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Pt nanoparticles monodispersed in an ionic liquid (IL), which can be readily prepared by magnetron
sputtering onto an IL, are a key material for tailoring highly durable Pt nanoparticle-supported carbon
electrocatalysts, e.g., Pt nanoparticle-supported single-walled carbon nanotubes (Pt-SWCNTs) and
Vulcan® XC-72 (Pt-Vulcan®), for the electrochemical oxygen reduction reaction. The durability largely
surpasses that of one of the commercially available Vulcan® XC-72-based catalysts, TEC10V30E. The
differences were very obvious from the results of electrochemical measurements, ex situ TEM
observation, and in situ SEM/STEM observation; that is, considerable damage by carbon corrosion was
recognized for the TEC1O0V30E, but it was not the case for the Pt-SWCNT and Pt-Vulcan®. The
unexpected high durability should be due to the suppression of carbon corrosion by the ionic liquid thin
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1. Introduction

Polymer electrolyte membrane (PEM) fuel cells are an attractive
electric power generation system for mobile and stationary
applications because of their high energy conversion efficiency
and environmental friendliness.”® Nevertheless, the cost per
watt generated by the fuel cell system and the difficulty of
maintaining its long-term operation are big hurdles for popu-
larizing it in our daily life. In PEM fuel cells, Pt nanoparticle-
supported conductive carbons, such as Ketjen black EC and
Vulcan® XC-72, are commonly used as cathode electro-
catalysts.* The deterioration of these electrocatalysts, which is
highly correlated with the long-term operation hurdle above, is
one of the key issues to solve. The deterioration is caused by
electrochemical corrosion (oxidation) of the carbon support at
the cathode,>® and, furthermore, the corrosion is particularly
accelerated during start-up and shutdown operations when the
local cathode potential can reach voltages as high as 1.5 V.
Under these conditions, the carbon material is oxidized to
carbon dioxide and/or carbon monoxide. This also leads to the
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layer that exists between the Pt nanoparticles and carbon support.

aggregation and migration of Pt nanoparticles, as well as their
detachment from the carbon support. Such deterioration of the
cathode electrocatalyst in a PEM fuel cell has been observed by
a combination of electrochemical measurements, spectroscopic
analyses, and electron microscopic observations.**™” Variations
in the nanostructural morphology have been commonly
observed by using an ex situ transmission electron microscopy
(TEM) technique. Now, direct observation of the deterioration
of the electrocatalyst is possible using a special in situ SEM/
STEM technique that includes heating under an air-injection
atmosphere.” This in situ technique has revealed that the
carbon support needs to be anti-corrosive in nature in order to
enhance the durability of the cathode catalysts. In fact, novel
carbon materials such as carbon nanotubes and graphene have
been studied as the catalyst support to improve the durability of
the Pt catalyst,'>* as they offer corrosion resistance and have
special electronic and mechanical properties. One thing to take
into consideration though is that it is difficult to support Pt
nanoparticles onto these carbon materials without breaking
down the sp® structure due to their surface inertness.® We
recently found that various metal nanoparticles, prepared by
metal magnetron sputtering onto an ionic liquid (IL),>*** can be
easily supported by carbon materials by heat treatment without
the requirement of any further process,**~* e.g., glassy carbon
(GC), highly oriented pyrolytic carbon (HOPG), and single-wal-
led carbon nanotubes (SWCNTs), and thus concluded that the
IL works as a glue to support the Pt nanoparticles onto these
materials.>® Very recently, Su et al. proposed a similar idea,
namely that a very thin IL layer could be formed on a nano-
carbon material via an entrapping effect.*> While the

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Schematic illustrations of the Pt nanoparticle-supported
carbon materials used in this investigation: (a) a Pt nanoparticle-sup-
ported SWCNT (Pt-SWCNT); (b) a conventional Pt nanoparticle-sup-
ported SWCNT (Pt-SWCNTcon); () Pt nanoparticle-supported
Vulcan® (Pt-Vulcan®); (d) commercially available Pt-supported
material (TEC10C30E); (e) TECIOC30E pretreated with the IL
(TEC10V30E-IL).

