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a b s t r a c t

The understanding of the degradation mechanisms of electrocatalysts is very important for develop-
ing durable electrocatalysts for polymer electrolyte membrane (PEM) fuel cells. The degradation of Pt/C
electrocatalysts under potential-static holding conditions (at 1.2 V and 1.4 V vs. RHE) and potential step
conditions with the upper potential of 1.4 V for 150 s and lower potential limits (0.85 V and 0.60 V) for 30 s
in each period [denoted as Pstep(1.4V 150s–0.85V 30s) and Pstep(1.4V 150s–0.60V 30s), respectively]
were investigated. The electrocatalysts and support were characterized with electrochemical voltamme-
try, transmission electron microscope (TEM) and X-ray photoelectron spectroscopy (XPS). Pt/C degrades
much faster under Pstep conditions than that under potential-static holding conditions. Pt/C degrades
under the Pstep(1.4V 150s–0.85V 30s) condition mainly through the coalescence process of Pt nanopar-
ticles due to the corrosion of carbon support, which is similar to that under the conditions of 1.2 V- and
1.4 V-potential-static holding; however, Pt/C degrades mainly through the dissolution/loss and dissolu-
tion/redeposition process if stressed under Pstep(1.4V 150s–0.60V 30s). The difference in the degradation

mechanisms is attributed to the chemical states of Pt nanoparticles: Pt dissolution can be alleviated by the
protective oxide layer under the Pstep(1.4V 150s–0.85V 30s) condition and the potential-static holding
conditions. These findings are very important for understanding PEM fuel cell electrode degradation and
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. Introduction

Recently, the research and development (R&D) of polymer elec-
rolyte membrane (PEM) fuel cells and the component materials
ave shifted from their short-term performance to the durability
nd reliability to make fuel cells cost competitive [1–3]. Electrocat-
lysts and support materials are one of the most important factors
hat influence both the durability and cost of PEM fuel cells [2].

uch effort has been devoted to developing novel durable cata-
yst materials and elucidating the underlying nature of materials
egradation in PEM fuel cells [1,2]. Presently, the most widely used
lectrocatalysts are still Pt-based ones. It has been found that Pt

lloyed with other transition metals can improve both the activity
nd durability of electrocatalysts as compared with pure Pt [4,5].
nother method to produce a durable electrocatalyst is to disperse
atalytic metals, such as Pt nanoparticles, onto durable supports
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st test protocol for screening durable catalyst support materials.
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2], such as carbon nanotubes [6–9], doped carbon nanostructures
10,11], conductive diamonds [12], metal oxides [13,14].

To understand the degradation mechanisms is one important
ssue in searching for durable electrocatalysts and much work has
een done on it [2]. The degradation of electrocatalysts in PEM
uel cells can be divided into two aspects [2]: the corrosion of
atalyst support and the sintering of catalytic metals (Pt and Pt
lloys), and the two factors influence each other: the catalytic
etal Pt catalyzes the oxidation of carbon [15], and the oxidation

f carbon accelerates Pt sintering [6]. At present, Pt nanoparticles
re usually deposited on porous carbon with high specific surface
rea to produce electrocatalysts. The thermodynamic potential for
he electrochemical oxidation of carbon at standard conditions is
.207 V, which means that the electrochemical corrosion of the
arbon is possible above 0.2 V [2]. It is known that, in PEM fuel

ells, cathodes usually see electrode potentials of larger than 0.6 V,
ometimes even as high as 1.4 V [16,17]. It has been observed that
urface oxides [18,19] and CO/CO2 [20,21] were produced on car-
on when carbon materials or carbon-supported catalysts were
lectrochemically stressed under real or simulated PEM fuel cell

http://www.sciencedirect.com/science/journal/03787753
mailto:yuehe.lin@pnl.gov
dx.doi.org/10.1016/j.jpowsour.2008.07.008
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onditions [22]. When carbon support was gasified into CO/CO2, Pt
anoparticles detached from the support and lost catalytic activ-

ty [22]; if surface oxides were formed on carbon support, the
nteraction between Pt nanoparticles and the support might be

eakened, which makes it easy for Pt nanoparticles to move, accel-
rating the sintering of Pt [6]. The mechanisms for Pt nanoparticle
intering on carbon support are more complex and more diffi-
ult to elucidate than that for carbon corrosion. According to the
vailable reports on the study of the degradation mechanisms,
t electrocatalysts degrade through several pathways [2]: (i) the
oss of Pt from catalytically active sites in PEM fuel cell electrodes,
or example, Pt nanoparticles detach from carbon support [22], Pt
toms dissolve and diffuse into Nafion membrane [23] or the liq-
id electrolyte solution [24], which is called the dissolution/loss
rocess; (ii) Pt nanoparticle size increases due to the coalescence
nd the dissolution/redeposition process [24]. The degradation of
lectrocatalysts is largely dependent on the electrochemical stress-
ng conditions. The detailed mechanism is still a controversial
opic [2,24].

