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ABSTRACT: Exfoliated graphite nanoplatelets (GnP) has been investigated as
an electrocatalyst support for fuel cell applications. GnP-supported Pt catalysts
were synthesized by a microwave process in the presence of room temperature
ionic liquids (RTILs). Thermal-oxidation resistance of GnP and GnP-supported
Pt catalysts was studied by thermogravimetric analysis and compared with a
variety of other carbon nanostructures: carbon black, graphite nanofiber, single-
and multiwalled carbon nanotubes. GnP showed the best thermal-oxidative
stability. The results obtained from X-ray diffraction, X-ray photoelectron
spectroscopy, electrochemical testing, scanning and transmission electron
microscopy showed that the RTIL synthesis method resulted in size reduction
of Pt nanoparticle, improvement of Pt dispersion on GnP, and identification of
the relationships between the mean size of Pt particles with increasing RTIL
content. The interaction of Pt particles-GnP is stronger than that of a
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commercial Pt-CB, and the Pt/GnP catalysts prepared by this method have excellent electrocatalytic activity and stability for

methanol oxidation.
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1. INTRODUCTION

The proton exchange membrane fuel cell (PEMFC) is one of
the promising alternative power sources for future energy
security. Nanosized Pt-based particles are the most common
catalysts used in PEMFC. The success of PEMFC depends
considerably on cost, durability, and performance of the
electrocatalyst in fuel cell stacks." The high cost of electro-
catalyst can be reduced by maximizing utilization of Pt catalysts
on carbon supports which require properties such as high
electrical conductivity, high surface area, excellent crystallinity,
appropriate pore structure, and surface properties stable in a
water generated environment.” The durability and long-term
performance of these catalysts are predominantly affected by
carbon corrosion which causes a decrease in the sites on carbon
supports that are anchoring the Pt catalysts and thus results in
catalyst detachment/aggregation and a structural collapse of the
electrode in an extreme case. The development of highly active
electrocatalysts dispersed on corrosion-resistant and inexpen-
sive carbons is necessary for achieving the reliability of the
PEMFC necessary for their widespread usage and reducing its
total cost.

Conductive carbon black (CB) is currently widely used as a
support for catalyst nanoparticles because of its easy availability
and low cost. However, it has been shown that the presence of
micropores and organo-sulfur groups on CB lead to a poor
utilization and aggregation of catalyst nanoparticles, respec-
tively.”* In addition, thermochemical instability of CB under
the operational condition of fuel cells causes the degradation of
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catalysts which limits fuel cell performance.® A variety of novel
carbon nanostructures such as carbon nanotubes (CNT),
graphite nanofiber (GNF), carbon nanohorns, and carbon
nanocoil have been investigated.s_11 Among them, CNT
appears to be one of the most promising alternative supports
due to excellent intrinsic properties such as high surface area,
high chemical stability, and superior thermal, mechanical, and
electrical properties.'>'®> Pt catalysts deposited on CNT
showed improved corrosion-resistance due to the better
stability of CNT and the better interaction between Pt particles
and CNT than conventional CB support. Catalyst nanoparticles
dispersed on the external walls of CNT have an additional
advantage of reactant accessibility compared to those where the
catalyst is located in the pores of the carbons. However, the
high cost of CNT is still a barrier hindering their
commercialization and special care is required for Pt catalyst
deposition as well as the synthesis of ink with a good
dispersion.

Graphene has been suggested as a catalyst support because it
has a high electron in-plane transport rate and is potentially a
low cost carbon in comparison with CNT.'*™"” Graphene
studied as a support were mostly in the form of chemically
reduced graphite oxide (rGO) or functionalized graphene
sheets (FGS) thermally exfoliated over 1000 °C under an Ar
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environment. This alternative synthesis method is not attractive
since the process for GO production consists of time-
consuming multiple steps and requires hazardous strong
oxidizing agents. GO has been found to be a “defective”
graphene because it is wrinkled and full of holes or small
defects caused by severe oxidation and is nonconductive. GO
needs to be reduced to conductive graphene for real
applications. The reduction can be accomplished with the
help of a strong reducing agent or at high temperature to
produce rGO and FGS. These graphenes have still damaged
basal planes and a significant decrease of graphene surface area
due to uncontrollable reaggregation. Low cost production of
rGO and FGS does not appear to be a viable technology at this
time.

