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Abstract

Nano-sized Pt and PtRu colloids are prepared by a microwave-assisted polyol process, and transferred to a toluene solution of decanthiol.
Vulcan XC-72 is then added to the toluene solution to adsorb the thiolated Pt and PtRu colloids. Transmission electron microscopy
examinations show nearly spherical particles and narrow size distributions for both supported and unsupported metals. The carbon-supported
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t and Pt Ru nanoparticles are activated by thermal treatment to remove the thiol stabilizing shell. All Pt and PtRu catalysts (exce
t23 Ru77) give the X-ray diffraction pattern of a face-centered cubic (fcc) crystal structure, whereas the Pt23 Ru77 alloy is more typica
f the hexagonal close packed (hcp) structure. The electro-oxidation of liquid ethanol on these catalysts is investigated at room t
y cyclic voltammetry. The results demonstrate that the alloy catalyst is catalytically more active than pure platinum. Preliminary
ingle cell of a direct ethanol fuel cell (DEFC) indicate that a Pt52 Ru48/C anode catalyst gives the best electrocatalytic performance a
ll the carbon-supported Pt and PtRu catalysts.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Carbon-supported Pt or Pt-based alloys are the best elec-
rocatalysts for the anodic and cathodic reactions in fuel
ells. It is well known that the catalytic activity of the metal
s strongly dependent on the particle shape, size, and size-
istribution[1]. Conventional preparation techniques based
n wet impregnation and chemical reduction of the metal
recursors often do not provide adequate control of parti-
le shape and size[1]. There is continuing effort to develop
lternative synthesis methods based on microemulsions[2],
onochemistry[3,4], and microwave irradiation[5–9]; all of
hich are, in principle, more conducive to generate colloids
nd clusters on the nanoscale, and with greater uniformity.

Legratiet et al.[10] reported a significant increase in par-
icle size when the metal content in a commercial E-TEK
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Pt/Vulcan carbon catalyst is increased from 10 to 60 w
The metal particle-size for a 10 wt.% Pt catalyst was 2.0
but increased to 3.2 and 8.8 nm for 30 and 60 wt.% Pt
alyst, respectively. Other studies and patents[11–14] have
also underlined the difficulty of using conventional me
ods to preparing platinum catalysts with high metal load
(>20 wt.%) and small particle sizes (1–2 nm). In a study
Boennemann et al.[15], organoaluminum-stabilized bimet
lic colloids with particle size smaller than 2 nm were prepa
and deposited on a commercial support at room temper
The stabilizing surfactant shell on the metal particles ha
be removed before the particles could be used for ele
catalysis. In another method first used by Yu et al.[5] that is
generally known as the polyol process, an ethylene glyco
lution of the metal salt was refluxed at 393–443 K to gene
in situ reducing species from ethylene glycol for the reduc
of the metallic species. Conductive heating is often used
microwave dielectric loss heating may be a better synth
option in view of its energy efficiency, speed, uniformity a
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simplicity in execution[16]. Wang and Hsing[17] prepared
Pt and Pt Ru/C catalysts based on an alcohol-reduction pro-
cess. The surfactant-protected Pt/C and PtRu/C catalysts
were prepared using H2PtCl6, RuCl3, dodecyldimethyl(3-
sulfo-propyl)ammonium hydroxide, carbon black in a mix-
ture of methanol and water to form a suspension, which was
refluxed, filtered and washed. In comparison with commer-
cial E-TEK electrocatalysts of similar compositions, the Pt/C
catalyst showed similar performance for oxygen reduction
and the PtRu/C for oxidation of H2/CO mixtures. We have
proposed a new method of preparing carbon-supported Pt
and Pt Ru catalysts that are active at room temperature for
the electro-oxidation of methanol[18,19], as part of our con-
tinuing work on the development of low-cost processes for
the preparation of homogenous and well-defined nanoparticle
catalysts for fuel-cell applications.

In the present work, thiol-encapsulated Pt and PtRu col-
loids are synthesized by a microwave-assisted polyol process,
deposited on carbon, and then heat-treated to produce carbon-
supported Pt and PtRu catalysts. The electrochemical activ-
ities of these catalysts for ethanol oxidation are investigated.

2. Experimental

2.1. Colloid synthesis
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(ICP) was used to measure the unreacted metal ions remain-
ing in the ethylene glycol–water mixtures. The PtRu al-
loy nanoparticles of compositions of Pt23 Ru77, Pt52 Ru48,
Pt72 Ru28, and Pt85 Ru15 were obtained from precursors
of Pt20 Ru80, Pt50 Ru50, Pt67 Ru33, and Pt80 Ru20. The
ruthenium contents in the PtRu alloy nanoparticles were
conspicuously lower than in the initial mixtures. This is be-
cause some Ru3+ ions failed to reduce simultaneously with
Pt4+ ions within 30 s of reaction time as the redox potential
of Ru3+/Ru (E0 ∼ 0.84 V) is much lower than that of Pt4+/Pt
(E0 ∼ 1.41 V)[20].

