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Mixed platinum-ruthenium nanoparticles are prepared by water-in-oil reverse micro-
emulsions of water/Triton X-100/propanol-2/cyclohexane. Nanoparticles formed in the
microemulsions are characterized by transmission electron microscopy (TEM), electron
diffraction (ED), X-ray diffractometry (XRD), energy-dispersive X-ray analysis (EDX), and
X-ray photoelectron spectroscopy (XPS). TEM results show a narrow distribution of Pt-Ru
nanoparticles. A homogeneous alloy structure in the bimetallic nanoparticles is indicated
by XRD analysis and ED analysis. The composition of the Pt-Ru nanoparticles can be easily
controlled by the relative concentration of Pt and Ru in the initial precursor solution. The
composition that was in the Pt-Ru nano-alloy is found to be the same as that in the original
precursor solution. XPS analysis reveals the presence of Pt and Ru metal as well as some
oxide of ruthenium. The effect of precursor concentration on microemulsion drop size was
investigated by photo correlation spectroscopy (PCS) measurement. The size of Pt-Ru
nanoparticles depends on the concentration of precursor in the aqueous phase. At low
precursor concentration, the final particle size is about 2.5 nm and appears to be limited by
nucleation. At high precursor concentration, the final particle size is about 4.5 nm and
appears to be limited by the collisions and mixing with thousands of hydrazine droplets.
The Pt-Ru nanoparticles supported on a carbon electrode possessed high dispersion and
high catalytic activity for methanol oxidation at room temperature.

Introduction

The preparation of nanoparticles has received con-
siderable attention in recent decades because nanopar-
ticles possess unique physical and chemical properties.1,2

Nanosized materials have found promising technological
applications in many different areas such as microelec-
tronic devices,3,4 photocatalysis,5 electrocatalysis,6,7 bio-
medical applications,8,9 and chemical processes.10,11 A
number of techniques have been used for producing
nanoparticles, including vapor phase techniques,12 sol-
gel methods,13 sputtering14 and coprecipitation.15 The

synthesis of mixed metal nanoparticles is attracting a
lot of recent interest for their catalytic properties. In
particular, supported and unsupported Pt-Ru nano-
particles have been investigated for their superior
electrocatalytic activity for methanol oxidation and CO
tolerance oxidation16 related to fuel cell applications.

The synthesis of mixed metal nanoparticles is a
complex problem because of the composition control in
addition to size and size distribution control. Platinum-
ruthenium bimetallic catalysts have been prepared by
co-impregnation methods17,18 but without good control
of particle size, size distribution, and chemical composi-
tion. An alternative method, in which molecular cluster
compounds were used as precursors, has been devel-
oped.19,20 The colloidal method to synthesize Pt-Ru
nanoparticles through the co-reduction of platinum and
ruthenium chlorides has been developed.21 Nashmer et
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al. deposited an organometallic PtRu5C(CO)16 cluster
onto carbon black and decomposed it by a high-temper-
ature treatment.22 More recently, Boxhall et al. reported
the synthesis of a Pt1Ru1/carbon nanocomposite using
microwave irradiation.23

The interest of preparing nanoparticles using micro-
emulsions has increased since Boutonnet et al.24 suc-
cessfully synthesized platinum nanoparticles by using
water/oil (w/o) microemulsions. The microemulsion tech-
nique has been widely used to prepare nanoparticles of
metal,24,25 metal sulfides,26 and metal halides.27 The
preparation of bimetallic nanoparticles has started to
appear: e.g., Cu/Au,28 Pd/Pt,29,30 Au/Pt,31 Au/Pd,32 and
Pt/Co.33 Despite its importance for the electrocatalysis
of fuel cell reactions, the Pt-Ru nanoparticles prepared
by the w/o microemulsion has not been reported.

In this paper, we report the synthesis of bimetallic
Pt-Ru nanoparticles using a water-in-oil reverse mi-
croemulsion of water/Triton X-100/propanol-2/cyclohex-
ane. The nanoparticles formed were characterized by
transmission electron microscopy(TEM), electron dif-
fraction (ED), X-ray diffractometry (XRD), X-ray pho-
toelectron spectroscopy(XPS), and energy dispersive
X-ray analysis (EDX). The effect of aqueous precursor
concentration on ultimate particle size is discussed and
the performance of the prepared Pt-Ru nanoparticles
as electrocatalysts for methanol oxidation are reported.

