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Abstract

Pt nanopatrticles supported on Vulcan XC-72 carbon and carbon nanotubes (CNTs) were prepared by a microwave-assisted polyol process.
The catalysts were characterized by TEM, XRD and XPS. The Pt nanoparticles, which were uniformly dispersed on carbon, were 2—6 nm in
diameter. The Pt/C catalysts prepared as such displayed the characteristic diffraction peaks of a Pt fcc structure. XPS analysis revealed that
the catalysts contained mostly Pt(0), with traces of Pt(ll) and Pt(IV). The electroreduction of oxygen was studied by cyclic voltammetry. It
was found both Pt/C catalysts had high electrocatalytic activity in the oxygen reduction reaction. Test runs on a single stack proton exchange
membrane (PEM) fuel cell showed that these electrocatalysts are very promising for fuel cell applications.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction metal particle size for a 10 wt.% Pt catalyst was 2.0 nm, but
increased to 3.2 and 8.8 nm for 30 and 60 wt.% Pt catalyst,
Pt-based electrocatalysts are usually employed in protonrespectively. Other studies and pateft6—13] have also
exchange membrane fuel cells (PEMFC) and direct methanolunderlined the difficulty of using conventional methods
fuel cells (DMFC) as cathode electrocatalysts for oxygen to preparing platinum catalysts with high metal loadings
reduction reactions in relatively low temperature. It is well (>20wt.%) and small particle sizes (1-2 nm). In an attempt
known that the catalytic activity of the metal is strongly de- by Boennemann et al[14], organoaluminum-stabilized
pendent on the particle shape, size and size distrib{iipn bimetallic colloids with particle size smaller than 2 nm were
Conventional preparation techniques based on wet impregnaprepared and deposited on a commercial support at room
tion and chemical reduction of the metal precursors often do temperature. The stabilizing surfactant shell on the metal
not provide adequate control of particle shape and [dike particles had to be removed before the metal particles could
There is continuing effort to develop alternative synthesis be used for electrocatalysis. While activated carbon is still

methods based on microemulsid@$, sonochemistry3,4], the most common support material for electrocatalysis,

and microwave irradiatiofb—8]; all of which are in princi- new forms of carbon such as fullerences and nanotubes,
ple more conducive to generating colloids and clusters on thewhich have become more available recently, have also been
nanoscale, and with greater uniformity. investigated as catalysts support. The deposition of Pt, Ru

Legratiet et al.[9] reported a significant increase in and PtRu on carbon nanotubes (CNTs) has been reported
particle size when the metal content in a commercial E-TEK [15-18] and the resulting supported catalysts have been
Pt/Vulcan catalyst is increased from 10 to 60wt.%. The superior to activated carbon-supported cataljisis21]