GnP produced by expanding graphite intercalated com-
pounds via thermal shock followed by pulverization consists of
layers of graphene sheets. GnP is commercially available and
thus much more cost-effective than rGO and FGS. GnP meets
the key properties (e.g., high surface area, excellent mechanical
strength, thermal and electrical conductivity) required to be an
excellent carbon support and has a well-preserved highly
ordered graphitic surface structure that is critical to excellent
Pt/GnP catalyst durability. The presence of highly graphitic
teatures decreases defect sites on its basal plane and edge site
and increases 7 sites which act as anchoring sites of catalysts,
enhancing the interaction between metal and carbon support
and consequently suppressing the growth of catalyst particles,
while the presence of oxygen functional groups can diminish
metal—support interaction.”® As a result, catalyst nanoparticles
are well dispersed on the surface of GnP where they can make
easy contact with the reactant. In spite of such potential
benefits, the application of GnP as a carbon support for fuel cell
catalysts has been identified in only a few reports."”>' This is
due to the main difficulty in depositing catalyst nanoparticles
on highly hydrophobic GnP with a high degree of intrinsic
graphitization. Hence, it is required to modify GnP surface with
either chemical oxidation or introduction of small molecules
such as polyelectrolyte and surfactants prior to direct
deposition of metal particles onto GnP. Compared with Pt/
GnP, GO is a starting material in most cases of Pt/graphene
catalysts. GO has very high surface area in the wet state and
abundant oxygen functional groups on its basal and edge
surface. Thus, GO itself has good interaction with Pt precursors
and thus facilitate the synthesis of Pt/graphene without any
pretreatment.

There are several advantageous features of room temperature
ionic liquid (RTIL) in the synthesis of supported metal
nanoparticles:*>*> (1) the high polarity of RTIL can dissolve a
variety of metal precursors, (2) the RTIL low surface tension
can preferentially adsorb onto other surfaces and thus
contribute to weakening the particle coarsening in the growth
state of metallic particles leading to the generation of very small
particles, (3) the high thermal stability of RTILs allows the
reactions even at a high temperature, and (4) the excellent
microwave (MW) absorption capability of RTILs assists in
accelerating the heating rate of the solution in the MW process
and thus promotes the production of fine metal nanoparticles
by rapid nucleation rate of inorganic species. All of these
advantages synergistically act to generate well dispersed small
Pt particles on support materials.

In this paper, we report a simple technique to prepare GnP-
supported Pt nanoparticles without any pretreatment of GnP
with acids or small molecules to induce interaction between

GnP and Pt precursor and to control the size of Pt particles
deposited on GnP. This method is the result of a process for
the reduction of Pt precursor in polyol solution in the presence
of RTIL via MW heating. This research and fundamental
characterization was carried out to determine the optimum
particle size and dispersion and to estimate the interaction
between Pt and GnP. Cyclic voltammetry measurements for
GnP supported Pt catalysts were also performed to evaluate
their catalytic activity.

2. EXPERIMENTAL SECTION

2.1. Materials and Catalyst Synthesis. Chloroplatinic acid
hexahydrate (H,PtCl;:6H,0) purchased from Aldrich was used as a Pt
precursor. Ethylene glycol (EG) from J.T. Baker was used as a
reducing agent. Two different RTILs, 1-butyl-3-methylimidazolium
hexafluorophosphate (bmimPF) and 1-butyl-3-methylimidazolium
acetate (bmimCH;CO,) were obtained from Aldrich. bmimPFy is
denoted as RTIL-1 and bmimCH;CO, as RTIL-2 for convenience.
GnP for this study was produced by expanding the graphite layers
from acid-intercalated natural graphite via a MW heating and reducing
the size of the expanded layers through an ultrasonication and milling
process. Figure 1 shows the typical dimension of GnP with an average
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Figure 1. Typical TEM pictures of GnP at (a) low and (b) high

magnification.

thickness and diameter of approximately 8—10 nm and 1 um,
respectively. Single walled carbon nanotube (SWNT), multiwalled
carbon nanotube (MWNT), carbon black (CB, Vulcan XC-72R), and
GNF were purchased or provided from Cheap Tubes Inc., Aldrich,
Cabot Co. and Nanomirae Inc, respectively, and used for the
comparison of thermal-oxidative stability.

For the fabrication of Pt/GnP catalysts with 20 wt % Pt loading in
the absence of RTIL, GnP was ultrasonically dispersed in 20 mL of EG
for 30 min and a predetermined quantity of the Pt precursor dissolved
in 2 mL of the reducing solvent separately was added to the solvent
containing GnP. The mixture was mechanically mixed for 10 min,
transferred into a commercial microwave oven, and irradiated under air
for 60 s to reduce the Pt precursor. The resulting suspension was
centrifuged and washed with an excess of acetone at least S times and
dried in a vacuum oven at 373 K overnight. The catalyst obtained in
this way is called the Pt/GnP-N. For Pt/GnP catalysts synthesized in
the presence of the RTIL-1 and RTIL-2, GnP was ultrasonically
dispersed in EG for 30 min and, separately, a predetermined amount
of the Pt precursor for 20 wt % Pt loading was added to EG and
completely dissolved. They were mechanically mixed in a beaker for at
least 30 min. Various contents of RTIL predissolved in EG various
were added to the mixture, followed within 5 min by MW reduction in
a MW oven for 60 s. The different molar ratios of RTIL/Pt precursor
(RTIL/Pt = 0, 2.5, S, 10, SO) were introduced. Other steps were the
same as for the Pt/GnP-N catalyst. The Pt/GnP catalysts synthesized
with the addition of bmimPF; and bmimCH;CO, are denoted as Pt/
GnP-RTIL-1 and Pt/GnP-RTIL-2, respectively.

