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Abstract—This study proposes an in situ accelerated stress test of a gas diffusion layer (GDL) at a gas-solution-elec-
trode triple phase boundary to individually examine electrochemical and mechanical GDL aging for the first time.
Electrochemical GDL stability during repeated potential jumps and mechanical GDL robustness during inert gas per-
meation were investigated. A Pt-loaded GDL was used to mimic a GDL in contact with Pt particles at the cathode. It
was also used to evaluate GDL degradation during an accelerated stress test. In this study, the GDL that experienced an
electrochemical stress of potential jumps up to 1.75V for 27.8 h exhibited 2.9-fold and 4-fold higher losses in electro-
chemical surface area and oxygen reduction current, respectively, than did one eroded by Ar permeation at 325 cm’
min ™' for 100 h.
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and Mechanical Degradation

INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) made up of elec-
trolyte, catalyst layer (CL), GDL, and gas flow field gradually degrade
during extended operation, thus worsening their performance [1-
7]. Particularly, when a fuel cell electric vehicle repeatedly experi-
ences start-up and shut-down (SUSD) events or fuel starvation,
carbon-based components in PEMFC stacks can be corroded, be-
cause carbon oxidation is thermodynamically favored at >0.207 V
(vs. RHE), and its corrosion rate exponentially grows at >1.000 V
(vs. RHE) [8-12]. Specifically, Yi et al. [13] proposed a ‘reverse-cur-
rent decay mechanisny’ for a PEMFC cathode during a simulated
SUSD event, reporting a maximum potential at the cathode of
1443V (vs. RHE). Tang et al. [14] studied carbon corrosion at the
cathode by switching the gas supplied (H,<air) at the anode and
observed a great potential jump to 1.75V at the cathode.

Most studies on degradation of PEMFCs caused by electrochem-
ical processes have focused on CL that contains a catalyst metal and
catalyst support [12-15]. However, the aging of other carbon-based
components, such as GDLs and bipolar plates, has not been exten-
sively addressed. A GDL can be continuously stressed by reactant
flow as well as by rapid change in load, so that its original struc-
ture and wettability degrade with operating time [16]. Chen et al.
[17] immersed in-house dual-layer GDLs in 0.5 M H,SO, solu-
tion under high anodic potentials (ie., 1.0, 1.2, and 1.4 V vs. SCE)
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for 96 h and then placed the aged GDLs in single cells to evaluate
their performance. They found that a microporous layer (MPL) be-
came thinner when the potential applied to a GDL was increased.
They also demonstrated that carbon fibers became thinner when
the number of macropores in the carbon paper was increased. Ac-
cordingly; a single cell that adopted a degraded GDL at 1.4V vs.
SCE showed a 50% lower fuel cell performance than did one with
pristine GDL [17]. Chun et al. [18] fabricated a dummy cell made
up of a GDL and a Nafion membrane fed with air at 10 L min™'
on the GDL side and with liquid water at 65 °C on the membrane
side. The GDL with dry air flow for 14 days and subsequently wet
air flow for 14 days exhibited many small pits on its surface, along
with about a 0.5 wt% carbon loss and 0.5” decrease in contact angle
[18]. On the other hand, Roen et al. [19] reported that a cathode
with a Pt catalyst produced more CO, than one without Pt under
potential cycling between 0 and 1.04 V (vs. RHE) for 72 h, and that
the cumulative amount of CO, generated by carbon corrosion in-
creases with higher Pt loading. They concluded that Pt could acceler-
ate carbon corrosion, depending on the amount of Pt loaded on the
electrode [19].