: lonic liquid layer

Pt-supported SWCNTs (Pt-SWCNTs) prepared by our approach
show a favorable electrocatalytic activity toward the oxygen
reduction reaction (ORR),* there is no information about their
durability during continuous operation or about the effect of
the IL between the Pt nanoparticles and carbon supports. In this
study, five types of electrocatalysts: Pt-SWCNTs, Pt-supported
SWCNTs prepared by a conventional method (Pt-SWCNTS ony),
Pt-supported Vulcan® obtained by a method similar to that for
the Pt-SWCNTs (Pt-Vulcan®), IL-modified TEC10V30E
(TEC10V30E-IL), and commercially available TEC10V30E were
investigated to reveal the points described above. Schematic
illustrations of these electrocatalysts are given in Fig. 1a—e. Only
two samples, Pt-SWCNTs and Pt-Vulcan®, had an IL thin layer
between the Pt nanoparticles and the carbon support.

2. Experimental
2.1 Materials

The ionic liquid (IL), N,N,N-trimethyl-N-propylammonium
bis(trifluoromethanesulfonyl)amide  ([Ny,:3][TfoN]),  was
purchased from Kanto Chemical (specially manufactured
grade). In order to remove a trace of Br anions derived from the
chemical precursor, the dichloromethane phase containing the
IL was washed repeatedly with reverse osmosis (RO) water
(18.2 MQ cm) until the water phase was found to contain no
bromide as determined by the addition of a few drops of a silver
nitrate solution. The dichloromethane and remaining water
were removed by stirring under vacuum conditions at 373 K for
24 h. Single-walled carbon nanotubes (SWCNTs) and carbon
black (Vulcan® XC-72) were purchased from Meijo Nano
Carbon and Cabot, respectively. Nafion® solution (5 wt%) was
purchased from Sigma-Aldrich. TEC10V30E, which is
a commercially available Pt nanoparticle-supported carbon
catalyst, was purchased from Tanaka Kikinzoku Kogyo. Except
the IL, all chemicals were used as received.

This journal is © The Royal Society of Chemistry 2016
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2.2 Preparation of Pt nanoparticle-supported carbon
materials

The soda glass (2.5 cm x 2.5 cm), on which [Ny 3][Tf,N]
(0.4 mL) was spread, was placed in a Cressington108 auto SE
sputter coater. A polycrystalline Pt plate target (¢ 5.7 cm,
99.98%) was placed 4.5 cm above the glass plate. Sputter
deposition onto [Ny ;3][Tf,N] was conducted with a sputter
current of 40 mA in a dry Ar (99.999%) atmosphere whose
pressure did not exceed 7 £ 1 Pa. The sputtering was carried out
in direct current (DC) mode at room temperature (298 + 2 K).
SWCNTs (1.5 mg) or Vulcan® (2.0 mg) were mixed with 0.4 mL
of Pt-sputtered [N, ; ; 3][Tf,N] in a vial and agitated for 10 h to
make a homogeneous dispersion state. The resulting mixture
was heated at 573 K for 5 h. Similarly, IL-modified TEC10V30E
(TEC10V30E-IL) was prepared by agitating TEC10V30E (2.5 mg)
and [N; , ;3][Tf,N]. The obtained Pt-SWCNT, Pt-Vulcan®, and
TEC10V30E-IL were rinsed with acetonitrile several times, fol-
lowed by vacuum drying for a few hours in vacuo. The
Pt-SWCNT,,,,, was prepared based on a previous report.*

2.3 Characterization

The Pt nanoparticle-supported carbon electrocatalysts used in
this study were observed using a HITACHI H-7650 transmission
electron microscope (TEM) with an acceleration voltage of
100 kv. The Pt contents in the carbon materials were identified
using a Shimadzu ICPS-7510 inductively coupled plasma atomic
emission spectrometer (ICP-AES). The Pt nanoparticles on the
carbon composites were dissolved in hot aqua regia prior to the
ICP-AES measurements. The durability of the Pt catalysts was
electromicroscopically examined under air injection up to 4-
10 Pa (56-60% RH (relative humidity), 298-300 K) by in situ
scanning electron microscopy (SEM) and scanning transmission
electron microscopy (STEM) analyses with a Hitachi HF-3300
cold field-emission environmental TEM system. The detailed
setup for the in situ analyses is described in a previous study.'®
The specimens were heated at 473 K during the durability test.