Experimental Section

A nonionic surfactant Triton X-100 (t-octyphenoxypoly-
ethoxyethanal) from Sigma Chemical Co. was used as received.
Hydrazine hydrate, propanol-2, and cyclohexane (C6H12) were

from BDH Chemical Ltd. The platinum source was dihydrogen
hexachloroplatinate (IV) hydrate(H2PtCl6‚xH2O) from Chem-
pure Ltd. The ruthenium source was ruthenium(III) chloride
from BDH Chemicals Ltd. Deionized water (18.2 M) was
produced by a Milli-Q ultrapure system of Millipore Ltd., USA.
The preparation of Pt-Ru nanoparticles was by a two-
emulsion technique.34-35 The microemulsion system used in
this study consisted of Triton X-100 as a surfactant, propanol-2
as a cosurfactant, cyclohexane as the continuous oil phase, and
either the Pt-Ru precursor solution or hydrazine solution as
the dispersed aqueous phase. The aqueous phases in the two
microemulsion systems have the same volume fraction but
with different compositions as indicated in Table 1. The
aqueous phase in microemulsion II contained hydrazine solu-
tion as the reducing agent. The amount of hydrazine was in
stoichiometric excess compared with the equal volume of Pt-
Ru precursor solution in microemulsion Ι. The two microemul-
sions were prepared separately by mixing (by volume) 10%
surfactant, 35% cyclohaxane, 40% propanol-2, and 15% of the
aqueous phase. A small amount of additional propanol-2 was
then titrated slowly into each of the microemulsion systems
with stirring until the microemulsion system turned transpar-
ent. The two stable microemulsions were then mixed with a
stirrer. Platinum-ruthenium nanoparticles were formed upon
contact between the precursor containing droplets and the
hydrazine containing droplets. The reduction reactions could
be expressed as

The Pt-Ru nanoparticles were characterized by a JEOL
2000FX transmission electron microscope. The TEM sample
was prepared by placing a 100-µL drop of Pt-Ru nanoparticle
solution onto a carbon-coated copper TEM grid, which was left
to dry in a desiccator. Single-particle resolution energy disper-
sion X-ray analysis (TEM-EDX) was used to examine the
individual nanoparticle compositions using a Philips CM 120
transmission electron microscope (TEM) equipped with an
EDX detection unit (model R-TEM, CM-12(TWIN) 139-5
system). X-ray diffraction (XRD) measurements were per-
formed on a (Siemens, D-5000) X-ray diffractometer using Cu
K radiation (λ ) 0.1542 nm). The sample for XRD analysis
was prepared by adding the Vulcan 72 high-surface-area
carbon into microemulsions of Pt-Ru nanoparticles to adsorb
the nanoparticles. The Pt-Ru nanoparticles loaded carbon
were then heated at 500 °C in a nitrogen atmosphere, for better
characterization of XRD. XPS spectra were recorded by a Phi
Quantum 2000 XPS system (Physical Electronics, Inc.) using
AIKR radiation at a base pressure below 5 × 10-9 Torr. The
preparation of the sample for XPS analysis is the same as that
of XRD. Nonlinear least-squares curve-fitting was performed
using the Phi Multipack software (Physical Electronics, Inc.).
Photon correlation spectroscopy (PCS) measurements were
carried out at room temperature (25 °C) with a Zelasizer 3000
HS equipment (Malvern Instruments Ltd. UK). The wave-
length of the internal laser was 633 nm and the selected
measurement scattering angle was 90 degrees.

Two microemulsion systems were thoroughly mixed to
achieve reduction of Pt/Ru. A carbon paper circular electrode
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Table 1. Compositions of the Microemulsion System Used for the Synthesis of Pt-Ru Nanoparticles

microemulsion I microemulsion II volume vol %

aqueous phase 20 mM H2PtCl6 + 20 mM RuCl3 2 M hydrazine 1.5 mL 15
surfactant TritonX-100 TritonX-100 1 mL 10
cosurfactant propanol-2 propanol-2 4 mL 40
oil phase cyclohexane cyclohexane 3.5 mL 35

H2PtCl6 + N2H4 f Pt0 + 6 HCl + N2 (1)

and 4 RuCl3 + 3 N2H4 f 4 Ru0 + 3 N2 + 12 HCl (2)
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with 9 mm diameter (area 0.64 cm2) was used as substrate
for the Pt-Ru nanoparticle catalysts. For the electrode prepa-
ration, a suspension of 0.87 mg Pt/mL microemulsion was
pipetted onto the surface of a ELAT carbon cloth electrode
supplied by E-TEK Inc., MA. The loading of platinum was
calculated by the amount of solution added onto a known
surface area of carbon electrode, assuming complete and
uniform adsorption. After evaporation of the solvent at 60 °C
in an oven, the carbon electrode was immersed several times
in ethanol and then dried in air. When immersed into an
aqueous electrolyte solution, the electrodes thus prepared did
not have the nanoparticles redissolved and the electrolyte
solution remained colorless throughout. For the TEM analysis,
the Pt-Ru loaded carbon was carefully stripped from the
carbon paper and suspended in ethanol before dropping it onto
a TEM grid. All electrochemical measurements were taken in
a three-compartment electrochemical cell. The potentiostats
used include the VOLTALAB 40 of Radiometer and BAS LG-
50 of Bioanalytical Systems Inc. USA. A Ag/AgCl electrode was
used as the reference electrode for the methanol oxidation
experiments in acid solution.