2.2. Characterization. The Pt particle formation process with Pt
precursor of 1.5 X 10™° M in EG was studied with UV—vis with a
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Figure 2. TGA curves of (a) various carbon supports and (b) the comparison of GnP and XC-72R decorated with and without 20 wt % Pt.

PerkinElmer Lamda 900 spectrometer over the range of 220—700 nm
with 1 cm path length quartz cuvette. Pt catalysts dispersed on GnP
were characterized by recording their X-ray diffraction (XRD) patterns
on a Regaku Rotaflex 200B X-ray diffractometer using Cu-K,, radiation
with a curved graphite monochromator. This was done to identify the
phases present in the catalyst and to evaluate the lattice parameter and
the particle size of the Pt crystallites dispersed on GnP. The 26 region
between 10° and 100° was scanned at 45 keV and 100 mV at a scan
rate of 5°/min. Scanning electron microscopy (SEM) images were
obtained on a JEOL 6300F for the general information on Pt
dispersion on GnP. A transmission electron microscopy (TEM)
investigation was also carried out with JEOL 100CX and JEOL 2200FS
operating at a voltage of 100 and 200 keV for the morphology of the
dispersed Pt nanoparticles and the determination of the average size of
Pt particles. Thermogravimetric analysis (TGA 2950, TA Instruments)
was performed to evaluate the degradation of GnP supported Pt
catalysts and determine the Pt loading. Samples weighing 3—4 mg
were tested over a temperature range from room temperature to 800
°C (for supported Pt catalysts) or 1000 °C (carbons) at 20 °C/min
under flowing air. X-ray photoelectron spectroscopy (XPS) results of
Pt/GnP catalysts were obtained with a Physical Electronics PHI 5400
ESCA system and used to investigate the presence of the oxide phases
and the interaction between Pt and GnP. The Pt 4f region in the XPS
spectrum was deconvoluted to indentify different metallic and
oxidation states of Pt on the GnP.

An electrochemical investigation was performed by cyclic
voltammetry (CV) using a potentiostat (Gamry Intstruments Inc.,
FAS2 Femtostat). Data was collected by Echem Analyst, which is
software that was provided by the company. A conventional three-
electrode cell equipped with a platinum wire counter electrode, an Ag/
AgCl reference electrode, and a glassy carbon working electrode was
used. The glassy carbon electrode with a 3 mm diameter was polished
with a 0.05 ym alumina suspension before each experiment. The
catalyst ink was prepared by ultrasonically dispersing 5 mg of Pt/GnP
catalysts in 0.8 mL of alcohol, containing 0.1 mL of 0.1 wt % Nafion
solution for 20 min. Then 20 uL of the catalyst ink was micropipetted
on the top surface of the glassy carbon electrode. The CV experiments
were performed in 1 M H,SO, solution in the absence and the
presence of 2 M CH;OH at the scan rate of 50 mV/s. N, gas was
purged for 15 min before starting the experiment. The chronoamper-
ometry tests were also performed in 2 M CH;OH/1 M H,SO, at 0.45
V for the period of 3000 s to study the catalyst stability.

3. RESULTS AND DISCUSSION

3.1. Comparison of Various Carbon Supports.
Supported electrocatalysts used in the fuel cells have to meet

12128

severe performance requirements for long-term fuel cell
operation of over 40 000 h. Oxygen is supplied on the cathode
side for the oxygen reduction reaction (ORR), and water
generated in ORR has to be rapidly removed from the
electrode. This environment has the potential for unwanted
surface oxidation of carbon supports on the cathode. Support
corrosion may occur due to the presence of oxygen, which is
responsible for the performance loss of fuel cells. Therefore, the
carbon support inevitably influences the catalytic activity of
carbon supported catalysts in ORR at the fuel cell cathode.”*
Good corrosion or oxidation resistance is one of the important
characteristics that an ideal support should possess for
applications in fuel cells under strong oxidizing conditions.
The high stabilization of the support toward corrosion can be
accomplished by graphitizing carbon supports at very high
temperature (e.g,, >2000 °C) to reduce active surface sites like
oxygen groups which are responsible for carbon corrosion in
the fuel cell.' Thus, thermal-oxidative decomposition resistance
may impart long-term stability to catalysts in acidic environ-
ments in energy generation/storage device operation because
highly graphitized carbons are normally decomposed at higher
temperature than less graphitized ones.