In this paper, a simple microwave-assisted polyol proce-
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an ethylene glycol solution of the metal precursor salt is Pt/C catalyst, and 0.5 ml of Nafion solution (Aldrich: 5w/o
slowly heated to produce colloidal metal, has recently been Nafion); (ii) 8l of the slurry was pipetted and spread on
extended to produce metal nanoparticles supported on carborthe carbon disk; (iii) the electrode was then dried at@0
and AbO3 [8,22]. In the process the polyol solution contain- for 1 h and mounted on a stainless steel support. The surface
ing the metal salt is refluxed at 393—-443K to decompose area of the vitreous carbon disk was 0.25@nd the catalyst
ethylene glycol to yield in situ generated reducing species loading was therefore 1.92 mg crhbased on this geometric
for the reduction of the metal ions to their elemental states. area. Pt gauze and a saturated calomel electrode (SCE) were
The fine metal particles produced as such may additionally used as the counter and reference electrodes respectively. All
be captured by a support material suspending in the solu-potentials in this report are quoted against SCE. All elec-
tion. Conductive heating is often used but microwave dielec- trolyte solutions were deaerated by high-purity argon for 2 h
tric loss heating may be a better synthesis option in view of prior to any measurement. For the measurement of hydro-
its energy efficiency, speed, uniformity, and implementation gen electrosorption curves, the potential was cycled between
simplicity [23]. +0.25 and—0.25V at 10mV s? to obtain the voltammo-
grams of hydrogen adsorption in Ar-purged electrolytes. For
cyclic voltammetry of methanol oxidation, the electrolyte so-
2. Experimental lution was 2M CHOH in 1 M H>S0Oy, which was prepared
from high-purity sulfuric acid, high-purity grade methanol
The Pt/C black (20wt.% Pt on Cabot Vulcan XC-72) and distilled water.
and Pt/CNT (20wt.% Pt on carbon nanotubes synthesized A single stack fuel cell was assembled from a mem-
by catalytic chemical vapor deposition) catalysts were pre- brane/electrode assembly, two stainless steel plates with flow
pared by microwave heating of ethylene glycol (EG) solu- manifolds on the supply sides for gas and water, and two
tions of Pt salt. A typical preparation would consists of the Teflon gaskets. Cell assembly is as per the description in Ref.
following steps: in a 100 ml beaker, 1.0ml of an aqueous [24]. The anode was a 5 &20% Pt/C E-TEK electrode (E-
solution of 0.05 M HPtCl-6H,0O (Aldrich, A.C.S. Reagent)  TEK, Natick, MA) with a platinum loading of 0.4 mg cm.
was mixed with 25 ml of ethylene glycol (Mallinckrodt, AR). The cathode was prepared from a suspension containing
0.4 M KOH was added dropwise up to a total volume of 0.75 0.0181 g (70%) of catalyst, 0.155g (30%) of 5w/o Nafion
(or 0.25ml). About 0.040 g of Vulcan XC-72 carbon with a recast solution, and 0.5 ml of distillecbB®, and had been ul-
specific BET surface area of 25G g and an average par-  trasonically blended for 1 h. The suspension was spread uni-
ticle size of 40 nm; or CNTs prepared by chemical catalytic formly across the surface of a carbon paper substrate (Toray
vapor deposition, were added to the mixture and sonicated. TGPH-090). For hydrophobic treatment, the carbon paper
The beaker and its contents were heated in a household miwas wetted with a 60% PTFE aqueous dispersion, followed
crowave oven (National NN-S327WF, 2450 MHz, 700 W) for by drying at 90°C for 1 h and sintering at 36 for 30 min.
50s. The resulting suspension was filtered; and the residueFor a cathode area of 5 égthe amount of dried catalyst sus-
was washed with acetone and dried at 373 K over night in a pension (catalyst + dry Nafion) applied to the cathode was
vacuum oven. varied between 2 and 3 mg cth A single cell assembly was
The catalysts were examined by transmission electron prepared by sandwiching a Nafion 117 membrane supplied
microscopy (TEM) on a JEOL JEM 2010. A JEOL JSM- by Du Pont between the anode and cathode.
5600LV was used to determine the metal contents in the
samples by energy dispersive X-ray analysis (EDX). For mi-
croscopic examinations the samples were first ultrasonicated3. Results and discussion
in acetone for 1 h and then deposited on 3 mm Cu grids cov-
ered with a continuous carbon film. The samples were also3.1. Physicochemical characterization of Pt/Vulcan
analyzed by X-ray photoelectron spectroscopy (XPS) on acarbon and Pt/CNT nanocomposites
VG ESCALAB MKII spectrometer. Narrow scan photoelec-
tron spectra were recorded for C 1s, O 1s and Pt 4f and a In our approach, platinum nanoparticles are prepared and
vendor supplied curve-fitting program (VGX900) was used directly deposited on the carbon surface by microwave heat-
for spectral deconvolution. A Philips X'Pert diffractometer ing of ethylene glycol (EG) solutions of Pt salt. The size and
using Cu kx radiation and a graphite monochromator was composition of the alloy particles were analyzed by TEM
used to obtain the powder X-ray diffraction patterns. and point resolved EDX measuremeritsy. 1a and b are
An EG&G Model 273 potentiostat/galvanostat, and a con- typical TEM images of Vulcan carbon-supported and CNT-
ventional three-electrode test cell were used for electrochem-supported catalysts, showing a remarkably uniform and high
ical measurements. The working electrode was a thin layer dispersion of metal particles on the carbon surface. The par-
of Nafion-impregnated catalyst cast on a vitreous carbon diskticle size distributions of the metal in the supported cata-
held in a Teflon cylinder. The catalyst layer was obtained in lysts were obtained by directly measuring the size of 150
the following way: (i) a slurry was first prepared by sonicat- randomly chosen particles in the magnified TEM images
ing for 1 h a mixture of 0.5 ml of deionized water, 60 mg of (e.g.Fig. 1c for the Pt-Vulcan carbon sample). The average
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Fig. 1. TEM images of microwave-synthesized Pt nanoparticles supported on different carbon: (a) Vulcan XC-72 carbon; (b) carbon nanotubé% (nominal
loading 20 wt.%); (c) particle size distribution for the Pt/Vulcan carbon; (d) EDX spectra of Vulcan carbon-supported Pt nanoparticles.