2.4 Electrochemical measurement

Electrocatalytic activities of the Pt-SWCNT, Pt-SWCNT opy,
Pt-Vulcan®, TEC10V30E, and TEC10V30E-IL were examined
with a Hokuto Denko HZ-7000 potentiostat/galvanostat
controlled with a laptop computer. The electrochemical exper-
iments were conducted using a three-electrode cell at room
temperature. A glassy carbon (GC) rotating disk electrode
(surface area: 0.196 cm®, Pine Instruments) was used as the
working electrode. The GC electrode was polished to a mirror
finish with a slurry of 0.06 pm alumina and then rinsed with RO
water and dry ethanol before use. The catalyst ink was prepared
by ultrasonically dispersing 1.0 mg of Pt-carbon materials
described above in 2-propanol (0.2 mL) for 30 min. 5 pL of the
ink was uniformly spread onto GC and the 2-propanol in the ink
was slowly evaporated in air. Then, the GC disk was covered
with 5 pL of Nafion® solution (0.2 wt%) diluted with 2-propanol
to fix the catalyst on GC robustly. The obtained working elec-
trode was set in a Pine Instruments AFMSRCE electrode rotator
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for the measurements. A platinum mesh was used as the
counter electrode. A silver/silver chloride double-junction elec-
trode immersed in saturated-KCl aqueous solution was used as
the reference electrode. All potential values in this paper are
referenced to the reversible hydrogen electrode (RHE). 0.1 M
HCIlO, aqueous solution was used as the electrolyte. Before the
measurement of their electrocatalytic activities, electrochemical
cleaning of the working electrode was performed by fifty
potential sweeps between 0.05 and 1.2 V (vs. RHE) at 50 mV s~
under a nitrogen atmosphere. The electrochemical surface area
(ECSA) of Pt nanoparticles was determined by hydrogen
adsorption or desorption coulombic charge in the cyclic vol-
tammogram under a nitrogen atmosphere after subtracting
double layer charge current. The value of the ECSA was calcu-
lated from the equation given by

QH X 102

where Qg (1C) is the charge of hydrogen adsorption/desorp-
tion.>* An average value for the charge associated with
a hydrogen adsorption/desorption monolayer formed on
smooth polycrystalline platinum is 210 uC ecm™>. My, (1g) is the
Pt mass on the GC working electrode.

The durability of the electrocatalysts was estimated by
a standard degradation test recommended by Fuel Cell
Commercialization Conference of Japan (FCCJ).**** This test
overloads a cathode for a PEM fuel cell system by potential
sweeps between 1.0 and 1.5 V (vs. RHE) at 500 mV s~ '. Under
this condition, carbon corrosion proceeds with ease. In other
words, we can evaluate the durability of the cathode catalyst
electrochemically in a short time. In order to obtain more
insight into the deterioration behavior, the catalytic activity
retention rate for the ECSA was estimated by the following
equation (eqn (2)):

Catalytic activity retention rate for ECSA (%)

_ ECSA estimated at each cycle (m? g!)
N maximum ECSA value (m? g!)

x 100 (2)

Catalytic activity retention rate for mass activity was obtained
by a similar equation (eqn (3)):
Catalytic activity retention rate for mass activity (%)
mass activity estimated at each cycle (A gp ")

= — x 100
maximum mass activity value (A gp, ')
(3)

3. Results and discussion

The morphologies of the Pt-SWCNT, Pt-SWCNTyy, Pt-Vulcan®,
and TEC10V30E were observed by TEM to know the dispersed
state of Pt nanoparticles (Fig. 2a-d). The Pt nanoparticles
uniformly existed on the Pt-SWCNT and Pt-Vulcan®, and their
mean particle size was ca. 3.6-3.7 nm. On the other hand, the Pt
nanoparticles agglomerated were partially recognized on the
Pt-SWCNT,,,,y and TEC10V30E, but their mean particle size (ca.
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Fig. 2 TEM images of Pt nanoparticle-supported carbon materials
(a—d) before and (e—h) after the potential cycle test. The specimens are
(a and e) Pt-SWCNTs, (b and f) Pt-SWCNTscony, (€ and g) Pt-Vulcan®,
and (d and h) TEC10V30E.