2.2. Preparation of catalysts

The stable thiol-encapsulated Pt and PtRu colloids were
supported on high surface-area Vulcan XC-72 carbon (as-
synthesized Pt and as-synthesized PtRu colloid catalysts,
20 wt.% metal content) by combining a toluene dispersion of
Pt or Pt Ru colloid with a suspension of Vulcan carbon in
toluene. The solution was vigorous stirred for 2 h. The solvent
was evaporated and the solid residue was rinsed with ethanol.
Finally, the powder was dried at 60◦C in vacuum.

In order to remove the stabilizing shell on the nanoparti-
cles, the as-synthesized Pt and PtRu colloid catalysts were
heat-treated in argon for 1–10 h at 360◦C. The furnace was
purged with argon gas for at least 15 min prior to the heat
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Analytical grades of hydrogen hexachloroplatinate
rate, ruthenium chloride, sodium hydroxide, ethylene
ol, toluene, and decanethiol were used for the synthesi
queous solutions were prepared with distilled de-ion
ater.
A 2 ml sample of aqueous 20 mM hydrogen hexachl

latinate hydrate solution was mixed with 25 ml of ethyl
lycol to produce a yellowish solution. The solution w
laced in a CEM microwave reactor for 60 s with the m

mum temperature set at 170◦C. The solution changed
olour from yellow to yellowish-brown upon heating, a
as left to cool to room temperature naturally. The co
ixture was diluted with 1–2 times its volume of distill
e-ionized water. The diluted Pt colloid solution was ad

o 25 ml of a toluene solution of decanethiol to provid
hiol/Pt molar ratio in the range of 3–10. The biphasic m
ure was vigorously stirred for a few minutes during which
ransfer of Pt from the ethylene glycol–water phase to tol
ccurred to leave a clear aqueous solution. The synthe

he binary Pt Ru nanoparticles was carried out similarly,
ng (1.2− x) ml of 20 mM of H2PtCl6, xml of 20 mM RuCl3
nd 25 ml of ethylene glycol in the starting mixture. The va
f xwas chosen to yield initial Pt to Ru mole ratios of 0.25
and 4. The PtRu products were later known as Pt20 Ru80,
t50 Ru50, Pt67 Ru33, and Pt80 Ru20, respectively, wher

he numerical subscripts beside Pt and Ru denote the a
ercentage of the respective alloying metal.

To determine the actual platinum and ruthenium con
n the Pt Ru alloys, inductively coupled plasma spectrosc
reatment. All the catalysts had a nominal metal loa
f 20 wt.% on the Vulcan carbon-black support. The h

reated samples are identified as heat-treated Pt and
reated PtRu catalysts in the following discussion.

.3. Catalyst characterization

The Pt or Pt Ru colloidal formation process w
onitored by UV–vis spectroscopy on a Shimadzu
501 PC double-beam spectrophotometer in the regio
20–800 nm, using quartz cuvettes of 1 cm path length
article morphology, size and size-distribution of the

oids and catalysts were characterized by transmission
ron microscopy (TEM) using a Philips CM300 FEG sys
hat was operated at 300 kV. The TEM samples were
ared by placing a drop of the colloidal dispersion or a
lyst suspension sonicated for 1 h in acetone on a 3 m
rid, followed by drying at ambient conditions. X-ray diffra

ion (XRD) patterns were recorded by means of a Br
ADDS diffractometer with an area detector using a Cu�

ource (λ = 1.54056Å) operating at 40 kV and 40 mA. Th
RD samples were obtained by depositing carbon-supp
anoparticles on a glass slide and then drying under va
vernight.

.4. Electrochemical measurements

An EG&G Model 273 potentiostat/galvanostat a
conventional three-electrode test cell were used

lectrochemical measurements. The working electrode
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a thin layer of Nafion-impregnated catalyst cast on a vitreous
carbon disc that was held in a Teflon cylinder. The catalyst
layer was obtained as follows: (i) a slurry was first prepared
by sonicating for 1 h a mixture of 0.5 ml of de-ionized wa-
ter, 0.013 g of Pt/C or PtRu/C catalyst and 0.11 g of Nafion
solution (Aldrich: 5 wt.% Nafion); (ii) 1�l of the slurry was
pipetted and spread on the carbon disc; (iii) the electrode was
dried at 90◦C for 1 h and mounted on a stainless-steel support.
The surface-area of the vitreous carbon disc was 0.25 cm2.
Platinum gauze and a saturated calomel electrode (SCE) were
used as the counter and the reference electrode, respectively.
All potentials are reported with respect to the SCE. Each
electrolyte solution was de-aerated with high-purity argon
for 2 h prior to measurement. For cyclic voltammetry ex-
periments, the electrolyte solution was 2 M C2H5OH in 1 M
H2SO4, which was prepared from high-purity sulfuric acid,
high-purity grade methanol, and distilled water.