The method suggested by Chen et al. [17] enabled us to inde-
pendently examine GDL stability against electrochemical stress with-
out interference from other carbon components (e.g,, carbon support
in CL) or oxidation. The test conducted by Chun et al. [18] could
effectively allow a GDL to be stressed by continuous gas flow. How-
ever, these methods required fuel cell tests to estimate the modi-
fied properties of the GDL after mechanical stress tests. In addition,
they were susceptible to undesired damage in the course of stress
test cell dissembling and fuel cell assembling [20,21]. Furthermore,
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Fig. 1. A schematic of a three-electrode electrochemical cell for elec-
trochemical and mechanical accelerated stress tests of a Pt-
coated GDL.

such electrochemical stress for a GDL could not cause carbon cor-
rosion acceleration by Pt catalysts. To discretely examine the elec-
trochemical and mechanical durability of GDLs in the presence of
Pt, an in situ accelerated stress test (AST) for GDLs is proposed in
this study. The effect of electrochemical and mechanical stress on
GDL durability was investigated by using a GDL with an unsup-
ported Pt catalyst (i.e., Pt black). Degradation of the GDL is moni-
tored in real time and characterized by different electrochemical
and physical methods.

EXPERIMENTAL

Catalyst ink was prepared by ultrasonically blending Pt black
(AlfaAesar) with 5wt% Nafion solution, deionized water, and iso-
propanol for 20 min. The catalyst ink was applied to carbon paper
with MPL (SGL39BC, SGL group) by brushing. The active area
was 3 cm’ and loading of Pt catalyst was 0.3 mg cm* [22-25]. As
shown in Fig. 1, a three-electrode system was constructed using a
commercially available electrochemical cell (Gasketal Co., Ger-
many) to make a gas-solution-electrode interface for in situ AST.
A palladium-hydrogen electrode (Pd/H,) was employed as the ref-
erence electrode to prevent anion adsorption from the reference
electrode to the Pt catalyst [26]. Pt mesh was used as the counter
electrode, and a GDL loaded with Pt black was used as a working
electrode at the gas-solution interface. The Pt catalyst coated on the
MPL was in contact with the electrolyte solution.

Electrochemical measurements were carried out using a poten-
tiostat (PGSTAT101, Metrohm Co.). Cyclic voltammetry (CV) was
used to measure the electrochemical surface area (ECSA) in Pt
during AST. For CV measurements, potential was scanned at 20
mV s between 0.05 and 1.05 V (vs. RHE). Ar was introduced to
the three-electrode cell at 300 cm® min™". Polarization behavior for
the oxygen reduction reaction (ORR) was observed using oxygen
at 300 cm’ min" to estimate the stability of the GDL loaded with
Pt as a function of stressing time. The surface morphology of a GDL
with Pt catalyst was observed by means of scanning electron micros-
copy (Teneo VS™, FEI Co. 1td.). The surface composition of GDLs
was examined using energy-dispersive X-ray spectroscopy (EDS)
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Fig. 2. Linear sweep voltammograms of GDL loaded with Pt and
of bare GDL.

attached to the SEM.
RESULTS AND DISCUSSION

Fig. 2 shows polarization behavior of bare GDL and Pt-loaded
GDL in the three-electrode electrochemical cell filled with 0.5 M
H,SO, in the absence of dissolved O,. As depicted in Fig. 2, a Pt-
loaded GDL began to show anodic current at 0.5V vs. RHE and a
peak between 0.6 and 0.9 V with increasing potential, which might
indicate the formation of adsorbed hydroxide on the surface of the
Pt (Pt-OH,,). It then gave a second peak between 0.9 and 14V
relevant to the Pt-O layer. Subsequently, the anodic current rapidly
increased, mainly because of the oxygen evolution reaction (OER)
at higher potentials [27]. However, the bare GDL produced no sig-
nificant current below 1.65 V. It displayed strong anodic current
associated with OER above 1.9 V. Experimental polarization data
for GDLs with and without Pt imply that carbon particles in the
MPL undergo no considerable oxidation below 1.65V in the absence
of Pt particles, whereas the corrosion of carbon particles in con-
tact with Pt can be exacerbated, presumably because various oxy-
gen species are strongly adsorbed onto the surface of Pt adjacent
to carbon particles in the MPL.