2.6-2.8 nm) was smaller than that of the aforementioned two
samples. The Pt loading amounts for all the samples were ca.
26-32 wt%. The detailed information is given in Table 1.
Fig. 3a-d show cyclic voltammograms (CVs) recorded at the Pt-
supported electrocatalysts in 0.1 M HClO, solution deaerated
with N, at room temperature before and after the potential cycle
test which simulates an actual fuel cell operation.® At all the
electrocatalysts, redox waves for the hydrogen adsorption/
desorption and the Pt-oxide formation/reduction appeared at
potentials ranging from 0.10 to 0.35 V (vs. RHE) and from 0.80
to 1.20 V, respectively. As is well known, a pair of ill-defined
peaks that are assignable to the redox reaction of quinone and
hydroquinone moieties appear at around 0.60 V due to the
oxidation of the carbon support.’” Especially at the
Pt-SWCNT,,,, and TEC10V30E, the undesirable peaks became
clearer after the cycle test. Also, the changes in the electro-
chemical surface area (ECSA) during the potential cycle test give
important information on whether the carbon material has
favorable characteristics as a carbon support for the electro-
catalysts or not. The data are shown in Fig. 4a as a function of
the cycle number. The ECSA decreased with increasing cycle
number. But, it increased at the initial several thousand cycles
for the Pt-SWCNT. This unexpected behavior would be caused
by the slight residual IL on the Pt nanoparticles rinsed during
the test. The Pt-SWCNT showed the highest maximum ECSA
owing to keeping a favorable Pt nanoparticle dispersed state. In
order to obtain more insight into the behavior, the data are
converted to the catalytic activity retention rate, which directly
shows the catalytic durability, by the expression, eqn (3), in the
Experimental section. The data are graphically displayed in
Fig. 4b and all the data obtained by the cycle test are summa-
rized in Table 1. The order of the catalytic activity retention rate
calculated from the ECSA data after 15 000 cycles is as follows:
Pt-SWCNT, Pt-Vulcan®, Pt-SWCNT.n,, and TEC10V30E. As the
Pt-SWCNT was prepared without laborious pretreatment such
as an oxidative treatment, it maintains a pristine structure on
the surface. The pristine SWCNT composed of only sp> carbon
is inherently more physicochemically stable than carbon black
and acid-pretreated SWCNTs that have various functional
groups such as hydroxyl or carboxyl groups.*® Therefore, it is
considered that the Pt-SWCNT has a strong resistance toward

This journal is © The Royal Society of Chemistry 2016
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Table 1 Summary of the Pt nanoparticle-supported carbon materials used in this research
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Mean particle

Loading amount

Initial ECSA Maximum ECSA

ECSA after 15 000

Catalytic activity retention rate

Catalyst size (nm) of Pt (Wt%) (m*>g™ (m*¢g™ cycles (m* g™ for the ECSA® after 15 000 cycles (%)
Pt-SWCNTSs 3.7 (O.S)b 25.6 63.1 66.4 49.5 75
Pt-SWCNTScony 2.8 (0.9) 29.5 44.3 44.3 185 a1
Pt-Vulcan® 3.6 (O.9)b 32.4 51.4 51.4 34.2 67
TEC10V30E 2.6 (0.7) 28.7 57.4 57.4 25.2 44

“ The catalytic activity retention rate was estimated by eqn (2). ? The values show the standard deviation.
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Fig. 3 Cyclic voltammograms recorded at (a) Pt-SWCNT, (b)
Pt-SWCNTom. (€) Pt-Vulcan®, and (d) TEC10V30E electrodes (—)
before and (- - -) after the potential cycle test. The test was repeated
15 000 cycles. The electrolyte was a N,-saturated 0.1 M HCLO,4 aqueous
solution at room temperature, and the scan rate was 10 mV s,
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Fig. 4 Variation in (a) the ECSA and (b) catalytic activity retention rate
for the ECSA estimated from Fig. 2a as a function of cycle number. The
electrocatalysts were (@) Pt-SWCNT, (O) Pt-SWCNTon,, (H)
Pt-Vulcan®, and (A) TEC10V30E.