Results and Discussion

Chacterization of Pt-Ru Nanoparticles. The
platinum-ruthenium nanoparticles form readily at
room temperature upon mixing of the two microemul-
sion systems. The nanoparticles suspended in solution
are analyzed for their size distribution, crystal struc-
ture, and chemical compositions by depositing and
letting them dry on a TEM grid. Figure 1(a) shows a
typical TEM image of the Pt-Ru nanoparticles depos-
ited on the TEM grid. The precursor concentration is

20 mM H2PtCl6 plus 20 mM RuCl3. A histogram of
particle diameters constructed in Figure 1(b) indicates
an average diameter of 2.6 nm with a standard devia-
tion of 0.2 nm. The Pt-Ru nanoparticles show some
degree of crystallinity by electron diffraction with the
TEM equipment. Figure 1(c) shows the electron diffrac-
tion pattern obtained from a selected area of Figure 1(a).
The bright rings with occasional bright spots are due
to the presence of polycrystals. Pure platinum has a
face-centered cubic lattice structure whereas pure ru-
thenium has a hexagonal structure, as is well-known.36

However, in this electron diffraction pattern of the Pt-
Ru bimetallic catalyst, only diffractions from the face-
centered cubic (fcc) lattice structure appear. This is due
to the formation of a Pt-Ru binary alloy with the fcc
structure. A plot of the root of the sum of squares of
the lattice coordinates versus the radius of the concen-
tric rings was constructed and is shown in Figure 1(d).
A linear relationship can be established with the lattices
(111), (200), (220), (311), and (222). This indicates a face
centered cubic (fcc) structure with a calculated lattice
cell constant of 3.862 Å. This lattice constant is between
those of platinum and ruthenium and is in agreement
with that of a Pt1Ru1 alloy.36-37 The TEM electron
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Figure 1. (a) Transmission electron micrograph of Pt-Ru nanoparticles prepared by the w/o microemulsion method. (b) Pt-Ru
nanoparticle size distribution histogram. (c) Electron diffraction pattern of a region of the same sample. (d) Electron diffraction
rings indexed in hkl order.
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diffraction data indicate the interpenetration of the Ru
into a Pt lattice, leading to reduced d spacing and lattice
constant.

For fuel cells and other catalytic applications, metallic
nanopartices are usually supported on a high-surface-
area substrate such as activated carbon. The Pt-Ru
nanoparticles supported on Vulcan 72 carbon were also
characterized. Figure 2 shows a TEM micrograph of Pt-
Ru nanoparticles adsorbed onto high-surface-area Vul-
can 72 carbon and after heat treatment in an inert
atmosphere. The heat treatment at 500 °C in nitrogen
allows for a better contrast in the TEM image. The size
of the Pt-Ru nanoparticles increases slightly and the
distribution broadens upon annealing. X-ray diffraction
(XRD) was performed for the carbon supported plati-
num-ruthenium nanoparticles to analyze the structure
of the particles. Although XRD results can be obtained
without heat treatment, the annealing enhances the
crystallinity and the XRD peaks. The XRD results are
displayed in Figure 3 for 2θ angle values of 10-90°. For
comparison, the XRD pattern of the pure Pt fcc structure
is also shown in Figure 3. Curve c in Figure 3 shows
the XRD pattern of a physical mixture of pure Pt in