The MEA (membrane electrode assembly) for a direct
ethanol fuel cell (DEFC) was made by hot-pressing pretreated
Nafion®117 together with an anode sheet and a cathode sheet.
The anode sheet was a carbon paper (SGL, Germany) with
a carbon-supported Pt or PtRu catalyst layer. The cathode
sheet was a carbon paper with a carbon-supported 40 wt.%
Pt catalyst layer supplied by E-TEK. The average platinum
loadings at the anode and cathode were 3 and 2 mg cm−2,
respectively, and the effective electrode area was 6 cm2. The
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Fig. 1. UV–vis absorption spectra of solution containing H2PtCl6, and mix-
ture of H2PtCl6 and RuCl3 before and after microwave irradiation.

complexes. This is also shown spectroscopically as the evo-
lution of a peak at∼436 nm. The observation is similar to
that of P̂arvulescu et al.[24]. On the formation of PtRu al-
loy nanoparticles, the characteristic absorptions by Ru3+ and
PtCl62− ions at 436 and 260 nm disappear and are replaced by
gradually decreasing absorption from the ultraviolet region to
700 nm. This indicates the formation of PtRu nanoparticles.

Typical TEM images of the Pt and Pt52 Ru48 colloids,
presented inFig. 2(a) and (b), respectively, show remarkably
uniform and high dispersion of the metal and the alloy parti-
cles. The average diameters of 4.7 nm (for Pt) and 4.5 nm (for
Pt52 Ru48) are accompanied by relatively narrow particle-
size distributions (Fig. 2(e) and (f), range: 3–6 nm, standard
deviation = 0.4 nm). Adsorption of the colloidal particles on
Vulcan carbon followed by thermal treatment (in an argon gas
at 360◦C for 5 h) to remove the stabilizing alkanethiol layer
do not bring about any significant morphological changes
(Fig. 2(c) and (d)). The Pt and alloy nanoparticles are in a
state of high dispersion over the carbon surface, and the size
of the particles is nearly unchanged.

The XRD pattern of as-synthesized Pt/C under differ-
ent heat-treatment conditions is given inFig. 3. The strong
diffraction at 2θ < 35◦ is not shown because it pertains mostly
to the carbon-black support. The peaks can be indexed to the
[1 1 1], [2 0 0], [3 1 1], [2 2 2] reflections of a Pt face-centered
cubic (fcc) crystal structure. The lattice constant of 3.924Å
(
p

linity
b crys-
t the
s treat-
m

l y Ru
uel was 2 M C2H5OH delivered at 2 ml min−1 by a microp-
mp, and the oxygen flow was regulated by a flowmet
00 cm3 min−1.

. Results and discussion

The formation of Pt colloids via microwave dielectric he
ng was followed by UV–vis spectroscopy. The H2PtCl6 so-
ution before microwave irradiation is pale yellow, and sh
peak at 260 nm in its UV–vis spectrum (Fig. 1) as a result o

he ligand-to-metal charge-transfer transition in the PtC6
2−

on [21,22]. The solution turns dark brown after the reac
nd the peak at 260 nm is no longer visible, which sugg

hat all the PtCl62− ions are completely reduced. The sp
rum of the completely reduced solution displays strong
orption from 700 nm and gradually increases intensity f
he visible to the ultraviolet region. These features con
he formation of colloids[23]. When the Pt colloid in ethylen
lycol is diluted with distilled de-ionized water, and mix
ith a toluene solution of decanethiol, transfer of Pt from
thylene glycol and water phase to toluene takes place

s visually evident from the colour change in the two pha
he colour of the ethylene glycol and water solution fa
radually to colourless, whereas the colour of the toluene
exane phase darkens from colourless to yellowish-brow
ark brown.

Addition of NaOH to RuCl3 (or a mixture of H2PtCl6 and
uCl3) causes an instant colour change from dark brow
ellow-green, due to the formation of ruthenium hydrox
for all Pt/C catalysts) is in good agreement with 3.923Å for
ure Pt.