diameters of 3.8 0.3nm for Pt/Vulcan carbon and 36 can be rationalized in terms of these general principles. EDX
0.3nm for Pt/CNT were accompanied by relatively narrow measurements$-(g. 1d) showed Pt contents of 18.9 wt.% for
particle size distributions (2—6 nm). The microwave-assisted Pt/Vulcan carbon and 19.4 wt.% for Pt/CNT.

heating of BPtClk/KOH/H20 in ethylene glycol had evi- The powder XRD patterns for Pt/Vulcan carbon and
dently facilitated the formation of smaller and more uniform Pt/CNT are shown ifrig. 2alongside the diffraction patterns

Pt particles and their dispersion on either the Vulcan carbon of a Vulcan carbon-supported Pt catalyst used as comparison.
or CNT support. It is generally agreed that the size of metal
nanoparticles is determined by the rate of reduction of the
metal precursor. The dielectric constant (41.4 at 298 K) and
the dielectric loss of ethylene glycol are high, and hence rapid

5000

heating occurs easily under microwave irradiation. In ethy- 4000
lene glycol mediated reactions (the ‘polyol’ process), ethy-
lene glycol also acts as a reducing agent to reduce the metal | | puvuican carbon

ion to metal powders. The fast heating by microwave accel-
erates the reduction of the metal precursor and the nucleation
of the metal clusters. The easing of the nucleation-limited
process greatly assists in small particle formation. Addition- PHCNT
ally the homogeneous microwave heating of liquid samples
reduces the temperature and concentration gradients in the re-
action medium, thus providing a more uniform environment
for the nucleation and growth of metal particles. The carbon 0 — T T T T T T T 1
surface may contain sites suitable for heterogeneous nucle- 20 25 30 35 40 45 50 85 60 65 70 75
ation and the presence of a carbon surface interrupts particle ZTheta Degrecs)

g_"OWth- The smaller and nearly single d!SPersed Pt nanopar-rig. 2. XRD patterns of microwave-synthesized Pt/Vulcan carbon and
ticles on carbon XC-72 prepared by microwave irradiation PYCNT catalysts.
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Fig. 3. The Pt 4f and C 1s regions of the XPS spectrum of the Pt/Vulcan
carbon catalyst.
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Fig. 4. Hydrogen electrosorption voltammetric profiles for the microwave-
synthesized Pt/CNT catalysts in 1 M8, with a scan rate of 50 mv'g

at room temperature. The hatched area represents the amount of charge of
the electrosorption of hydrogen on Pt.

and C 1sregions of the XPS spectrum of the Pt/Vulcan carbon
catalyst. The Pt 4f signal consisted of three pairs of doublets.
The most intense doublet (71.07 and 74.4eV) was due to
metallic Pt. The second set of doublets (72.4 and 75.7 eV),
which was observed at BE 1.4 eV higher than Pt(0), could be
assigned to the Pt(ll) chemical state as in PtO and PtOH)
[26]. The third doublet of Pt was the weakest in intensity,
and occurred at even higher BEs (74.2 and 77.7 eV). These
are the indications that they were most likely caused by a
small amount of Pt(IV) species on the surface. The slight
shift in the Pt(0) peak to higher binding energies is a known
effect for small particles, as has been reported by Roth et al.

Both Pt/Vulcan carbonand Pt/CNT eIeCtrocataIystS dlsplayed [27]. The C 1s spectrum appears to be composed of graphitic

the characteristic patterns of Pt fcc diffraction. Theeval-

carbon (284.6 eV) andC=0 like species (285.83 e\{26]. A

ues of the (11 1) peak for Pt/Vulcan carbon and PYCNT were small amount of surface functional groups with high oxygen

39.85 and 39.95, respectively. The Pt(2 2 0) diffraction was
67.60 for Pt/Vulcan carbon, 67.650r Pt/CNT. The broader
diffraction peaks for the two catalysts also led to smaller aver-

age alloy particle size as calculated by the Scherrer equation

[25]:
_ 0.9A Koy
~ (Boy cOS6p)

wherelL is the average particle sizek,, the X-ray wave-
length (1.5405@\ for Cu Ka1 radiation) B,y the peak broad-
ening and g the angle corresponding to the peak maximum.

The calculation results, which estimated the average size of

3.9 + 0.3nm for Pt/Vulcan carbon and 3% 0.3nm for

Pt/CNT, are in good agreement with the TEM measurements.

Besides a small shift to a slightly higher value, X-ray scatter-
ing from the CNT support was similar to Vulcan carbon and
was detectable around 2 24-26.

contents was also noted in the spectrum (286.8 eV).