The investigation on the durability of PEM fuel cell electrocata-
ysts is a time-consuming and complex task. To test the durability
f electrocatalysts in a real normally working PEM fuel cell is inef-
cient, if not impossible, because the life requirement for PEM

uel cells, thus the electrocatalysts, is, for example, >5000 h for
ransportation and >40,000 h for stationary application [22]. There-
ore, the so-called accelerated degradation test (ADT) is developed
6,20,25], in which the electrocatalysts were held at a constant
otential or potential cycling for a certain time scale under a
imulated PEM fuel cell condition, and then the degraded elec-
rocatalysts were analyzed to obtain the detailed information to
lucidate the nature of the degradation [1,2]. Even though, to test
he durability of electrocatalysts usually takes about 100–200 h,
specially for studying the durability of catalyst support materials
1]. The current test protocol for electrocatalyst durability study still
eeds further improvement for fast screening durable candidate
aterials.
In this research, we studied the degradation behavior of carbon-

upported Pt nanoparticle catalyst under various electrochemical
tressing conditions with the emphasis on catalyst support cor-
osion, which is aimed to develop a novel test protocol that can
losely mimic PEM fuel cell working conditions for fast screening
urable electrocatalyst supports. We choose the standard electro-
atalyst, carbon black-supported Pt nanoparticles (Pt/C), so that the
ndings in this work are widely applicable to other electrocatalyst
ystems.

. Experimental

.1. Preparation of testing electrodes

10 mg carbon-supported Pt catalyst (ETek 20 wt% Pt/C) was dis-
ersed in 5 mL mixed solution of ethanol and 45 �L 5.0 wt% Nafion,
nd ultrasonicated to form a uniform black ink with the catalyst
oncentration of 2 mg mL−1. The thin-film rotating disk electrode
TF-RDE) was prepared by applying 6.0 �L of the well-dispersed
atalyst ink onto polished glassy-carbon (GC) disk (5 mm in diam-
ter) [26]. After dried at room temperature, the catalyst was well
ispersed on the glassy-carbon disk, covering all the surface of glass
arbon (Nafion is added in the catalyst layer to closely mimic a real
EM fuel cell condition). The total loading of Pt/C catalyst was 12 �g

2.4 �g Pt). Finally, 10 �L 0.1% Nafion solution was applied onto the
urface of the catalyst layer to form a thin film protecting catalyst
articles from detaching from the catalyst layer during the long-
erm test. Before test, the TF-RDE was dried at room temperature
vernight.
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.2. Electrochemical test

The Pt/C TF-RDE was first activated with cyclic voltammetry (CV,
–1.1 V at 50 mV s−1) in Argon gas purged 0.5 M H2SO4 solution
ntil a steady CV was obtained. The CV was also used to deter-
ine the electrochemical surface area (ESA) of Pt [27,28]. A Pt
ire counter-electrode and an Hg/Hg2SO4 reference electrode were
sed in a standard three-electrode electrochemical cell controlled
ith a CHI660A electrochemical workstation (CH Instruments, Inc.,
SA).

All the tests were conducted at room temperature. All potentials
ere reported versus reversible hydrogen electrode (RHE).

.3. Material characterization

The TEM images of the catalysts were taken using a JEOL TEM
010 microscope equipped with an Oxford ISIS system. The oper-
ting voltage on the microscope was 200 keV. All images were
igitally recorded with a slow-scan CCD camera.

