed with an
optical microscope, as shown in Fig. 17(b).

Secondary negative ion images of the channel side of the homo-

geneous coating GDL operated on the cathode for 100 and 6000 h
are shown in Figs. 18 and 19(a), respectively. In both cases, peaks
due to DPECs, hydrocarbons, etc., were strongly observed in an area
corresponding not to the surface facing the rib but to the surface
facing the channel (not shown except DPECs).
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Table 4
Increasing oxygen content on GDL detected with EPMA. Comparison of change rate of oxygen detected with EPMA and chemical species which contain oxygen detected with
TOF-SIMS.

Unused 100 h 6000 h

Homogeneous coating GDL
O mapping by EPMA 74% 100% 83%
TOF-SIMS (O− , OH− , C2HO−) 29% 100% 168%
TOF-SIMS (SO3− , SO4− , C2F3SO4− , C4F8SO4H− , C5F8SO6H−) 12% 100% 251%

4F8SO

C
s
s

n
i

t
a

F
a
o
6
o

Inhomogeneous coating GDL
O mapping by EPMA
TOF-SIMS (O− , OH− , C2HO−)
TOF-SIMS (SO3− , SO4− , C2F3SO4− , C

As seen in Fig. 19(a), S− was observed at the same location that
a+ was found (see Fig. 17). This suggests that the white deposit
hown in Fig. 17(b) may be compound which contains calcium and
ulfur.

Secondary negative ion images of the CL side of the homoge-

eous coating GDL operated on the cathode for 6000 h are shown

n Fig. 19(b). The adhesion distribution is seen to be uniform.
Secondary negative ion images of the channel and CL sides of

he homogeneous coating GDL operated on the anode for 6000 h
re shown in Fig. 20(a) and (b), respectively. In both figures, signals

ig. 14. O mappings of the cathode GDL surface with EPMA. (Homo-a 100 h) and (Homo
nd 6000 h, respectively. (Homo-b 6000 h) CL side of homogeneous coating GDL operated
perated on anode for 6000 h. (Homo unused) and (Inhomo unused) Unused homogeneou
000 h) Channel side of inhomogeneous coating GDL operated on cathode for 100 and 6000
n cathode for 6000 h. (Inhomo-c 6000 h) Channel side of inhomogeneous coating GDL op
18% 100% 788%
18% 100% 543%

4H− , C5F8SO6H−) 6% 100% 397%

due to the DPECs, SO3− and C2F3SO4− are seen to be weak, and a
zebra-stripe pattern due to the channel and separator is absent,
especially in Fig. 20(a).

Meanwhile, secondary negative ion images of the channel and
CL sides of the inhomogeneous coating GDL operated on the cath-

ode for 100 h are shown in Fig. 21(a) and (b), respectively. In both
figures, signals due to the DPECs SO3− and C2F3SO4− are seen. The
same DPECs SO3− and C2F3SO4− were hardly detected on the chan-
nel and CL sides of the inhomogeneous coating GDL operated on
the anode for 100 h, as shown in Fig. 22.

-a 6000 h) Channel side of homogeneous coating GDL operated on cathode for 100
on cathode for 6000 h. (Homo-c 6000 h) Channel side of homogeneous coating GDL
s and inhomogeneous coating GDL, respectively. (Inhomo-a 100 h) and (Inhomo-a
h, respectively. (Inhomo-b 6000 h) CL side of inhomogeneous coating GDL operated
erated on anode for 6000 h.
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Fig. 15. Comparison of main peaks from homogeneous coating GDL with

Lastly, secondary negative ion images of the channel side of the
nhomogeneous coating GDL operated on the cathode for 6000 h are
hown in Fig. 23. Similar DPECs to those shown in Fig. 19(a) were
etected. This and the results of the GDLs operated on the cathode
or 100 h suggest that the difference by waterproofing treatments
n adsorption might be small. On the other hand, following 6000 h
f operation, O−, which was only weakly detected on the channel
ide of the homogeneous coating GDL on the cathode, was clearly
bserved on the channel side of the inhomogeneous coating GDL
n cathode.