To study the effect of electrochemical stress on GDL degrada-
tion, AST was conducted using potential step change experiments
from an open circuit potential of 0.93 V (recorded when hydro-
gen as a fuel and air as an oxidant are introduced to a PEMFC) to
each anodic potential limit proposed by two research groups. First,
with a reverse-current decay mechanism [13], 1.45V as an upper
potential limit was adopted for the AST. Fig. 3(a) presents cyclic
voltammograms (CVs) between 0.05 and 1.05V as a function of
the number of potential cycles, which consisted of 0.93V for 5s
and 145V for 5s with Ar purge at both the GDL and the electro-
lyte side to give potential stress (see Fig. 1). As shown in Fig. 2, the
hydrogen desorption peak at 0.05-0.4 V was slightly increased, while
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Fig. 3. (a) Cyclic voltammograms of Pt-coated GDL as a function of cycle number. A cycle consists of a potential hold of 0.93V for 5s and
145V for 55, (b) ORR polarization curves of Pt-coated GDL as a function of cycle number between 0.93 and 1.45V; (c) cyclic voltam-
mograms of Pt-coated GDL as a function of cycle number. A cycle consists of two potential holds of 0.93 V for 5s and 1.75V for 55,
and (d) ORR polarization curves of Pt-coated GDL as a function of cycle number from 0.93 to 1.75 V.

charging current related to the formation of the electrical double
layer during the anodic potential sweep between 0.4 and 0.7 V was
decreased after 5,000 potential cycles. However, currents for the
hydrogen desorption peak and double layer charging remained
almost the same. These results indicate that the ECSA of Pt-loaded
GDL is slightly increased, probably because of removal of impuri-
ties on the Pt surface without strong adsorption of oxygen species
on the Pt and carbon surface. Fig. 3(b) depicts ORR polarization
curve of a Pt-loaded GDL with increasing potential cycle from 0.93
to 1.45 V. There was no plateau in the current-potential relation-
ship in Fig. 3(b), although the ORR polarization curve of a diffu-
sion electrode loaded with a catalyst (e.g., a Pt-based catalyst) typically
limited the current at low potentials (<0.4 V vs. RHE), because the
concentration of oxygen that diffuses to the solution through the
GDL (see Fig. 1) is high enough to meet higher ORR current de-
mand without a mass transport limitation. Comparing individual
ORR currents in Fig. 3(b) showed that there was no appreciable
difference in ORR current regardless of the number of potential
cycles. Hence oxygen reduction kinetics at the interface between Pt

particles and the solution is still fast under electrochemical stress
in the given potential window: Based on experimental CV and ORR
polarization data, we think that rapid and repeated potential step
changes between 0.93 and 145V trigger no severe oxidation of car-
bon materials in the GDL.

Next, a similar electrochemical stress test was conducted for a
GDL with a higher upper potential limit of 1.75V, as reported by
Tang et al. [14]. Unlike previous results, a great difference between
CVs with increasing potential cycle was clearly observed, as shown
in Fig. 3(c). The area of hydrogen adsorption and desorption be-
tween 0 and 0.3 V was remarkably decreased with a higher num-
ber of potential cycles ranging from 0.93 to 1.75 V. Meanwhile, the
charging current during an anodic and cathodic sweep vastly grew,
perhaps because of the increase in interfacial area between the elec-
trolyte and the electrode (ie., the GDL in this study) during the
electrochemical stress [28,29], and the formation of various oxygen
functional groups on the carbon surface, such as hydroquinone and
quinone [30], carboxyl or ester groups, carboxyl or ketone groups
[31], or quinoidal carbonyl groups [32] with a higher number of
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potential cycles. The change in the hydrogen desorption peak and
double-layer charging during potential stress up to 1.75 V indicates
that carbon particles in the GDL can react with water as oxygen
sources, producing CO,, followed by the formation of carbon diox-
ide. This carbon particle oxidation to carbon dioxide may detach
Pt nanoparticles from the GDL, decaying the total charge for hy-
drogen desorption coupled with ECSA. In addition, after 10,000
potential cycles, the position and area of two (left and right) hydro-
gen desorption peaks on Pt(110) and Pt(100) below 0.4 V are notice-
ably different from those in other CVs [33]; hence Pt may both
coalesce and detach because of weak interaction between Pt parti-
cles and carbon particles in the GDL affected by higher upper poten-
tial limit (i.e, 1.75V) [34]. Fig. 3(d) shows ORR polarization data
during repeated potential step changes between 0.93 and 1.75 V. A
maximum current measured around 0 V was in decreasing order
of 96.2>87.8>634mA cm” for Pt-loaded GDLs with the number
of potential cycles, showing a tendency for ORR polarization. This
agrees well with that of hydrogen desorption charge with poten-
tial stress at 0.93-1.75V, as shown in Fig. 3(c).