The XPS measurements were obtained by the Physical Electron-
cs Quantum 2000 Scanning ESCA Microprobe. This system used
focused monochromatic aluminum K� X-ray (1486.6 eV) source

nd a spherical section analyzer. The X-ray beam used was a 100 W,
00-mm diameter beam rastered over a 1.3-mm by 0.2-mm area
n the sample. Wide-scan data were collected using a pass energy
f 117.4 eV. For the Ag3d5/2 line, these conditions produced a full
idth at half maximum of 1.6 eV. High-energy photoemission spec-

ra were collected using a pass energy of 23.95 eV. For the Ag3d5/2
ine, these conditions produced a FWHM of 0.80 eV. The binding-
nergy scale was calibrated using Cu2p3/2 at 932.62 ± 0.05 eV and
u 4f at 83.96 ± 0.05 eV.

The samples were dried in vacuum before XPS test.

. Results and discussions

The durability of PEM fuel cell catalyst support was usually
ested with an accelerated degradation protocol in which the cata-
ysts (or only support materials) were held at the fixed-potential
f about 1.2 V for a certain time scale in acid solution followed
ith the characterization of the catalysts (or support materials)

1,2]. By comparing the properties and performance of the catalysts,
he degradation information about the catalysts and their support

aterials can be obtained [6,18,29]. Here, we also tested Pt/C under
.2 V potential holding for 120 h [donated as Pstat(1.2V)] as refer-
nce. To further accelerate the degradation of the catalyst support in
rder to fast screen the candidate support materials, we employed
more corrosive test method by holding the catalyst at 1.4 V

Pstat(1.4V)]. The potential step with the upper potential of 1.4 V for
50 s and the lower potential limits (0.60 V, 0.85 V) for 30 s in each
eriod was also employed [denoted as Pstep(1.4V 150s–0.60V 30s
nd Pstep(1.4V 150s–0.85V 30s), respectively]. The upper potential
imit was chosen to be 1.4 V due to the following considerations: (1)
.4 V is close to the PEM fuel cell cathode potential in the condition
f the reverse current [16] and local fuel starvation [22,30], at which
he corrosion of carbon support is severe; (2) 1.4 V is almost the
ighest potential without causing oxygen evolution, otherwise the
xygen evolution gas might mechanically detach catalyst particles
rom the electrode; (3) at 1.4 V, the dissolution of Pt was consid-
red to be suppressed due to the further passivation from Pt surface
xides [31], compared with that in the potential range of 1.1–1.3 V

32]. The lower potential limits of 0.60 V and 0.85 V are close to the
athode potential of normally working PEM fuel cells.

Fig. 1 shows representative TEM images of Pt/C before and after
he degradation under various conditions. The TEM image of the
riginal Pt/C (Fig. 1a) shows a high dispersion of Pt nanoparticles.
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ig. 1. Representative TEM images of (a) original Pt/C, and the degrade
tep(1.4V 150s–0.85V 30s)–20h, and (e) Pstep(1.4V 150s–0.60V 30s)–8h. (Note: P
potential step with the upper potential of 1.4 V for 150 s in each period and the low

fter the degradation, Pt particle sizes increase obviously
Fig. 1b–e); in the image (e), a relatively uniform dispersion of Pt
articles is observed with few larger particles compared with those

n the image (b), (c), and (d). From TEM images (6–7 images for each
ample), the histograms of Pt particle size distribution are obtained
nd shown in Fig. 2. The volume/area averaged diameters of Pt
articles calculated from TEM images [24,29] and the ESA of Pt cal-
ulated from hydrogen adsorption/desorption CV in Ar-saturated
.5 M H2SO4 solution [27,28,33] are shown in Table 1. The chemical
urface area (CSA, cm2) of catalysts calculated using the following
quation [29,34] is also shown in Table 1.

SA = 60m

�d

here m is the mass loading of Pt on the electrode, � is the density of
t (21.4 g cm−3) and d (nm) is the calculated volume/area averaged
iameter of the Pt particles.