TGA analyses were used in order to compare thermal-
oxidative resistance of various carbon supports and supported
Pt electrocatalysts. According to Figure 2a, three carbons,
MWNT, XC-72R, and GnP, started to decompose above 600
°C, while SWNT and GNF were completely decomposed
before reaching 600 °C. The presence of metallic catalysts may
be responsible for the fast decomposition of SWNT at low
temperature. Thus, MWNT, CB (XC-72R), and GnP appeared
to be more appropriate supports than SWNT and GNF on the
basis of long-term stability in the corrosive environment in the
fuel cell. GnP showed the highest thermal-oxidation resistance
among all of the carbons, suggesting GnP can be a very
promising durable catalyst support. This is as expected because
the GnP basal plane surface has a high degree of graphitization
and low concentration of defect sites, which provides a high
concentration of 7 sites. The 7z sites on carbon act as anchoring
sites for the Pt particles and are responsible for strong
adsorption of Pt on carbon.'®

It is also interesting to compare the combustion resistance of
carbons loaded with the Pt particles because Pt on carbons can
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act as catalysts accelerating chemical combustion of the carbon
support which causes a decrease of fuel cell stability. The
combustion stability of GnP and CB loaded with 20 wt % Pt
particles is compared in Figure 2b. CB was selected because it is
one of the carbon blacks most widely used at present with
relatively excellent decomposition resistance as proven in
Figure 2a. When both catalysts were exposed to air at an
elevated temperature, CB lost its weight more rapidly at about
230 °C lower temperature than the bare CB. However, the
decomposition temperature of GnP loaded with Pt particles
shifted much less, only about 100 °C lower temperature
compared to bare GnP. This result supports the excellence of
GnP as a support stabilizing Pt electrocatalyst in an oxidizing
environment.

3.2. Effect of RTIL on Synthesis and Characteristics of
Pt/GnP. The size and dispersion of metal particles on GnP
relies on when RTIL is introduced. Figure 3 briefly shows the
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Figure 3. Suggested RTIL locations and TEM morphology of Pt/
GnP-RTIL-2 sample when RTIL is added (a, b) before and (c, d) after
the addition of Pt precursor.

schematic of the RTIL location in a solution containing
platinum ions and TEM morphologies of the samples prepared
by changing the sequence of RTIL addition to the EG solution
containing GnP and Pt precursor. When RTIL is introduced in
EG-GnP solution prior to the addition of Pt precursor
(Sequence-A), it adsorbs onto the surface of GnP and thus
metal ions interact weakly with GnP through the adsorbed layer
of RTIL (Figure 3a). Hence, there is a possibility of the
formation of some metal atoms and particles separate from the
GnP surface, which leads to a decreasing number of Pt
nanoparticles on GnP. If RTIL is added in EG-GnP solutions
after the addition of Pt precursor (Sequence-B), Pt ions
directly interact with the 7 sites on the xGnP basal plane and
some oxygen groups at the GnP edge area (Figure 3c). RTIL
may adsorb on the surface of metal ions or the GnP surface
unoccupied by metal ions. Therefore, more metal atoms or
particles form on the surface of GnP. TEM results shown in
Figure 3b,d support such assumptions well. The sample

prepared from Sequence-B has more particles on GnP than
that from Sequence-A. However, the size of Pt particles was
not affected in both cases.

FTIR analysis of Pt/GnP-RTIL-2 was performed to confirm
the above hypothesis. As in the plots of Figure 4, the sample for
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Figure 4. FTIR of (a) Pt/GnP-RTIL-2 (the addition of RTIL-2 prior

to Pt precursor), (b) GnP, (c) Pt/xGnP-RTIL-2 (the addition of Pt
precursor prior to bmimCH;CO,) (d) EG, and (e) RTIL-2.

Sequence-B has the same peak features as GnP (Figure 4b,c),
indicating that RTIL was weekly adsorbed onto GnP and Pt
and thus RTIL can be removed with ease after mild-washing
with acetone. Meanwhile, in the case of Sequence-A, the
sample shows peaks similar to those of RTIL (Figure 4a,c),
suggesting that RTIL molecules strongly adsorb onto the
surface of GnP and Pt. Thus, considerable traces of RTIL still
remain on GnP after mild washing. In this sequence, too much
RTIL may be detrimental to achieve the targeted metal loading
because it blocks direct interaction between metal ions and
GnP.

The effect of RTIL content on the process of Pt particle
formation was investigated. The concentration of RTIL-2 was
varied so that the molar ratio of RTIL-2 to Pt precursor was
either 1, 5, 10, or 20. Figure Sa shows the UV—vis absorption
spectra obtained after 10 s MW reduction and the effect of
RTIL content on the reduction rate. The peak at 267 nm
quickly decreased with increasing RTIL-2 content. When the
molar ratio of RTIL-2/Pt precursor > 10, the peak completely
disappeared even after 10 s MW heating. The absorption
spectra above RTIL-2/Pt precursor = 20 were not affected in
spite of the further increase of RTIL-2 concentration. This
suggests that further addition of RTIL-2 is not needed to
increase the reduction rate of Pt ions under the MW irradiation
conditions.