carbon and pure Ru in carbon. Small peaks appear in
curve c, corresponding to the 〈100〉, 〈101〉, 〈110〉, 〈103〉,
and 〈201〉 diffraction peaks in the hexagonal structure
(hcp) of pure ruthenium. The diffraction peaks in the
Pt-Ru catalyst of curve a matches the 〈111〉, 〈200〉,
〈220〉, and 〈311〉 characteristics of a platinum fcc struc-
ture but slightly shifted to higher 2θ values. There were
also no observable lines in the XRD spectra correspond-
ing to those of pure ruthenium. If the homogeneous solid
solution of Pt-Ru was not formed, the XRD spectra of
pure Ru in hcp structure would be observed at the same
time as in curve (c). The shift in 2θ in curve a corre-
sponds to a decrease in the lattice constant due to the
incorporation of Ru atoms. This is in agreement with
the electron diffraction result shown earlier and pro-
vides evidence for the presence of a well-mixed Pt-Ru
alloy. As in the ED results, the Pt-Ru nanoparticle
alloys are not completely crystalline. The diffraction
peak positions of the 〈111〉, 〈200〉, 〈220〉, 〈311〉, and 〈222〉
planes are at 2θ of 40.39°, 46.92°, 68.27°, 82.21°, and
86.74°, and are related to d spacing of 2.2312 Å, 1.935
Å, 1.375 Å, 1.172 Å, and 1.122 Å, respectively. The
lattice constant of 3.862 Å can be calculated from the
〈111〉 plane. This lattice suggests a composition of 50%
Pt and 50% Ru according to a linear relationship
between lattice constant and composition. These results
are in very good agreement with the ED results in the
TEM analyses. Energy-dispersive X-ray analyses (TEM-
EDX) are also conducted by focusing the electron beam
on several different selected individual Pt-Ru nano-
particles on each sample of the unsupported Pt-Ru
nanoparticles. A typical EDX spectrum of the Pt-Ru
nanoparticles is shown in Figure 4. The average com-
position of the irradiated nanoparticle was in the atom
ratio of Pt/Ru ) 1.07:1. The compositions of Pt and Ru
in different individual particles are in close agreement
with little deviation. This shows little inhomogeneity
of composition in the nanoparticles and the formation
of the Pt-Ru bimetallic nanoparticle alloy. The appear-
ance of Cu peaks in Figure 4 is due to the TEM copper
grid supporting the sample.

Although the TEM, XRD, and EDX results are in
agreement and show the presence of 1:1 Pt-Ru alloy
state in the nanoparticles, it may be possible that oxides
are present in addition to alloy crystals. To investigate
the oxidation states of Pt and Ru in the nanoparticles,
X-ray photoelectron spectroscopy (XPS) analyses are
performed on the Pt-Ru nanoparticles/C catalysts.
Figure 5(a) shows the region for Pt4f in the XPS
spectrum of the Pt-Ru nanoparticles. The spectrum can
be fit by two pairs of overlapping Lorentzian curves. The
Pt4f7/2 and Pt4f5/2 lines appearing at 71.30 eV (peak 1)
and 74.57 eV (peak 3) are attributed to metallic Pt0. The
second pair appearing at 72.49 eV (peak 2) and 75.88
eV (peak 4) can be assigned to PtII in PtO and Pt(OH)2.38

The relative heights indicate that metallic Pt0 is the
predominant species. Considering the Ru 3d signal
overlaps with the C1S signal of the carbon support, the
Ru 3p3/2 signal was analyzed and the corresponding XPS
region is shown in Figure 5(b). The Ru 3p3/2 spectrum
gives three components with bonding energies of 461.32,
463.41, and 465.72 eV. The peaks can be assigned as

(38) Baer, Y.; Heden, P. F.; Hedeman, J.; Klasson, M.; Nording, C.;
Siegbahn, K. Phys. Scr. 1970, 1, 55.

Figure 2. Bright-field TEM micrograph of the Pt-Ru nano-
particles supported on Vulcan carbon 72.

Figure 3. X-ray diffraction patterns of metallic nanoparticles
supported on carbon: (a) Pt-Ru/Vulcan 72 carbon; (b) Pt/
Vulcan 72 carbon; (c) physically mixed Pt/C and Ru/C powders
in 1:1 ratio.
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461.32 eV (peak 1) to Ru0 metal, 463.41 eV (peak 2) to
RuIV (e.g. RuO2), and the 465.72 eV (peak 3) to the
higher oxidation state of RuVI in RuO3.39 The XPS
results indicate some presence of Ru oxides and metal
on the surface of the nanoparticles. The surface of the
nanoparticles is composed mainly of Ru oxides and Pt0

metal as reported previously.40 It is likely that Pt-Ru/
Vulcan carbon nanocomposites undergo significant oxi-
dation of Ru upon exposure to ambient air to form
hydrated ruthenium oxide. The presence of oxygen
species in the Ru oxide may give the catalytic property
required for CO oxidation. The bimetallic nanoparticle
provides bifunctional catalytic character for important
fuel cell reactions such as direct oxidation of methanol.41

Composition Control. The main attractive features
of the two-step microemulsion reduction technique for
preparing mixed metal nanoparticles are the ease and
accuracy of composition control. The reduction reaction
occurs in a confined reaction zone within the micro-
emulsions. The extent and uniformity of the reduction
reaction can be controlled. The final nanoparticles
should follow the metal composition in the precursor
solution, without losing control of the particle size. The
preparation of nanoparticles with adsorption into a
carbon support prevents loss of size and composition
control. The optimization of composition and size of
mixed metal at the nanometer level is the main subject
of electrocatalysis for fuel cell applications. We per-
formed preparations of various Pt-Ru nanoparticles by
changing the initial composition of precursor solution.
The volume fractions of aqueous phase, surfactant,
cosurfactant, and oil phase are the same as in Table 1.