To examine GDL failure by mechanical stress, Ar permeation
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through GDL at a high flow rate in the three-electrode cell was car-
ried out without applying potential. To simulate the actual condi-
tion of the GDL in PEMFCs, a fixed gas flow rate of 325 cm’ min™,
equivalent to the amount of air required at 25 °C and 1 atm under
constant stoichiometry of 2 to generate 2 A cm >, was given to the
GDL in the three-electrode cell with the gas plug closed (see Fig.
1). CVs of the GDL with continuous Ar flow are presented in Fig.
4(a). A large decrease was found in the hydrogen adsorption and
desorption peaks between 0 and 20 h. There was no considerable
difference in voltammetric charges between 20 and 100 h. Simi-
larly, Fig. 4(b) shows a slight difference of ORR kinetics with Ar
permeation time through the GDL. These results, shown in Fig.
4(a) and (b), indicate that mechanical stress by flowing gas during
PEMFC operation might have a relatively low effect on the aging
of a cathode GDL. To compare the effect of electrochemical and
mechanical stress on the GDL, a total potential hold time at 1.75V
as the electrochemical stressing time was introduced. Fig. 4(c) shows
the normalized ECSA for the GDL of interest with each acceler-
ated stress time. ECSA was calculated from total charge for hydro-
gen desorption in the CV; assuming 210mC cm ™ for the adsorption
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Fig. 4. (a) Cyclic voltammograms of Pt-coated GDL with increasing time of Ar permeation, (b) ORR polarization curves of Pt-coated GDL
as a function of Ar permeation time, (c) comparison of normalized ECSA, and (d) normalized ORR current as a function of electro-

chemical and mechanical stressing time.
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of a hydrogen monolayer on Pt. As seen in Fig. 4(c), the electro-
chemical stress given by repeated potential jumps up to 1.75V sub-
stantially decreased the values of ECSA as the number of potential
cycles increased, whereas those calculated from the CV's for mechan-
ical stress remained relatively constant after 20h. Similarly, the
value of current density at 0 V after 100 h of Ar permeation through
the GDL was reduced by about 8%. However, the performance loss
of the GDL by rapid potential increases from 0.93 to 1.75V and
potential holds at 1.75V for 13.9 h and 27.8 h were 9.1% and 33.7%,
respectively. Comparing electrochemical degradation of the GDL
with its mechanical degradation, electrochemical stress between
0.93 and 1.75V for 27.8 h induced 2.9 and 4.0 times higher ECSA
and ORR performance losses, respectively, than did mechanical
stress by Ar permeation for 100 h. Experimental data on normal-
ized ECSA and current density with individual stressing times
showed that (i) repetitive anodic potential jumped around 1.75V
during SUSD events and fuel starvation relevant to non-uniform
fuel distribution at the anode severely impaired the GDL (especially
the MPL in contact with Pt particles) as well as the CL compared
to the gas flow effect during fuel cell operation, and (ii) the extent
of ECSA loss in Pt on the GDL was more severe than that of the
decrease in current density connected to the number of triple phase
junctions of Pt-ionomer-oxygen during electrochemical stress be-
tween 0.93 and 1.75 V.