UV—vis spectroscopy measurements were conducted to
compare the reduction rate of [PtCls]*” in the presence of
RTIL-1 and RTIL-2, and the results are compared in Figure Sb.
The molar ratio between RTIL and Pt salt was 20. The
resulting data were recorded after 10 s of MW irradiation. The
peak height of Pt ions rapidly decreased in the presence of
RTIL at a given MW time. RTIL-2 showed faster reduction of
the peak height than RTIL-1, which results from the different
polarity of the two RTILs because the reaction has been
conducted in a microwave oven. Those two RTILs have the
same cation, 1-butyl-3-methylimidazolium, but different anions.
Only a difference in the polarity comes from anion groups.
RTIL-2 is expected to have the higher polarity due to
unsymmetrical arrangement by oxygen atoms than bmimPF
with fairly symmetrical molecular geometry. Hence, the
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Figure 5. UV—vis absorption spectra obtained (a) in the presence of RTIL-2 at various concentrations and (b) in RTIL-1 and RTIL-2 at fixed
concentration after 10 s MW reduction (numbers in parentheses represent molar ratio between RTIL and Pt precursor).

decrease of the peak intensity was more dramatic in the
presence of RTIL-2 than RTIL-1, which enables to anticipate
that RTIL-2 will produce the smaller Pt nanoparticles than
RTIL-1 due to the faster reduction induced by the presence of
RTIL-2. TEM analysis supports this result. A detailed
explanation on the role of RTIL in producing metal
nanoparticles and controlling their size and dispersion is
available elsewhere.”®

Figure 6 shows the XRD patterns measured on microwave-
synthesized Pt/GnP-N and Pt/GnP-RTIL-2 with the addition
of various molar ratio of RTIL-2/Pt salt. The peaks at about 26
= 26.58° and 54.6° are attributed to the graphite structure
(002) and (004) of GnP, respectively. For Pt particles, the
XRD pattern displays diffraction characteristic of a face-
centered cubic crystal structure with major peaks at 26 =
39.74° (111), 46.32° (200), 67.6° (220), and 81.62° (311).
The diffraction peak at 20 = 39.74° for Pt (111) corresponds to

the d-spacing = 0.227 nm for the Pt (111) plane. While the
sharp reflections are found at a low molar ratio of RTIL-2/Pt,
the four characteristic peaks become broader at RTIL-2/Pt =
10 and disappear at RTIL-2/Pt = 50. This peak broadening
suggests the formation of very small Pt particles and their good
dispersion.”® XRD implies that the average size of Pt particles
decreases as the concentration of the RTIL-2 increases and
visible evidence is in the TEM analysis.

TEM morphologies of Pt/GnP-RTIL prepared at RTIL/Pt =
50 were compared with Pt/GnP-N in Figure 7. While Pt
particles with an average diameter of 3.74 nm were obtained in
the absence of RTIL (Figure 7a), the mean size of Pt reduced
to about 2.0 nm when RTIL-1 was introduced to the synthesis
process (Figure 7b) and further decreased to about 1.68 nm
when RTIL-2 was added (Figure 3d). The size distribution and
dispersion of Pt particles were also drastically improved by the
introduction of RTIL-1 and RTIL-2 (Figure 7c). The smaller Pt
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Figure 6. X-ray diffraction patterns of (a) Pt/GnP-N and Pt/GnP-RTIL-2 prepared with the addition of RTIL/Pt precursor = (b) S, (c) 10, and (d)
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Figure 7. TEM images of (a) Pt/GnP-N, (b) Pt/GnP-RTIL-1, and (c) the mean size and size distribution of Pt particles in those Pt/GnP samples
(Figure 3d is the TEM image of Pt/GnP-RTIL-2 synthesized at the same RTIL/Pt ratio).

particles generated by the addition of RTIL-2 are in good
agreement with UV—vis spectroscopy analysis which proved
RTIL-2 increased the reduction rate of the Pt precursor more
rapidly than RTIL-1. The relatively high resolution TEM
images provide further information on the Pt structure
dispersed on GnP (Figure Sla in the Supporting Information).
The lattice fringes are consistent with the well-developed
metallic Pt crystallites. SEM image of dried Pt/GnP catalysts
synthesized in the presence of a RTIL-1 is indicative of good
dispersion of Pt catalysts not only on a single GnP but also on
all of the GnP particles (Figure Slb in the Supporting
Information). Additionally, the presence of RTIL contributes to
the formation of much smaller Pt nanoparticles with a narrow

size distribution compared to when RTIL is not present even in
the case of the synthesis of highly loaded Pt catalysts on GnP
(Figure Slc in the Supporting Information). Agglomerates of
Pt particles were also rarely found for Pt/GnP-RTIL in spite of
high loading metals (Figure S1d in the Supporting
Information). All results suggest this synthetic method is a
facile way of producing smaller Pt particles as well as
controlling their size and dispersion regardless of Pt loading
on GnP. This method can also be applied for the synthesis of
various monometallic and bimetallic particles well-dispersed on
GnP (Figure S2 in the Supporting Information).