3.2. Electrochemical performances

The real surface area of platinum for the Pt/Vulcan carbon
and Pt/CNT catalysts could be estimated from the integrated
charge inthe hydrogen absorption region of the cyclic voltam-
mogram (hatched area Fig. 4). The areas in fig—! were
calculated from the following formula assuming a correspon-
dence value of 0.21 mC cm (calculated from the surface
density of 1.3x 10 atom cn72, a value generally admitted
for polycrystalline Pt electrodd28]) and the Pt loading.

AeL(M? Qe 1) = 0H/(0.21x 103 Cgeyy 1)

The calculation results were shown Table 1 All mea-
surements are made with the near same catalyst loading at

XPS was used to determine the surface oxidation states0.25 cn? disk electrode. The use of Vulcan carbon or CNT
of the metals. As most of the atoms in small particle clusters did not result in significant differences in the Pt surface area.
are surface atoms, the oxidation state measured as such would@his is not surprising in view of the similarly small metal

alsoreflect well the bulk oxidation statég. 3shows the Pt 4f

particle size in these supported metallic systems.
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The real (active) surface areas of Pt/Vulcan carbon and Pt/CNT catalysts as determined by hydrogen electroadsorption

Origin of Pt/C catalyst Qx?2 (MC) SLP (em?) Catalyst loading (mg/0.25 ch Ag® (M gear )
Pt/Vulcan carbon 10.8 514 0.42 12.2
Pt/CNT 10.4 49.5 0.43 115

a Qu: charges exchanged during the electroadsorption of hydrogen on Pt.
b &, : real surface area obtained electrochemically.

¢ AgL: real surface area obtained electrochemically per gram of catalyst.

The Pt/Vulcan carbon and Pt/CNT catalysts were tested was detected between 0.1 and 0.5V, characteristic of Pt-based
for their electrocatalytic activity in oxygen reduction reac- electrocatalysisinthis solution. The large cathodic currentin-

tion, which is important in fuel cell application29,30]

dicates high electrocatalytic activity of the Pt/Vulcan carbon

Background cyclic voltammograms were collected in 0.5M and Pt/CNT electrode in the oxygen reduction reaction.

H>SOy, for a glassy carbon (GC) electrode and a CNT pasted
electrode of the same geometric arEag(5a). From the in-

The performances of the electrocatalysts in a real fuel cell
are shown irFig. 6. The polarization curves were obtained

crease in the capacitive current it is obvious that the CNT from a single stack PEM fuel cell using the same type of an-
electrode had a higher active surface area than a typical GCode. The activities of oxygen reduction for Pt/Vulcan carbon
electrodg30-32]in the potential range investigated. In the and Pt/CNT electrodes seem quite similar.

absence of the Pt nanoparticles, na€uction was observed
in this potential windowFig. 5b compares the £reduction

In the low current density region, the voltage drop in the
potential—current curve, generally known as activation polar-

currents of Pt/Vulcan carbon and Pt/CNT catalystsina 0.5 M ization, reflects the sluggish kinetics intrinsic to the oxygen
H>SOy electrolyte saturated with oxygen. For the Pt/Vulcan reduction reaction at the cathode surface. The linear decrease

carbon and Pt/CNT catalysts, a very larger€duction wave
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in voltage in the mid-to-high current density range, or ohmic
polarization, arises from limitations in proton transport
through the electrolyte membrane from anode to cathode,
and/or limitations in electron-flow in the electrode materials.

The experimental polarization data may be analyzed using
the semi-empirical equation proposed of Srinivasan and co-
workers[33]:

E=E°—blogi— Ri Q)
where
E° = E+blogi® (2)

E andi are experimentally measured cell voltage and current,
E, the reversible cell voltagé; andb are the exchange cur-
rent and the Tafel slope for oxygen reduction, respectively.
represents the total dc resistance; a summation of resistances
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Fig. 5. Voltammograms of (a) glass carbon and pasted CNT electrodes and

(b) pasted electrodes of Pt/Vulcan carbon and Pt/CNT in LJ3® with a

scan rate of 50 mV'g at room temperature.

Fig. 6. Polarization curves of Pt/CNT and Pt/Vulcan carbon electrocatalysts
from a PEM test cell. @ 1 bar, b: 1 bar, 50°C.
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Table 2

Kinetic parameters from regression analysis of polarization

Catalysts E° (V) b(Vdec?) R(Q2cnP) Er (V) i° (mAcm2)
Pt/CNT 0.836 0.067 0.208 1.081 2.1910°4
Pt/Vulcan carbon 0.836 0.051 0.212 1.035 12504
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