The concentration of the H2PtCl6 is kept at 20 mM but
the RuCl3 concentration varies correspondingly. The
characterization results show that the composition of
bimetallic nanoparticles followed closely that of the
initial metal salt solution. Table 2 shows the SEM-EDX
results of several bimetallic Pt-Ru nanoparticles and
the composition of their initial precursor solutions. The
SEM-EDX results analyses are close to that of TEM-
EDX but are over many particles in a larger area. The
various compositions of the resulting Pt-Ru nanopar-
ticles are in agreement with the composition of the
initial precursor solution.

Effect of Precursor Concentration on Particle
Size. In the two-step reverse microemulsion technique,
the control of particle size depends on many parameters.
The water/surfactant ratio, cosurfactant/water ratio,
and concentration of aqueous phases are some of the
parameters to be optimized. Table 1 represents a set of
feasible experimental conditions for the preparation of
Pt-Ru nanoparticles. Changes in the concentrations of
the Pt-Ru aqueous phase are required to achieve
different compositions of nanoparticles as illustrated in
Table 2. We therefore studied the effect of precursor
concentration on the size of the nanoparticles formed.
Table 3 shows the various concentrations of Pt and Ru
salt in the precursor phase used in such a study. The
volume fractions and other parameters are the same as
those in Table 1. The resulting diameters of the unsup-
ported Pt-Ru nanoparticle from TEM analyses are also

(39) Arico, A. S.; Creti, P.; Kim, H.; Mantegna, R.; Giordano, N.;
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Figure 4. Broad area TEM-EDX spectra of the unsupported Pt-Ru nanoparticles. The copper lines are due to TEM grid.

Table 2. EDX Results of Pt-Ru Nanoparticle and the
Corresponding Compositions of Precursor

initial atomic
composition

Pt/Ru
structure of

nanoparticles

atomic composition
in nanoparticle

Pt/Ru

4:1 fcc 4.7:1
3:1 fcc 2.91:1
2:1 fcc 2.07:1
1:1 fcc 1.07:1

0.5:1 fcc 0.535:1
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shown in Table 3 and Figure 6. Figure 6 shows two
plateaus of particle sizes 2.5 and 4.5 nm corresponding
to low and high metal salt concentrations, respectively.
The particle size was around 2.5 nm and unaffected by
the Pt-Ru concentration when it was below 20 mM.
When the Pt-Ru concentration was above 20 mM, the
size of Pt-Ru nanoparticles increased with the metal
salt concentration until 60 mM, beyond which the

average nanoparticle size remained at 4.5 nm. This size
dependence on concentration of precursor was similar
to that reported in ref 25 for nickel nanoparticles
prepared from NiCl2 and hydrazine with a cationic
surfactant.

Understandably, the steps of the nanoparticle forma-
tion process are (1) meeting of the reducing agent with
the precursor, (2) nucleation of a nano metal particle,

Figure 5. XPS spectrum of the Pt-Ru nanoparticles/Vulcan carbon: (a) Pt4f, peak 1 shows the Pt4f7/2 (71.3ev) line of metal Pt0;
peak 2 shows the Pt4f7/2(72.49ev) line of metal PtII; peak 3 shows the Pt4f5/2(74.57ev) line of metal Pt0; peak 4 shows the Pt 4f5/2

(75.88ev) line of metal PtII; (b) Ru3p3/2.

Table 3. Variations of TEM Diameters and Microemulsion Parameters with Concentration of Pt-Ru Precursor Solutiona

Pt-Ru
precursor

solution concn.
(mM)

particle
diam.

from TEM
(nm)

diam. of Pt-Ru
microemulsion

droplet
determined by

PCS (nm)

Pt-Ru particle
diam. if made from
one microemulsion

droplet (nm)

number of hydrazine
droplets to completely

react with one
precursor droplet

number of
precursor
droplets in

1 mL of
microemulsion

hydrazine
droplets

per Pt-Ru
droplets

overall
stoich.

excess of
hydrazine

2 2.5 ( 0.2 26.2 ( 2.6 0.855 14.7 15.9 × 1015 4.2 × 103 571
6 2.6 ( 0.3 27.6 ( 2.8 1.30 51.7 13.6 × 1015 4.9 × 103 190