Figure 8 displays the effect of RTIL content on the particle
size and distribution of Pt particles. The addition of both RTIL-
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Figure 8. Effect of RTIL content on the size of Pt particles supported
on GnP.

1 and RTIL-2 reduced the mean size of Pt particles and
improved their size distribution. While Pt particles with a
diameter of 3.74 nm and a large standard deviation were
formed without any RTIL, the mean size of Pt particles was
reduced below 3 nm and their size distribution became
narrower when the RTILs corresponding to the molar ratio of
RTILs/Pt precursor = 1 were present. The size of Pt particles
further decreased with an increase of the RTIL content but
asymptotically approached 1.5 nm beyond RTILs/Pt = 10 in
molar ratio. Therefore, the RTILs content beyond RTILs/Pt =
10 does not seem to have a great effect on the further size
reduction of Pt particles on GnP.

In Table 1, the averages sizes of the Pt particles in Pt/GnP
catalysts prepared at different molar ratio of RTIL/Pt precursor

Table 1. Comparison of Morphological Data of XC-72R and
GnP Supported Pt (20 wt %) Catalysts Prepared at Different
Molar Ratios of RTIL/Pt

samples RTIL/Pt drgy (nm) S (m?/g) D (%)
Pt/XC-72R 2.23 + 0.55 125.7 48.4
Pt/GnP-N 0 3.74 + 0.64 74.9 30.9
Pt/GnP-RTIL-1 2.5 2.88 + 0.46 97.3 37.5
S 2.54 + 041 110.4 42.5

10 2.10 + 0.40 133.5 S1.4

S50 1.95 + 0.37 144.0 55.4

Pt/GnP-RTIL-2 2.5 2.64 + 041 106.2 40.9
S 2.01 + 0.39 139.5 53.7

10 1.78 + 0.37 157.5 60.7

NY 1.68 + 0.30 166.8 64.3

measured from TEM images were compared. The surface areas
of those catalysts were calculated from the mean diameter of
the particles obtained from the TEM images by using the
following equation:

5 6000
pd
where S is the surface area (m?/g), d the mean diameter of Pt
particles (nm), and p the density of Pt (21.4 g/cm?). The
surface area of Pt/GnP-N was lower than the commercial Pt/
XC-72R. However, the surface area of Pt/GnP-RTIL-1 and Pt/
GnP-RTIL-2 was found to increase with the increasing molar
ratio of RTIL/Pt and became higher than that of the
commercial catalyst after RTIL/Pt reached a certain value.
Dispersion (D) of the metal particles is an important parameter

used to calculate the activity of the catalyst per surface metal
atom. D is defined as the mean fraction of the total metal atoms
exposed at the surface. D of Pt particles deposited on GnP
roughly calculated from d = 1.08/D (nm) using the TEM
results.”” The data showed that D can be increase as a result of
the presence of both RTILs, but RTIL-2 is more effective in
improving Pt dispersion on GnP than RTIL-1.

Pt/GnP catalysts prepared with and without the addition of
RTIL-2 were analyzed by XPS to determine the oxidative state
of Pt particles as well as the interaction between Pt and GnP.
The Pt 4f signal in Pt/GnP-N consisting of three pairs of
doublets (Figure S3 in the Supporting Information). The two
strong energy bands at 71.66 and 74.99 eV are due to Pt
particles in a metallic state, while two weak energy bands
observed at 73.09 and 76.42 eV can be assigned to Pt** and Pt*"
in an oxidation state. The XPS study explains the electron
donation by Pt to a carbon support.”® The Pt 4f,, peak for the
Pt/GnP catalyst shifted to higher values with respect to 71.1 eV
for Pt metal in the literature, indicating the strong interaction
between Pt and GnP through electron transfer from Pt to the
surface of GnP.*>*° This shift can be interpreted as a small
particle effect as reported in refs 31 and 32. On the other hand,
the complete reduction of Pt precursors with and without RTIL
addition in a MW heating process supported the absence of a
peak at 198 eV corresponding to CI™ which is responsible for
the catalytic loss or degradation of Pt/GnP catalysts (Figure S4
in the Supporting Information).