The as-prepared Pt/C displays considerable crystal
efore the heat treatment. As expected the degree of

allization increases with the heating time, as shown by
harper and more intense diffraction peaks. The heat
ent produces mostly improvements in crystallinity.
X-ray diffraction patterns are also collected for PtRu al-

oy nanoparticles supported on carbon black. Generall
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Fig. 2. TEM images of as-synthesized: (a) Pt and (b) PtRu colloid catalysts and (c) heat-treated Pt and (d) PtRu catalysts. Histograms of particle-size
distributions for (e) as-synthesized Pt and (f) PtRu colloids.

alone would display the [1 0 0], [1 0 1], [1 1 0], [1 0 3], [2 0 1]
reflections of a hcp lattice, whereas Pt would display the
characteristic fcc reflections described previously. As seen
from the data inFig. 4, the diffraction pattern of heat-treated
Pt Ru/C (except for Pt23 Ru77) displays mostly the reflec-
tion characteristics of the Pt fcc structure, which suggests an
alloy formation based on the substitution of the Pt lattice sites
[25]. The Pt23 Ru77 alloy nanoparticles are exceptional, for
which a hcp pattern can be clearly identified and indicates
the presence of Ru-rich alloys[26]. It is noted that with in-
creasing proportion of Ru in the PtRu alloys, all (except for
Pt23 Ru77) diffraction peaks are shifted synchronously to
higher 2θ values. The shift is an indication of the reduction
in lattice constant.

The Pt/C and Pt52 Ru48/C catalysts are characterized
by cyclic voltammetry (−0.2–1 V, 50 mV s−1) in an elec-
trolyte of 1 M H2SO4 and 2 M ethanol, and the resulting
voltammograms are shown inFig. 5. The forward scan
oxidation peak of ethanol on both Pt/C and Pt52 Ru48/C
appears at about 0.75 V. The current density on the for-
ward scan peak of ethanol electro-oxidation on Pt52 Ru48/C
is higher than that on Pt/C. In the reverse scan, an an-
odic peak current density is detected at around 0.5 V
for Pt/C and 0.4 V for Pt52 Ru48/C. Iwasita and Pas-
tor [27] reported that the adsorbed residues of ethanol
(e.g., Pt OCH2CH3, Pt CHOH CH3, (Pt)2 COH CH3,
Pt COCH3, and Pt C O) are difficult to oxidize at low po-
tentials. Thus, they constitute a catalyst poison. Manohara
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Fig. 3. X-ray diffraction patterns of as-synthesized and various heat-treated
Pt/C catalysts.

Fig. 4. X-ray diffraction patterns, from top to bottom: heat-treated Pt/C,
Pt85 Ru15/C, Pt72 Ru28/C, Pt52 Ru48/C and Pt23 Ru77/C.

Fig. 5. Cyclic voltammograms of Pt/C and Pt52 Ru48/C catalysts in 1 M
H2SO4, 2 M ethanol electrolyte.

and Goodenough[28] attributed this anodic peak in the re-
verse scan to the removal of the incompletely oxidized car-
bonaceous species formed in the forward scan in an elec-
trolyte. Hence, the ratio of the forward anodic peak current
density (If ) to the reverse anodic peak current density (Ib),
If /Ib, can be used to describe the tolerance of the catalyst to
the accumulation of carbonaceous species. A lowIf /Ib ratio
indicates poor oxidation of alcohol to carbon dioxide during
the anodic scan, and excessive accumulation of carbonaceous
residues on the catalyst surface. A highIf /Ib ratio shows the
converse case. From the results given inFig. 5, the ratio is
0.96 for Pt/C and 1.60 for Pt52 Ru48/C. Such a low value
for the Pt/C indicates that a large amount of intermediate car-
bonaceous species is not oxidized to carbon dioxide in the
forward scan. These experimental observations highlight the
major deficiency of pure Pt catalysts, i.e., the accumulation
of intermediate carbonaceous species on the catalyst surface
that leads to catalyst poisoning.