It can be observed from Fig. 2 and Table 1 that, as expected,

t nanoparticles in original Pt/C sample have a narrow size dis-
ribution with an average size of 3.12 nm; Pt particles in the
egraded samples under the conditions of (b) Pstat(1.2V)–120h, (c)
stat(1.4V)–120h, and (d) Pstep(1.4V 150s–0.85V 30s)–20h exhibit
wide size distribution with a distinctive tail toward the large

t
d
m
w
s

able 1
he physical properties of Pt/C electrocatalysts before and after degradation

est protocol ESA1 (cm2) ESA2 (cm2) ESA2 (%) d

stat(1.2V)–120h 2.11 1.49 70.6 3
stat(1.4V)–120h 2.17 1.26 58.2 3
step(1.4–0.85V)–20h 1.96 1.27 64.8 3
step(1.4–0.60V)–8h 2.01 1.22 60.5 3

ote: Pt loading 2.4 �g. ESA1, d1 and CSA1 are, respectively the electrochemical surface
rea of original samples, and the ESA2, d2, and CSA2 are the corresponding values of the p
under the conditions of (b) Pstat(1.2V)–120h, (c) Pstat(1.4V)–120h, (d)
2V) means “potential-static holding at 1.2 V”, Pstep(1.4V 150s–0.85V 30s) means
tential limit of 0.85 V for 30 s in each period”, and so on).

ize in the histograms, and the average size of Pt nanoparticles
re 4.54 nm, 5.24 nm, and 4.75 nm, respectively. In the case of
e) Pstep(1.4V 150s–0.60V 30s)–8h, Pt particles show an average
ize of 3.84 nm and the size distribution is wider than that of
riginal sample but narrower than that of the degraded samples
nder above (b), (c), (d) conditions. It should be noted that the
umber of Pt nanoparticles smaller than 1.0 nm in the case of
e) was greatly decreased (even smaller Pt nanoparticles disap-
eared). Table 1 shows that the percentages of the degradation in
SA under the condition of (b), (c) and (d) are almost the same
s that in CSA, respectively, which implies that the degradation
n the ESA is mainly due to Pt particle size increase in the case
f (b), (c) and (d) (see below for details). However, in the case of
e) Pstep(1.4V 150s–0.60V 30s)–8h, the degradation percentage of
SA is only about half of the degradation percentage of ESA, indicat-

ng that some factors other than Pt particle size increase contribute
o the degradation of ESA.

Even though the detailed mechanism is still a controversial

opic, two kinds of processes are considered to contribute to the
egradation of Pt catalysts (ESA) [1,2,24,35], which can be sum-
arized as the following: One is the electrochemical process, in
hich Pt is dissolved to form Pt ions (Ptx+). One part of the dis-

olved Pt goes into the solution by long-range diffusion (in acid

1 (nm) d2 (nm) CSA1 (cm2) CSA2 (cm2) CSA2 (%)

.12 4.54 2.156 1.48 68.7

.12 5.24 2.156 1.28 59.5

.12 4.75 2.156 1.42 65.7

.12 3.84 2.156 1.75 81.2

area, the volume/area averaged diameter from TEM images, and chemical surface
ost-degradation samples.
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ig. 2. Histograms of Pt nanoparticle size distribution for the samples before and
nder the conditions of (b) Pstat(1.2V)–120h, (c) Pstat(1.4V)–120h, (d) Ptep(1.4V 15

olution test condition) or into the PEM (in a real PEM fuel cell
est condition), the other part of the dissolved Pt ions near the sur-
ace of Pt particles redeposit onto Pt particles; the dissolution of
t usually occurs at high electrode potentials and the redeposition
sually takes place at low potentials. The dissolution/redeposition
ontributes to Pt particle size increase. The other kind of process
s the physical one, which includes several situations: the first one

s the migration/coalescence process of Pt nanoparticles on sup-
ort surface, which contributes to Pt particle size increase; the
econd one is that Pt nanoparticles detached from catalyst sup-
ort, one part of the detached Pt particles leave the support and

ose activity, the other part of the detached Pt particles, which

P
l
t
s
e

he degradation under various conditions: (a) original Pt/C, and the degraded Pt/C
5V 30s)–20h, and (e) Pstep(1.4V 150s–0.60V 30s)–8h.

re very close to each other, might coalesce to form large parti-
les. If the migration/coalescence process is the main reason for
he degradation of the catalyst, the degradation in ESA and CSA
hould be almost the same because the contributing factors (Pt par-
icle size increase) for the degradation of the ESA and the CSA are
he same, which corresponds to (b), (c) and (d) in Figs. 1 and 2;
f Pt dissolution is prominent, whether part of it redeposit onto

t particles or not, the degradation percentage in ESA should be
arger than that for CSA due to the net loss of Pt from the elec-
rode, as observed in the case of (e). Pt particle shape and particle
ize distribution of the degraded catalyst should also be differ-
nt for the migration/coalescence and the dissolution/redeposition
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Fig. 3. The linear sweep voltammetry (LSV) on Pt/C electrocatalyst electrodes with
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F
c

arious preconditionings (“Pre. 1.4V 150s” means “preconditioned at 1.4 V for 150 s”;
Pre. 1.4V 150s–0.90V 30s” means “preconditioned using the potential step with the
pper potential of 1.4 V for 150 s and the lower potential limit of 0.90 V for 30 s”; and
o on).