the corrosion during the potential cycle test leading to the
inhibition of the Pt nanoparticle aggregation, migration, and
detachment from the catalysts. What makes the result even
more interesting is that Pt-Vulcan® has a higher catalytic

This journal is © The Royal Society of Chemistry 2016

activity retention rate compared with TEC10V30E, although
these two electrocatalysts use the same carbon support (Vul-
can® XC-72). It is commonly believed that the corrosion of
Vulcan® proceeds easily during the potential cycle test through
the oxidation of functional groups to carbon dioxide or carbon
monoxide.* The difference between Pt-Vulcan® and TEC10V30E
is that an IL thin layer exists on the carbon surface or not. To
clarify the importance of the location where the IL exists on the
carbon support, we applied the IL to the TEC10V30E by the
approach described in the Experimental section. The resulting
material, TEC10V30E-IL, was covered with a thin IL layer, but Pt
nanoparticles were directly in contact with the carbon support
(Fig. 1e). The variation in the catalytic activity retention rate for
the TEC10V30E-IL was slightly worse compared to that for the
original TEC10V30E (Fig. S17). It means that the modification of
the as-prepared Pt supported catalyst by using the IL is inef-
fective in preventing the degradation of the catalyst and that the
IL has to exist between the Pt nanoparticles and carbon support
to enhance the durability.

Because electrocatalytic mass activity is another important
factor, the mass activity for the electrocatalysts prepared in this
research for the ORR before and after the potential cycle test
was measured by rotating disk electrode (RDE)-linear sweep
voltammetry in an anodic direction, as shown in Fig. S2.T We
have already revealed that the electrochemical ORR proceeds at
the Pt-SWCNT by a four-electron reduction reaction.*® The onset
potentials of the ORR recorded at the Pt-SWCNT and Pt-Vul-
can® were almost unchanged even after the test of 15 000
cycles. In order to conduct quantitative evaluation, the mass
activity was calculated from the reduction current at 0.80 V
before and after the potential cycle test (Fig. 5a). The mass
activity decreased without exception. However, as shown in
Fig. 5b, the degree of the catalytic activity retention rate for the
mass activity calculated by eqn (2) varied a great deal depending
on the electrocatalysts. Deterioration of the Pt-SWCNT and
Pt-Vulcan® is obviously suppressed compared to the
Pt-SWCNT.,,v and TEC10V30E. It is essential to know the
morphology change of the catalysts after the potential cycle test
to deduce the deterioration mechanism. Fig. 2e-h show TEM
images of the Pt-SWCNT, Pt-SWCNT.,n,, Pt-Vulcan® and
TEC10V30E after the potential cycle test. With regard to the
Pt-SWCNT and Pt-Vulcan®, Pt nanoparticles remained on the
carbon supports while aggregation behavior of the Pt nano-
particles was slightly recognized. Interestingly, the grain
boundary of the carbon black used for Pt-Vulcan® was sus-
tained. However, as for the TEC10V30E, most Pt nanoparticles

J. Mater. Chem. A, 2016, 4, 12152-12157 | 12155
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Fig. 5 (a) Comparison of mass activity of the Pt-SWCNT,
Pt-SWCNTconv, Pt-Vulcan®, and TEC10V30E before and after the
potential cycle test. The test was repeated 15 000 cycles. (b) Summary
of the catalytic activity retention rate for the ECSA and mass activity.
These values were estimated from the equations shown in the
Experimental section.

and grain boundary disappeared. It coincides with previous
reports.>® Pt nanoparticles on the Pt-SWCNT,,,, severely
aggregated after the cycle test. These results strongly suggest
that the IL that exists at the interface between the Pt nano-
particles and carbon support is a key to enhance catalytic
durability.