10 2.5 ( 0.2 26 ( 2.7 1.45 71.7 16.3 × 1015 4.1 × 103 114
20 2.6 ( 0.2 28.7 ( 2.9 2.02 0.19 × 103 12.1 × 1015 5.5 × 103 57.1
40 4.0 ( 0.5 40.7 ( 3.1 3.61 1.1 × 103 4.25 × 1015 15.8 × 103 28.5
60 4.5 ( 1.0 55.9 ( 4.5 5.67 4.3 × 103 1.64 × 1015 40.9 × 103 19.0

100 4.6 ( 1.1 83.3 ( 5.2 10.02 23.6 × 103 0.49 × 1015 136 × 103 11.4
a2 mM Solution means 2 mM H2PtCl6 + 2 mM RuCl3. Diameter of hydrazine microemulsion droplet is 1.62 nm as measured by PCS,

and corresponding concentration is 6.7 × 1019 per mL.
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and (3) growth of the metal nucleus. The first step would
be the most critical because the amount of reduced
material present and the local environment will deter-
mine how step (2) or step (3) will proceed. The presence
of surfactant confines the reduction process that starts
when the reducing agent and the precursor meet after
merging of the microemulsion droplets. The size and
number of the microemulsion droplets, and the prob-
ability and frequency of merging of the two kinds of
microemulsion droplets are important factors to con-
sider. A photon correlation spectroscopy (PCS) particle
sizer was used to determine the microemulsion droplet
size. Table 3 and Figure 7 show the PCS-determined
hydrodynamic diameters of the hydrazine microemul-
sion droplets and the Pt-Ru droplets as a function of
precursor concentration. A narrow distribution of drop-
let sizes was found in each of the microemulsion
systems. The hydrodynamic diameter of the hydrazine
microemulsion droplets was 1.62 nm, whereas that of
Pt-Ru complex varies from 26.2 at 2 mM Pt-Ru to 83.3
nm at 100 mM Pt-Ru. Although the total amount of
hydrazine present is in stoichiometric excess, in the local
microemulsion environment, several hydrazine droplets
are needed to completely reduce a single Pt and Ru ion-
containing droplet. As tabulated in Table 3, this number
grows rapidly with precursor concentration because the
size of the Pt and Ru ion-containing droplet increases
with concentration in addition to the increasing sto-
ichiometric demand. The number of Pt-Ru droplets
decreases with concentration because the droplet size
increases. In these calculations, it has been assumed
that the diameter of the aqueous part of the microemul-
sion is the same as the PCS hydrodynamic diameter,
and the length of the surfactant has been ignored. It
was observed that with the addition of a cosurfactant,
the surfactant molecule does not extend into the oil
phase.42 We have compared the hydrodynamic diameter
of surfactant plus oil phase with and without the
presence of a cosurfactant. The PCS-measured diameter
of the surfactant micelle decreases by approximately the
length of the surfactant when a cosurfactant is added.

If the Pt-Ru alloy nucleated and stopped growing
with the entrance of a single hydrazine droplet, then
its size should be limited by the stoichiometric amount
of Pt-Ru alloy formed by a hydrazine droplet. This size
is calculated to be 0.349 nm and is much below that
observed with TEM. The observed size is not limited
by the TEM resolution, which is below 1 nm. It can be
concluded that collisions with multiple hydrazine emul-
sion droplets are required to form the nanoparticles
observed by TEM. On the other hand, the nanoparticle
could be formed from a single Pt-Ru emulsion droplet,
whose size increases with precursor concentration. The
calculated Pt-Ru sizes are tabulated in Table 3. This
monotonic size increase, however, does not agree with
the trend of the TEM results. At low precursor concen-
trations, several Pt-Ru droplets are required to come
together to form the size of nanoparticle observed by
TEM. On the other hand, for concentrations at and
above 40 mM, one Pt-Ru droplet would form many
nanoparticles.

As discussed by Chen and Wu25 in their preparations
of Ni nanoparticles with the two step w/o microemulsion
method, the nanoparticle size is limited by the nucle-
ation process at low precursor concentrations. From our
results, it is very probable that a minimum size of 2.5
nm was required to overcome the surface energy during
nucleation of a Pt-Ru nanoparticle. For precursor
concentrations below 20 mM, several Pt-Ru droplets
are required to form a nucleus, and collisions with a
stoichiometric number of hydrazine droplets are also
required. The need of multiple collision was also pro-
posed in reference 43. Beyond 20 mM, a single precursor

(42) Attwood, D. Colloidal Drug Delivery Systems; Dekker: New
York, 1994; p. 31. (b) Warisnoicharoen, W.; Lansley, A. B.; Lawrence,
M. J. AAPS Pharm. Sci. 2000, 2, 429.