Cyclic voltammograms for ethanol oxidation on Pt/C and
Pt52 Ru48/C catalysts with different forward potential scan
limits are shown inFig. 6. It has been reported[29] that the
reaction mechanism of ethanol oxidation on Pt electrodes
in acid medium involves parallel and consecutive oxidation
reactions, as follows:

CH3 CH2OH → CH3 CHO + 2H+ + 2e− (1)
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t + CH3 CHO → Pt (CO CH3)ads+ H+ + e− (1′)

t + Pt (CO CH3)ads→ Pt (CO)ads+ Pt (CH3)ads (1′′)

H3 CH2OH + H2O → CH3 COOH + 4H+ + 4e−

(2)

eaction(1) occurs mainly at lower potentials (E< 0.6 V
ersus reversible hydrogen electrode (RHE)) and rea
2) occurs mainly at higher electrode potentials (E> 0.8 V
ersus RHE). At intermediate potentials (0.6 V ver
HE <E< 0.8 V versus RHE), the dissociative adsorptio
ater occurs:

t + H2O → Pt OHads+ H+ + e− (3)

o that the oxidation of adsorbed CH3 CHO may produc
cetic acid, as follows:

CH3 CHO)ads+ Pt OHads

→ (CH3 COOH)ads+ H+ + e− + Pt (4)

urther oxidation to carbon dioxide is usually difficult
ure Pt electrodes at room temperature. Carbon mon
cting as a poisoning species, and CO2 have been clear
bserved by infrared reflectance spectroscopy[30] and gas
hromatography[31]. This may be explained by reactio
1′), (1′′) and(5):

t (CO)ads+ Pt OHads→ 2Pt + CO2 + H+ + e− (5)
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Fig. 6. Cyclic voltammograms of room temperature ethanol oxidation on (a) Pt/C and (b) Pt52 Ru48/C catalysts in 1 M H2SO4, 2 M C2H5OH at 50 mV s−1

with different forward potential scan limits.

Since the backward scan peak current for the Pt/C catalyst
increases with increase of the anodic limit of the forward scan
(Fig. 6(a)), it appears that the backward scan peak is associ-
ated with freshly chemisorbed species (such as CH3 COOH
and Pt (CO)ads). The backward scan peak current for the
Pt52 Ru48/C catalyst decreases with increase in the anodic
limit on the forward scan (Fig. 6(b)), it appears that the exis-
tence of Ru facilitates the oxidation of freshly chemisorbed
species and displays an enhanced activity for ethanol electro-
oxidation. The reaction of the backward scan peak may be
explained by:

Pt Ru OHad+ Pt Ru C O

→ 2Pt Ru + CO2 + H+ + e− (6)

2Pt Ru OHad+ (CH3 COOH)ads

→ 2Pt Ru + 2CO2 + 6H+ + 6e− (7)

Hence, theIf /Ib ratio increases with the anodic limit.
The performance of single cells with different PtRu/C

samples as anode catalysts is given inFig. 7. As identified
in the cyclic voltammetry test, Pt52 Ru48/C shows a higher
activity than that of Pt/C and the other Pt/Ru mole ratio cat-
alysts. The open-circuit voltage of the single fuel cell us-
ing different Pt Ru/C catalysts cannot be distinguished see
Fig. 7(a). The performance and power density of the single
fuel cell increases with the Ru content in the PtRu/C cat-
alysts, and the best cell performance and the highest power
density appear when Pt52 Ru48/C is employed as the anode

F g temp
2

ig. 7. Polarization curves and output power of single cell at operatin
M C2H5OH 2 ml min−1. Cathode: Pt/C (E-TEK) (2 mg cm−2), O2 1 bar.
erature of 80◦C. Anode: Pt Ru/C with different Pt/Ru mole ratio (3 mg cm−2),
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catalyst. When the mole percent of ruthenium is increased
to 77%, i.e., Pt23 Ru77/C, the performance and power den-
sity decreases. Nevertheless, PtRu/C is better as an anode
catalyst than Pt/C.

4. Conclusions

Pt and Pt Ru nanoparticles supported on Vulcan XC-72
carbon are prepared by the microwave-assisted polyol pro-
cess. In this process, Pt and PtRu colloids are first formed
in an ethylene glycol solution and subsequently transferred
to toluene using decanethiol as the phase-transfer agent. The
metal particles are nano-sized (4.7 nm for Pt, and 4.5 nm for
Pt Ru) and have relatively narrow particle-size distributions
(range: 3–6 nm, standard deviation∼0.4 nm). X-ray diffrac-
tion analysis shows that the as-synthesized Pt already has
considerably crystallinity that is further refined by heat treat-
ment. All the Pt Ru/C catalysts (except Pt23 Ru77) display
the characteristic diffraction peaks of the Pt fcc structure,
but the 2θ values are all shifted to slightly higher values.
The metal colloids are adsorbed on Vulcan XC-72 carbon
and heat-treated to remove the decanethiol shell. The result-
ing catalysts are active at an operating temperature of 80◦C
for the electro-oxidation of ethanol, especially in the case of
Pt Ru . The binary catalyst is more active than the Pt-only
c
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29] C. Lamy, E.M. Belgsir, J.M. Ĺeger, J. Appl. Electrochem. 31 (200

799.
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