echanisms [2,24,35]: the former process usually produces Pt par-
icles with a non-spherical shape and much larger particles, and
he size distribution is wide (with a tail at large size), as observed
n (b), (c), (d) in Figs. 1 and 2; and the dissolution/redeposition pro-
ess usually produces spherically shaped Pt particle and the size
istribution is narrow with the number of smaller particle greatly
ecreased or disappeared, both of which are due to the tendency of
inimizing surface energy, which corresponds to the case of (e) in

igs. 1 and 2. By comparing the TEM images, the size distribution
nd the degradation percentage in ESA and CSA of each samples,
t is reasonable to propose that the degradation mechanisms of
t/C under the condition of Pstat(1.2V)–120h, Pstat(1.4V)–120h and
step(1.4V 150s–0.85V 30s)–20h are similar which are mainly due
o the migration/coalescence process, so they are almost equal in
valuating the durability of electrocatalysts; the degradation of
t/C under Pstep(1.4V 150s–0.60V 30s)–8h condition is mainly due
o the dissolution/loss and the dissolution/redeposition mecha-
ism (the migration/coalescence mechanism cannot be completely
xcluded).

In order to get an elucidation of the underlying reasons for
he different degradation mechanisms, we carried out the lin-
ar sweep voltammetry (LSV) on Pt/C electrode with various
reconditioning, as shown in Fig. 3. A clear reduction current
eak can be observed around 0.70 V in the LSV, which is due
o the reduction of Pt surface oxides. For the samples pre-

onditioned at Pstat(1.4V 150s), Pstep(1.4V 150s–0.90V 30s) and
step(1.4V 150s–0.85V 30s), the reduction peaks were similar, and
or Pstep(1.4V 150s–0.80V 30s) and Pstep(1.4V 150s–0.60V 30s),
he reduction peaks were greatly suppressed. This indicates: when

s
t
t
T

ig. 4. The i–t plots of Pt/C electrodes under the conditions of Pstat(1.4V) (dashed black) a
olor in the figure caption, the reader is referred to the web version of the article.)
urces 185 (2008) 280–286

he electrode was held at 1.4V 150s, surface oxides were formed on
t particle surface; when the electrode potential was stepped from
.4 V to the potentials above 0.85 V (0.90V 30s and 0.85V 30s), sur-
ace oxides were rarely reduced, while a relatively larger amount of
t surface oxides were reduced when the electrode was stepped
o the potentials below 0.85 V (0.80V 30s and 0.60V 30s). This

eans that, under the condition of Pstep(1.4V 150s–0.85V 30s) and
step(1.4V 150s–0.90V 30s), Pt surface was constantly passivated
y surface oxides, so the dissolution of Pt was greatly suppressed
32]; under the condition of Pstep(1.4V 150s–0.60V 30s), the elec-
rode was periodically switched between passivated state and
ctivated state, i.e., when the electrode was switched to 0.60 V,
t surface oxides were reduced and freshly produced Pt atoms
overed the surface of Pt particles, the subsequent switch of the
lectrode potential to 1.4 V (in the sequent potential step) leads
o Pt dissolution until Pt surface was repassivated. The cycle of
assivation/activation (oxidation/reduction) of Pt particles during
step(1.4V 150s–0.60V 30s) accelerated Pt dissolution and redepo-
ition [32].

The degradation rate of Pt/C was enhanced under
tep(1.4V 150s–0.85V 30s) condition as compared with that
nder the condition of potential-static holding at 1.4 V even
hough the degradation mechanisms are similar under these
onditions. We need to make a study on why the degradation rate
s accelerated under potential step condition.

Fig. 4 presents the i–t plots of Pt/C electrode under the conditions
f Pstat(1.4V) and Pstep(1.4V 150s–0.85V 30s). It can be seen that
he oxidation current under potential step condition (if averaged)
s much larger than that under potential-static condition (the fast
harging due to the electrochemical double layer can be limited to
he first few seconds in each period), which means the oxidation of
arbon support was accelerated under Pstep(1.4V 150s–0.85V 30s)
ondition.