Fig. 5 displays SEM images of pristine and aged GDLs. The sur-
face of a fresh GDL loaded with Pt black is given in Fig. 5(a). Brush
strokes of Pt catalyst ink were clearly found on the GDL with irregu-
larly distributed small holes, but no cracks were seen on the MPL,
because they were filled with Pt particles. Surface morphology of
an aged GDL caused by 10,000 potential changes at 0.93-1.75V is
presented in Fig. 5(b). Most parts of the MPL were disclosed. Small
Pt aggregates were found throughout the MPL, and particularly
large Pt aggregates were observed around cracks on the MPL, per-
haps because Pt particles are dissolved and detached from the MPL,
and Pt particles are redeposited and moved along the surface be-
cause of decreased surface energy and then agglomerated during
the electrochemical stress [10,35]. A surface image of a mechani-
cally stressed GDL through which Ar was permeated for 100 h is
shown in Fig. 5(c). Relatively small Pt aggregates, compared to the
specimen shown in Fig. 5(b), were also found on the MPL surface.
These were formed during the brushing of Pt catalyst ink that con-
tained ionomer. The coverage of Pt on the surface of the MPL seems

to be slightly higher than that on the electrochemically degraded
MPL. However, this also shows that fast gas velocity and a long gas
path through the GDL can take Pt and carbon particles off and
form starfish-like holes.

To qualitatively evaluate Pt loss after individual ASTs, EDS anal-
ysis was carried out. Average Pt percent in weight of the GDLs was
83.5, 36.6, and 56.1 for pristine GDL, electrochemically degraded
GDL, and mechanically aged GDL, respectively. These results for
the electrochemical and physical characterizations of GDLs imply
that (i) the MPL surface is damaged by both high potential jumps
and continuous shear stress during fuel cell operation, (i) poten-
tial stress causes Pt particles to be separated from the MPL surface
and coalesce (these may be relevant to carbon oxidation and Pt
particle migration), and (iif) mechanical stress badly triggers ero-
sion of the Pt layer and the MPL, which might have been critically
oxidized during the repeated SUSD events, resulting in the detach-
ment of Pt particles while enduring reactant gas flow through the
GDL under high electronic load induces serious erosion. Further-
more, water removal from CL to the gas flow channel might have
accelerated erosion of the MPL.

CONCLUSION

A novel AST that can separately monitor electrochemical and
mechanical GDL aging is proposed in this study using a three-elec-
trode cell with a Pt-loaded GDL that provides triple phase junc-
tions (gas-electrode-solution). Linear scanning voltammograms of
GDLs with and without Pt particles revealed that more intense
carbon oxidation took place in the presence of Pt on the GDL be-
cause of interactions between Pt and oxygen species. To study the
effect of electrochemical stress on GDL degradation, two different
potential step changes at 0.93-1.45 V and 0.93-1.75V vs. RHE were
performed, and CVs and polarization curves of the Pt-loaded GDLs
were obtained with an increasing number of potential cycles (square
wave voltammetry with 5s duration at each potential). Potential
jumps up to 145V did not significantly influence diffusion layer
corrosion, but repeated potential excursion to 1.75V allowed car-
bon particles to bind to oxygen species and lowered carbon sur-
face energy; resulting in Pt particle separation and their coalescence.
Mechanical stress done by continuous inert gas flow attacked macro-
pores, making them bigger, and swept many Pt particles (about
47% Pt loss after 100 h Ar flow) loaded on the GDL. In situ moni-

(b) o (©)

Fig. 5. SEM surface images of (a) pristine Pt-coated GDL, (b) electrochemically degraded Pt-loaded GDL of 10,000 potential cycles between
0.93 and 1.75V; and (c) mechanically eroded Pt-loaded GDL with Ar permeation for 100 h.
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toring of CV and LSV of Pt-loaded GDL during discrete electro-
chemical and mechanical ASTS offers repeated potential stress
(e.g., SUSD events and fuel starvation) that decays ECSA and ORR
current by >30% compared to shear stress of the GDL after 27.8 h
AST.
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