Deconvolution of the XPS spectrum was carried out for Pt/
GnP catalysts prepared at different RTIL-2/Pt precursor molar
ratios = 2.5, 5, 10, and 50. The percentage of Pt particles in
metallic and oxidative states was calculated and is listed in
Table 2. The results for unsupported Pt blacks synthesized in

Table 2. Peak Location of Pt 4f and Content of Different Pt
Species Determined from Pt/GnP-N and Pt/GnP-RTIL-2
Samples

metallic Pt

Pt oxide

samples RTIL/Pt  (peak location, eV) (peak location, eV)

Pt black 64.6% (71.38, 74.72)  35.4% (72.52, 75.96)
Pt-RTIL-2 2.5 65.8% (70.67, 74.03)  34.2% (71.60, 74.03)
S 71.1% (71.09, 74.39)  28.9% (72.17, 74.39)

50 73.6% (70.54, 73.87)  26.4% (71.67,75.50)

Pt/XC-72R 65.5% (71.78, 75.10)  34.4% (73.35, 76.91)
Pt/GnP-N 65.5% (71.66, 74.99)  34.5% (73.09, 76.42)
Pt/GnP-RTIL-2 2.5 82.7% (71.83, 75.16)  17.3% (73.40, 76.73)
5 73.8% (71.96, 75.29)  26.2% (73.45,76.78)

10 72.4% (72.17, 75.50)  27.6% (73.40, 76.73)

50 67.8% (72.12, 75.45)  32.2% (73.60, 76.93)

the absence and the presence of RTIL-2 and a commercial Pt/
XC-72R. were also included for comparison. While Pt/GnP-N
and Pt/XC-72R catalyst showed similar content of metallic Pt
particles, higher percentages of metallic Pt were present in Pt/
GnP-RTIL-2. However, the content of metallic Pt species
decreased with an increase of RTIL-2 content. It is not clear if
the partial oxidation of Pt takes place in the middle of the
synthesis process for producing supported catalysts and/or if
the reduction reaction of the Pt precursor is incomplete. Pt
oxidation can occur when the supported Pt is exposed to air
because oxygen can easily be chemisorbed on the surface of the
Pt clusters. The presence of Pt oxides may be responsible for
the detection of oxygen-containing species found on the oxygen
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Figure 9. (a) Comparison of catalytic activity and (b) chronoamperometry curves for methanol oxidation at 0.45 V on Pt/XC-72R, Pt/GnP-N, Pt/

GnP- RTIL-1, and Pt/GnP- RTIL-2 catalysts.

groups of the GnP support. The reduction of Pt species content
in oxidation is possibly due to the lower susceptibility to
oxidation of the Pt nanoparticles, which adsorb RTIL-2.
However, the decrease of metallic Pt at high molar catalysts
may result from the increase of RTIL-2 on Pt particles. On the
other hand, the electronic interaction between Pt and GnP can
be recognized by the shift of metallic Pt peak location for Pt/
GnP with respect to unsupported Pt.** As listed in Table 2, the
metallic Pt peaks for GnP-supported RTIL-2/Pt precursor
molar ratio = 0, 2.5, S, and 50, catalysts shifted to higher values
by 0.28, 1.16, 0.87, and 1.68 eV with respect to corresponding
unsupported Pt blacks (71.1 eV). This result can be interpreted
as related to the presence of the Pt-GnP electronic effect. The
Pt-GnP interaction was through an electron transfer from Pt to
the surface of GnP."** 1t is not likely that mechanical
interlocking is responsible for the adhesion of the Pt
nanoparticles to the GnP. Adhesion most likely arises from
molecular, electrostatic, and/or chemical surface forces acting
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across the interface of two solids.>® The shift of Pt peaks for Pt/
GnP-RTIL-2 samples was larger than for the commercial Pt/
XC-72R, indicating that the interaction between Pt-GnP is
stronger than that between Pt-XC-72R. The small size effect is
excluded because the Pt size for supported samples is similar to
that for corresponding unsupported particles.

3.3. Electrocatalytic Activity. The electrochemical per-
formance of Pt/GnP catalysts synthesized in the absence and
the presence of RTIL-1 and RTIL-2 was studied for methanol
oxidation in 1 M H,SO, + 2 M CH;OH solution at 50 mV/s
scan rate at the room temperature. A commercial Pt/XC-72R
catalyst was also tested for comparison. All of the catalysts have
approximately 20 wt % of Pt particles, which was determined by
TGA. Figure 9a shows the results of cyclic voltammetry
measurements for Pt/GnP and Pt/XC-72R catalysts. The peaks
in the current at around 0.8 V in the forward scan and at
around 0.57 V in the reverse scan represented the methanol
oxidation and the removal of the residual carbon species
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Table 3. Mass Activity of Pt Particles for Pt/GnP Catalyst Prepared via Microwave Irradiation at the Various Molar Ratios of

RTIL/Pt
Pt size Pt loading mass of Pt
samples (nm) (wt %) (mg)
Pt/XC-72R 2.2 19.8 0.0218
Pt/GnP-N 3.7 19.7 0.0217
Pt/GnP-RTIL-1 2.9 19.6 0.0215
Pt/GnP-RTIL-2 2.6 19.4 0.0213
Pt/GnP-RTIL-2 2.0 189 0.0208

“Measured from TGA in an air environment at 25 °C/min ramp rate.