Pt/C before and after the degradation were characterized with
PS, which tells the total surface oxygen content of carbon sup-
ort: the higher the surface oxygen content, the higher the
xidation degree of carbon support [6,18,19,36]. Fig. 5 show that
ide-scan XPS spectra and the surface oxygen content, which
as calculated using the high-energy XPS (C1s and O1s) [6]. It

learly shows that the surface oxygen content increases from 3.3%
o 8.8% and 12.5% for the sample after the degradation under
otential-static condition and potential step condition, respec-
ively. Fig. 6 shows that C1s spectra of each sample. The shoulder
n the binding-energy range of carbon bound with surface oxygen
as enhanced after degradation, which is higher for the poten-

ial step condition. XPS data shows that the oxidation of carbon
upport could also be oxidized into CO2/CO under the degrada-
ion conditions [2,21], but the amount of CO2/CO was too small
o be measured due to the very low loading of catalysts on the
F-RDE. The electrochemical i–t plots and XPS were employed to

nd Pstep(1.4V 150s–0.85V 30s) (solid blue). (For interpretation of the references to
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fter the degradation under the conditions of (b) Pstat(1.4V)–120h and (c)
step(1.4V 150s–0.85V 30s)–20h.

tudy the oxidation of carbon support which gave the same con-
lusion on the influence of electrochemical stressing conditions
n the oxidation of carbon support: the electrochemical stressing
ondition with potential step accelerated the corrosion of carbon
upport in Pt/C. This might be the main reason that the degradation
ate of Pt/C is higher under Pstep(1.4V 150s–0.85V 30s) than that
nder Pstat(1.4V) although they are under the similar degradation
echanisms.
These findings can be employed to develop a novel test proto-
ol for fast screening durable catalyst support. As stated above, to
est the durability of catalyst and support in a real normally work-
ng PEM fuel cell is inefficient. To hold the supported catalyst or
he pure support material at a fixed-potential (usually 1.0–1.2 V
HE) is the most widely used approach to study the support dura-

ig. 6. High-energy C1s XPS spectra of Pt/C electrocatalysts before and after the
egradation under various conditions.
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ility [6,19,29,37,38], but it takes several days or more to observe
he obvious degradation of the catalyst. For example, as shown in
able 1, to degrade the ESA of the catalysts by ∼30% takes 120 h (one
eek) if using Pstat(1.2V) method, but less than 20 h is required

f using our Pstep(1.4V 150s–0.85V 30s) method. As shown above,
hese two methods are equal in evaluating the durability of catalyst
upport. The Pstep(1.4V 150s–0.85V 30s) method can be employed
o replace the widely used potential-static holding method [1,2] in
ast screening durable catalyst support materials.

. Conclusions

To elucidate the mechanisms for the degradation of electro-
atalysts is very important for developing durable electrocatalysts
or PEM fuel cell. The degradation of Pt/C depends on the
lectrochemical stressing conditions, in terms of both degrada-
ion rates and mechanisms. Pt/C electrocatalysts degrade faster
nder potential step conditions [Pstep(1.4V 150s–0.85V 30s) and
step(1.4V 150s–0.60V 30s)] than that under potential-static hold-
ng conditions (1.2 V and 1.4 V), which is attributed to the enhanced
orrosion of carbon support under Pstep(1.4V 150s–0.85V 30s) and
he enhanced dissolution of Pt under Pstep(1.4V 150s–0.60V 30s).
he degradation mechanisms for Pt/C under the conditions of
step(1.4V 150s–0.85V 30s) and potential-static holding at 1.2 V
nd 1.4 V are similar, which is through the coalescence process.
hey are almost equal in evaluating the durability of electro-
atalyst support materials. And the degradation of Pt/C under
step(1.4V 150s–0.60V 30s) is mainly through the dissolution/loss
nd dissolution/redeposition process. The difference in the degra-
ation mechanisms is attributed to the chemical states of Pt
anoparticles: Pt dissolution was alleviated by the protective
xide layer under Pstep(1.4V 150s–0.85V 30s). The electrochem-
cal stressing method of Pstep(1.4V 150s–0.85V 30s) can be used
or fast screening durable catalyst support materials.
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