. Discussion

In a previous study, carbon corrosion and a decrease in the
mount of PTFE on the carbon fibers of the GDL were observed for

he degraded GDL under drive cycle conditions [26]. Therefore, it is
mportant to consider both the state of carbon fiber and binder sur-
ace and the state of the water-shedding coating. Furthermore, it

ight be likely that the crystallinity of the carbon fiber and binder
reatly also influences the GDL durability since these factors have a
IMS. (a) Secondary positive ion peaks; (b) secondary negative ion peaks.

large effect on the surface properties and oxidation resistivity like
the water-proofing method. The surface roughness of a carbon fiber
is also an important factor for wettability degradation.

In this study, two different GDL waterproofing treatments were
used. One was treatment with a turbid PTFE dispersion and the
other was treatment with a transparent Cytop solution. The PTFE
treatment led to uneven coverage as shown in Fig. 1. It might be
estimated that the PTFE treatment causes particles of its diame-
ter from 200 to 250 nm to adhere to the carbon fiber. In contrast,
the Cytop treatment formed a homogeneous layer since Cytop is a
solution.

As seen in Fig. 7, very little change occurred in the overvolt-
ages for the Cytop-treated GDL. On the other hand, the diffusion
overvoltage increased for the PTFE-treated GDL. Moreover, it was
confirmed that this diffusion overvoltage had its origin in the GDL

as shown in Figs. 9 and 10. The degradation control of GDL by the
homogeneous coating is clear from the above-mentioned compar-
ison. However, CL degradation also affects the increase in diffusion
overvoltage [9]. GDLs of different water management property
were used in this study. As shown in Table 2 and Fig. 12, degra-



5462 Y. Hiramitsu et al. / Journal of Power Sources 196 (2011) 5453–5469

Fig. 16. Comparison of main peaks from inhomogeneous coating GDL with TOF-SIMS. (a) Secondary positive ion peaks; (b) secondary negative ion peaks.

Fig. 17. (a) Secondary Ca+ ion image of channel side of homogeneous coating GDL operated on cathode for 6000 h with TOF-SIMS. (b) Optical observation of the same area
of homogeneous coating GDL observed with TOF-SIMS.
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Fig. 18. Secondary negative ion images of channel side of homo

ations of CL were seen after 6000 h using each GDL. As shown in
able 2, reduction of the pore volume in CL was large when inhomo-
eneous coating GDL was used. As shown in Fig. 12, the corrosion
f carbon support was large when homogeneous coating GDL was
sed. These are considered to be a factor of increase of the diffusion
vervoltage which does not originate in GDL.

Moreover, when these results are compared with our report
rgued about humidification condition as experiment parameter
9], in degradation of CL, operation with inhomogeneous coating
DL seems to correspond to high humidification, and opera-

ion with homogenous coating GDL seems to correspond to low
umidification. Water management performance of GDL may have

nfluenced the humidity in CL. The relation between water man-
gement performance of GDL and CL degradation must be verified
urther.

Analysis of the used GDLs showed that significant changes had
ccurred, especially on the cathode channel side. As shown in
igs. 15(b), 16(b), 19(a) and 23(a), hydrophilic compounds adhered
o the GDL, regardless of water-proofing treatment. Furthermore,
ven after only 100 h of operation, a non-negligible amount of com-
ounds such as DPECs was found to be adhered to the GDL as shown

n Figs. 15(b), 16(b), 19(a) and 21(a).
These results suggest that a large amount of decomposed com-

ounds are released during the early stages of use of the new CCM.
owever, these adhered compounds did not appear to have any

mpact on the performance.

Moreover, this grime was found to adhere to the GDL

urface facing the cathode separator channels as shown in
igs. 18, 19(a), 21(a) and 23. This suggests that water transport
ccurs from the inner MEA to the channels of the separator through
he cathode electrode. Under these power generation conditions,
ous coating GDL operated on cathode for 100 h with TOF-SIMS.

it is thought that the condensed water was generated under high
loading in the polarization measurements. Water-soluble DPECs
formed in the MEA then dissolved in this condensed water, and
they became dehydrated as they passed through the GDL. It is
thought that the water evaporated when the load decreased, and
the dissolved material was deposited on the GDL surface.

In this scenario, water buildup should mainly occur not on the
area of the GDL facing the rib but rather on the area facing the
channel and dissolution should also occur of water-soluble sub-
stances from the outside. Little deposition of material should occur
on the CL side, since it is kept washed by the condensed water, and
evaporation to dryness occurs mainly at the channel side.

In addition, at the anode, the amount of material adhesion at
either the channel or CL side is relatively small. Water conden-
sation occurs at the cathode, but it can be assumed that little
water condenses at the anode, even taking back diffusion into
account.