Figure 6. Relation between the mean diameter of Pt-Ru
nanoparticles and metal ion concentration in precursor.

Figure 7. Variations of parameters related to microemulsion
droplet and Pt-Ru concentration in precursor: b, TEM diam.;
g, Pt-Ru droplet diam. measured by PCS; 0, equivalent
nanoparticle diam. produced by a single Pt-Ru droplet; ),
0.001 × the number of hydrazine droplets required to com-
pletely reduce a single Pt-Ru droplet; and 1, stoichiometric
excess of the total amount of hydrazine in the two microemul-
sion system.
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droplet contains Pt-Ru beyond the nucleation limit, and
growth can occur upon the entrance of hydrazine
droplets. It should be emphasized that the probability
of collision among Pt-Ru-containing droplets is very low
because at 40 mM, they are outnumbered by the
hydrazine droplets by a factor of >104. It is also known
that mobility of a larger colloid decreases with size. The
ratio of the number of hydrazine droplets to Pt-Ru
droplets is also tabulated in Table 3.

It is more difficult to explain the flattening of the
curve in Figure 6 at high precursor concentrations. It
is unclear from direct experimental observations what
limits the growth of the nanoparticles. The analyses of
microemulsion droplet size and their number density
in Table 3 offers certain probable explanations. As the
increase of precursor concentration is coupled with the
increase of the droplet size, the number of hydrazine
droplets required to completely reduce a single Pt-Ru
droplet increases very rapidly to >105 at 100 mM. The
complete growth to the maximum alloy size would be a
very long process and during this time other nuclei
would have formed to deplete the supply of Pt-Ru
precursor. Although still in stoichiometric excess, the
availability of hydrazine droplets also decreases quickly
with increasing Pt-Ru precursor concentration. This
also places a limit for further growth of particle size.
Because of the time required to grow a large particle
and the possibility of forming multiple nuclei in a big
and concentrated PtRu droplet, it is also observed that
the size distribution broadens at higher precursor
concentrations. The control of size distribution can be
achieved better by using low metal concentration or
decreasing the size of the microemulsion droplets con-
taining the metal complex by improving surfactant and
microemulation parameters. Other factors that influ-
ence the nanoparticle size, such as intermicellar inter-
actions and the intermicellar exchange rate have also
been pointed out.44

Electrochemical Investigation. Platinum-ruthe-
nium is considered the best catalyst for direct methanol
fuel cell and carbon monoxide tolerant anode oxidation.
To investigate the performance of Pt-Ru nanoparticles
prepared by microemulsion preparation methods, we
tested the electrocatalytic activity for methanol oxida-
tion in acidic electrolyte. Figure 8 (a) shows the step
current (chronopotentiometry) results for the room-
temperature oxidation of methanol on the Pt-Ru nano-
particles/carbon paper electrode prepared by microemul-
sion with three different Pt loadings. The precursor
concentration is 20 mM H2PtCl6 and 20 mM RuCl3. A
lower polarization of methanol oxidation can be ob-
served for all three electrodes at different Pt loadings.
The electrode prepared from the higher Pt-Ru nano-
particle loading can maintain higher current densities,
whereas more effective utilization of catalyst at a lower
loading electrode was observed. Figure 8(b) shows step-
current results for the Pt-Ru nanoparticles/carbon
electrode, pure Pt nanoparticles/carbon, and pure Ru
nanoparticles/carbon electrode. The Pt-Ru nanopar-
ticles/carbon electrode gives the highest activity and

longest stability. The pure Ru nanoparticle/carbon
electrode has little activity for the electro-oxidation of
methanol in room temperature. These results are in
agreement with those reported in the literature.45

Figure 9 shows the same result as Figure 8(a) at the
same loading but for a different particle size. The carbon
paper electrode loaded with the small particle size alloy
has higher performance than that loaded with the large
particle size alloy. Figure 10 shows cyclic voltammo-
grams of methanol oxidation on Pt-Ru nanoparticles/
carbon paper electrode in 0.5 M H2SO4 solution con-
taining 1 M CH3OH at room temperature. The onset of
methanol oxidation is around 0.2 V vs Ag/AgCl and a
large methanol oxidation peak was observed at 0.55 V
vs Ag/AgCl. The potential of this methanol oxidation
peak was low compared to that on a pure Pt electrode.
The peak observed on the reverse scan at 0.341 V vs
Ag/AgCl was due to the reactivation of oxidized Pt-oxide.