mass activity at peak in forward

mass activity at peak in reverse

(mA/mg Pt) (mA/mg Pt)
577 828
788 1025
840 1135
1090 1485
999 1487

formed in the forward scan.>** All of the Pt/GnP catalysts
showed higher oxidation current than Pt/XC-72R, indicating
that the former are more active for methanol oxidation than the
latter. The oxidation current obtained from Pt/GnP-RTIL-2
catalysts increased almost twice as much as the Pt/XC-72R.
This enhancement of the catalytic activity for methanol
oxidation may be attributed to the improved utilization of the
Pt phase on the surface of GnP. This better Pt dispersion and
utilization on the Pt/GnP catalysts were due to the larger and
highly accessible surface area provided by the formation of the
Pt nanoparticles on the surface of GnP. Pt particles on XC-72R
can be trapped in its pores where the reactant cannot access
and Nafion cannot form a three phase boundary but there may
be no such Pt regions on GnP.*® This difference may explain
the efficiency of Pt/GnP catalysts over the commercial catalyst.
The stronger interaction between Pt particles and GnP may be
another possible reason for explaining the better catalytic
performance of Pt/GnP-RTIL-2, which was proved by data
from XPS spectra of Pt 4f. The ratio between peak currents in
the forward (I;) and reverse (I,) scans is used to evaluate the
tolerance of electrocatalysts in methanol oxidation.* A high I/
I, implies better CO-tolerance. The values of I/I, calculated
from cyclic voltammograns in Figure 9a for all GnP-supported
Pt were larger than that of Pt/XC-72R, indicating improved
poison tolerance of Pt/GnP catalysts (Table S1 in the
Supporting Information).

The catalytic stability is another important evaluation of
carbon supported Pt catalysts for methanol oxidation. The
current—time curves at 0.45 V are shown in Figure 9b. The
initial methanol oxidation currents for Pt/GnP catalysts were
higher than that of a commercial Pt/XC-72R and their order of
the initial currents was in good agreement with the results of
CV measurements. The current for all the catalysts gradually
decayed with time, which is caused by the adsorption of CO,
species on the surface of Pt particles during the methanol
oxidation reaction.*® The current values for Pt/GnP catalysts
synthesized in the presence of RTIL-1 and RTIL-2 were always
greater than that of Pt/XC-72R for the period of the
measurement, suggesting that the Pt/GnP-RTIL catalysts had
better long-term stability than Pt/XC-72R.

Mass activity, the way to express the catalytic activity of Pt
particles dispersed on carbon supports, is of particular
importance because the cost of electrodes in fuel cells depends
on the amount of Pt-based catalysts. If the catalysts have high
mass activity, it is possible to reduce the loading of Pt. Mass
activities of Pt/GnP catalysts calculated at peaks in the forward
and the reverse scans were compared with those of Pt/XC-72R
catalyst in Table 3. All of the Pt/GnP catalyst showed a greater
activity than Pt/XC-72R and two different Pt/GnP-RTIL-2
samples with 2.64 and 2.01 nm of Pt produced a much higher
mass activity than Pt/XC-72R with 2.23 nm Pt. They showed
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an 80% increase in mass activity compared to Pt/XC-72R,
resulting from much better utilization of the Pt particles on
GnP. It was reported in the literature that 3 nm Pt-based
particles exhibited the highest mass catalytic activity for
methanol oxidation and oxidation reduction.*"** However,
that report does not agree with the present result. According to
the result of mass activity, a more critical factor influencing
catalytic activity of support Pt catalysts seemed to be the
utilization of Pt particles rather than the Pt size. The structure
of GnP that allows the active phase to make an easy contact
with the reactant and the proton conductive materials
simultaneously also contributed to the increase in the utilization
of Pt phase in Pt/GnP catalysts.

4. CONCLUSION

The main purpose of this work is to report a simply way of
depositing Pt nanoparticles and manipulating their size on very
hydrophobic GnP and to investigate GnP as a support for the
catalytic oxidation of methanol in DMFC. GnP has suitable
properties such as good electronic conductivity, high corrosion
resistance, high surface area, high mechanical properties, high
accessible area for the reactant, as well as low resistance
between the interface of electrolytes and GnP. The thermo-
oxidative stability and combustion resistance of GnP have been
studied with TGA and compared with other carbon
nanostructures. TGA results proved that GnP has the highest
stability among the other carbon candidates for fuel cell
applications.

The 20 wt % Pt/GnP catalysts were prepared in the presence
of various molar ratios of RTIL to chloroplatinic acid
hexahydrate in EG as a reducing agent via microwave
technique. TEM and XRD results reveal that, regardless of Pt
loading level, highly dispersed Pt nanoparticles below 3 nm
with a narrow size distribution were synthesized on the GnP by
introducing RTIL to the solution. The size of Pt nanoparticles
could be controlled by changing the molar ratio of RTIL/GnP.

Pt/GnP catalysts exhibit higher catalytic activity than the
commercial Pt/XC-72R catalysts due to higher dispersion and
utilization of the Pt particles as well as stronger Pt-support
interaction. All the results indicate the use of GnP as a support
has great potential not only for DMFC but also for other low
temperature fuel cells.
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