The use of the homogeneous coating GDL did not have any real
effect on the accumulation of such adhered material. Therefore,
increasing the adhesion resistance of the GDL by improving its
surface properties cannot be expected. However, adhesion of such
hydrophilic material may lead to an increase in the wettability of
the GDL. Its hydrophobicity can then be said to have decreased,
although a receding contact angle of over 90◦ is still maintained,
as shown in Table 3. The origin of the decrease in hydrophobic-
ity cannot be completely clarified, because adhesion of hydrophilic

material and some oxidation were simultaneously observed on the
homogeneous coating GDL.

However, it is thought that the influence of adhering hydrophilic
material is quite small since a large amount of such material is
present even after 100 h of operation. In any case, in the present
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Fig. 19. Secondary negative ion images with TOF-SIMS. (a) Channel side of homogeneous coating GDL operated on cathode for 6000 h. Dashed square area shows the
calculation area for Table 4. (b) CL side of homogeneous coating GDL operated on cathode for 6000 h.
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Fig. 20. Secondary negative ion images with TOF-SIMS. (a) Channel side of homogeneous coating GDL operated on anode for 6000 h. (b) CL side of homogeneous coating GDL
operated on anode for 6000 h.
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Fig. 21. Secondary negative ion images with TOF-SIMS. (a) Channel side of inhomogeneous coating GDL operated on cathode for 100 h. (b) CL side of inhomogeneous coating
GDL operated on cathode for 100 h.
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Fig. 22. Secondary negative ion images with TOF-SIMS. (a) Channel side of inhomogeneous coating GDL operated on anode for 100 h. (b) CL side of inhomogeneous coating
GDL operated on anode for 100 h.
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Fig. 23. Secondary negative ion images of channel side of inhom

tudy, no correlation was found between the amount of such mate-
ial and the degree of flooding in the GDL.

It is thought that such hydrophilization of the GDL surface facing
he channel influences the mobility of liquid drops in the channel.

hen it becomes easy for water to adhere there, plugging results,
nd it becomes a factor in the cell performance. Therefore, it is nec-
ssary to consider the possibility of such plugging during long-term
peration. In the present study, it is possible that no such degrada-
ion was observed because of the use of 16 straight channels that
ere not easily blocked.

On the other hand, for the inhomogeneous coating GDL, com-
ounds related to oxidation of the carbon surface, such as C2HO−

H−, and O−, were detected more frequently than for the homoge-
eous coating GDL (see Figs. 15(b) and 16(b)). The EPMA intensity of
xygen increased remarkably for the inhomogeneous coating GDL
n the cathode following 6000 h of operation as shown in Table 4.
he TOF-SIMS results are also taken into account in Table 4, it can
e assumed that the EPMA signal originates from oxidized regions
f the carbon surface. Therefore, it is suggested that oxidation of
he carbon fiber surface is the cause of the increase in flooding in
he GDL in this case. In addition, this increase in oxygen was also
76% on the CL side of GDL. This indicates the oxidation of carbon
ber occurred on both the channel and the CL side of the GDL. Fur-
hermore, this signal was strongest on the GDL surface facing the
eparator channels (see Figs. 14 and 23). This suggests a correlation
etween oxidation of the GDL and water accumulation.

As discussed above, it can be said that the oxidation of the carbon
ber can be controlled by homogeneous coating with the Cytop
olution, and the increase in the diffusion overpotential from GDL
an be suppressed. Additionally, the application of Cytop to the
icroporus layer which is often used with a GDL is also likely to

e effective in improving its durability. These are interesting topics
or a future study.

Although the present study dealt only with the GDL, oxidation
f the CL is also an important issue, and it is crucial to investi-

ate which of the two components becomes oxidized more easily,
nd which has a larger influence on cell degradation. This will be
ddressed in a future study.
ous coating GDL operated on cathode for 6000 h with TOF-SIMS.

5. Conclusions

In this study, long-term operation of a PEFC with homogeneous
coating and inhomogeneous coating GDLs was carried out and the
changes in diffusion overvoltage were compared. The results indi-
cated that the increase in the diffusion overvoltage from the GDL
could be controlled by the use of a homogeneous coating GDL.

It was shown that the increase in the diffusion overvoltage from
the GDL was caused mainly by oxidation of the carbon fiber, and
not by the accumulated adhesion of hydrophilic material on the
GDL surface.
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