The high catalytic activity of the Pt-Ru nanopar-
ticles/carbon paper electrode at room temperature is due
to the high surface area of the nanoparticles, their high

(43) Hanna, H. I.; Rahul, B.; Anders, P.; Magnus, S.; Christer, S.;
Krister, H.; Dinesh, O. S. J. Colloid Interface Sci. 2001, 241, 104.

(44) Vincenzo, T. L. In Nano-Surface Chemistry; Rosoff, M., Ed.;
Marcel Dekker: New York, 2001; p. 492.

(45) (a) Gasteiger, H. A.; Markovic, N.; PRoss, P.N., Jr.; Cairns, E.
J. J. Phys. Chem. 1993, 97, 12020. (b) Gasteiger, H. A.; Markovic, N.;
Ross, P. N., Jr.; Cairns, E. J. J. Electrochem. Soc. 1994, 141 (7), 1795.

Figure 8. Chronopotentiograms of methanol oxidation at 10
mA/cm2 in 1 M methanol + 0.5 M H2SO4 at room temperature
at different Pt loadings. The nanoparticles are prepared from
precursor solution with 20 mM H2PtCl6 and 20 mM RuCl3:
(a) Pt-Ru nanoparticle loaded electrode; (b) different elec-
trodes with separate loadings of Pt nanoparticles, Ru nano-
particles, and Pt-Ru nanoparticles at the same loading of 0.4
mg/cm2 of Pt or Ru.
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dispersion on the carbon paper, and the high electro-
catalytic activity of the Pt-Ru nanoparticles. These
results demonstrate the advantage of Pt-Ru binary
metal nanoparticles prepared by microemulsion and
their potential for direct methanol fuel cell applications.
The high catalytic activity and better performance of
Pt-Ru alloy catalysts compared to those of a pure Pt
catalyst over a wide potential range have been studied
and explained by several researchers.46 The OHad

required for the oxidation of the CO was formed as a
reaction intermediate during methanol oxidation at
more cathodic potentials due to the high affinity of the
Ru surface atoms toward OH formation. The XPS
spectra of the Pt-Ru nanoparticles indicated that
ruthenium oxide and Pt0 were the main components of
the Pt-Ru nanoparticles. This result suggests that the
active oxygen required for CO oxidation is provided at
the second metal (Ru) rather than at a Pt site. Ruthe-
nium oxides may serve as the source of oxygen that
isrequired for the methanol oxidation reaction.47

Conclusions

The synthesis of Pt-Ru nanoparticles has been
achieved through reverse microemulsions of water/
Triton X-100/propanol-2/cyclohexane (w/o) and the re-
duction of aqueous Pt-Ru precursor solution with a
parallel hydrazine microemulsion system. Below 20 mM
of precursor solution, the TEM images indicated an
average size of Pt-Ru nanoparticle of 2.5 nm with a
narrow size distribution. XRD results show the homo-
geneous alloy structure of Pt and Ru. The atom ratio of
Pt to Ru from EDX and ED analyses is in close
agreement with the original precursor concentration.
XPS analysis indicated a surface composition of Pt metal
and Ru oxides. The composition of bimetallic Pt-Ru
nanoparticles can be conveniently controlled by adjust-
ing the initial metal salt solution. The size of Pt-Ru
nanoparticles is relationally largest at higher precursor
concentration but levels off at 4.6 nm at 100 mM
concentration of Pt-Ru precursor solution. From analy-
ses of the microemulsion droplet size, the size of the
particles appears to be limited by nucleation at low
precursor concentration and limited by collisions with
hydrazine droplets at high precursor concentration. The
electrochemical experiments showed that the Pt-Ru
nanoparticles supported on carbon paper electrode have
higher catalytic activity toward methanol oxidation at
room temperature.
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Figure 9. Chronopotentiograms similar to those in Figuer 8
with the same Pt loading but different particle size: (a) Pt
loading at 0.2 mg/cm2, particle size at 2.5 nm prepared by 20
mM H2PtCl6 and 20 mM RuCl3 in precursor; (b) Pt loading at
0.4 mg/cm2, particle size at 4.0 nm prepared by 40 mM H2-
PtCl6 and 40 mM RuCl3 precursor.

Figure 10. Cyclic voltammograms of the Pt-Ru nanopar-
ticles/carbon electrode in 1 M methanol + 0.5 M H2SO4 at room
temperature at a scan rate of 25 mv/s. Pt loading at 0.4 mg/
cm2, particle size at 2.5 nm prepared by 20 mM H2PtCl6 and
20 mM RuCl3 precursor.
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