In order to obtain solid evidence for supporting our idea, we
conducted durability tests for typical Pt catalysts used in this
study, TEC10V30E, Pt-Vulcan®, and Pt-SWCNT, by using
a brand-new in situ SEM/STEM observation technique.'
According to previous articles,**® carbon corrosion of the Pt
particle-supported carbon cathode catalyst for a PEM fuel cell
system proceeds by electrochemical carbon support combus-
tion, and the unfavorable combustion reaction is enhanced by
Pt nanoparticles. A similar combustion reaction can be repli-
cated in the in situ SEM/STEM system under air injection
without the electrode reaction, but the catalyst must be heated.
Fig. 6 shows SEM and annular dark-field STEM (DF-STEM)

SEMimages DF-STEM images| SEM images

DF-STEM images

TEC10V30E

Pt-Vulcan®

PLSWCNT | [

Before air injection After air injection

Fig. 6 SEM and annular dark-field STEM (DF-STEM) images of
TEC10V30E, Pt-Vulcan®, and Pt-SWCNTs before and after low-
humidity air (56-60% RH (relative humidity), 298-300 K) injection for
ca. 30 min. The observation conditions: (before air injection) the
acceleration voltage was 300 kV, the pressure was 5.75 x 107> Pa, and
the specimen temperature was 473 K; (after air injection) the accel-
eration voltage was 300 kV, the pressure at the specimen position was
ca. 4-10 Pa, and the specimen temperature was 473 K.

12156 | J. Mater. Chem. A, 2016, 4, 12152-12157

View Article Online

Paper

images of TEC10V30E, Pt-Vulcan®, and Pt-SWCNT before and
after low-humidity air injection for the durability tests. These
images shown were captured from video clips of the in situ SEM
and STEM observation. The information on the surface
morphology of the Pt catalysts and on the coalescence behavior
of the Pt nanoparticles on the carbon matrix can be obtained
from the SEM image. In contrast, by the DF-STEM observation,
even the coalescence behavior that occurs in the carbon matrix
and at the behind side can be observed clearly. Combination of
these two approaches enables us to directly give a conclusive
answer to the question, that is, why do the Pt-Vulcan® and
Pt-SWCNT prepared in this investigation show a long catalyst
life? If the three Pt catalysts were heated at 473 K under high
vacuum conditions (5.75 x 107> Pa), the morphology did not
alter during the observation, and the Pt nanoparticles main-
tained a homogeneously dispersed state on the carbon support
(Fig. S3-S57). It means that the catalysts are stable under such
conditions. During the air injection, carbon corrosion of
TEC10V30E was recognized as reported in previous paper
(Fig. 6)." In the SEM image, most Pt nanoparticles disappeared
and many holes appeared at the site of the original particles.
The DF-STEM image indicated that the Pt nanoparticles moved
into any part of the carbon matrix with their agglomeration. In
light of these results, the carbon corrosion by the combustion
reaction is initiated at the Pt nanoparticle|carbon support
phase boundary. For the Pt-Vulcan® and Pt-SWCNT, as shown
in Fig. 6, Pt nanoparticles remained even after air injection
experiments but some migrate and aggregate on or in the
carbon supports. The Pt-SWCNT showed a better corrosion
resistance than the two other catalysts due to the chemically
inert basal surface of the SWCNT without functional groups. A
major variation in the catalyst was only Pt nanoparticle aggre-
gation. What is notable is that the carbon corrosion of the
Pt-Vulcan® is also suppressed compared with TEC10V30E, i.e.,
more Pt nanoparticles existed on the Pt-Vulcan® with fewer
holes after the test. All the details of each carbon corrosion
behavior can be visually understood from the video clips
(Movies S1-S37), which have been uploaded on the website of
this journal.

4. Conclusions

In this study, highly durable electrocatalysts, Pt-Vulcan® and
Pt-SWCNT, for the ORR were readily prepared by agitating the Pt
nanoparticles monodispersed in the IL and carbon support at
573 K for 5 h. Electrochemical experiments and in situ SEM and
DF-STEM observations revealed that the thin IL layer between
the Pt nanoparticles and carbon support directly relates to the
durability enhancement. The most important finding is that it
is possible to give anti-corrosive nature to the commonly used
carbon support, e.g., Vulcan®, with ease by using our approach.
The Pt-Vulcan® substantially outperformed a commercially
available electrocatalyst with the same carbon matrix in terms
of durability. We believe that this material tailoring process will
be a new approach for designing cathode catalysts for PEM fuel
cell systems.

This journal is © The Royal Society of Chemistry 2016
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