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Thermal treatment of [Ru(2,3-bis(2-pyridyl)quinoxaline)3(PtCl2)3](BF4)2/Vulcan carbon
powder composites under reactive conditions forms Pt-Ru/carbon nanocomposites containing
27-34 wt % metal alloy as highly dispersed nanoparticles of ca. Pt75Ru25 stoichiometry.
The metal nanoparticles have an average diameter of 6 nm (by TEM) and an fcc unit cell of
lattice constant 3.907 (9) Å, as expected for Pt-rich Pt-Ru alloys. On-particle HR-EDS
analysis indicates that gross phase separation of Pt and Ru does not occur on the nanoparticle
scale. Evaluation of the performance of this nanocomposite as a methanol electrooxidation
catalyst in a direct methanol fuel cell and in an electrochemical cell designed for combinatorial
testing is reported.

Introduction

In direct-methanol fuel cells (DMFCs), aqueous metha-
nol is electrooxidized to produce CO2 and electrical
current.1 Electrocatalysts having higher activity for
methanol oxidation are critically needed to achieve
enhanced DMFC performance. The search for higher
performing methanol oxidation catalysts has involved
variation of both catalyst preparation strategy and
catalyst composition.1a

Mixed-metal catalysts containing Pt are currently
favored for methanol oxidation.1 Pt activates the C-H
bonds of methanol producing Pt-CO and other surface
species, while an oxophilic metal activates water to
accelerate oxidation of surface-adsorbed CO to CO2.
Although combinatorial studies indicate that ternary
and quaternary alloy compositions can possess high

activity as DMFC anode catalysts,2 there remains much
interest in improving the activity of more-established
binary catalysts containing Pt and Ru.1a Unsupported
Pt-Ru colloids and Pt-Ru/carbon nanocomposites have
been prepared by a variety of chemical methods includ-
ing solution-phase reduction of metal ions and thermal
decomposition of either single-source or dual-source
molecular precursors.1,3 Carbonaceous support materi-
als have included Vulcan carbon powder, carbon blacks,
desulfurized carbon blacks, and fullerene soot.3d DMFC
testing data indicate high performance when either
unsupported or supported Pt-Ru catalysts are used,
depending on anode catalyst composition and particle
size.3g,4

A determination of the optimal Pt-Ru alloy composi-
tion for methanol electrooxidation remains elusive.1a,5
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Smooth-metal Pt-Ru electrodes electrooxidize methanol
most efficiently when the alloy composition is Pt rich.
Carbon-supported Pt-Ru alloy catalysts appear to have
surface alloy compositions strongly dependent on the
method of synthesis and the thermal history of the
sample. An optimal Pt-Ru alloy composition can be
determined only by testing samples prepared using the
same synthesis strategy.1a As an example, Gonzalez and
co-workers report optimal DMFC performance for a
Pt75Ru25/Vulcan carbon powder anode catalyst prepared
by formic acid reduction of aqueous solutions of Pt and
Ru chlorides.5a Hogarth and Ralph of Johnson Matthey
have extensively studied the dependence of methanol
electrooxidation activity on alloy particle composition
for Pt-Ru/Vulcan carbon supported catalysts prepared
using an aqueous-based slurry method.1a Electrochemi-
cal half-cell data indicate essentially constant, optimal
activity for alloy compositions ranging from Pt70Ru30 to
Pt30Ru70 with a composition of Pt75Ru25 expected to give
slightly lower activity.

In a search for carbon-supported metal alloy DMFC
anode catalysts that exhibit enhanced performance rela-
tive to that of commercial Pt50Ru50 unsupported cata-
lysts, we have recently prepared Pt-Ru/carbon nano-
composites having an alloy composition of ca. Pt50Ru50
using the (1:1)-Pt,Ru dinuclear, single-source precursor
complex, (η-C2H4)(Cl)Pt(µ-Cl)2Ru(Cl)(η3:η3-2,7-dimethyl-
octadienediyl), as a source of metal.6,7 When tested as
an anode catalyst in a DMFC, the resulting cell perfor-
mance of the Pt50Ru50/Vulcan carbon powder catalyst
prepared by this method is essentially equivalent to that
determined for a proprietary, unsupported Pt50Ru50
colloidal catalyst.

An interesting question arises as to the dependence
of methanol oxidation performance on Pt-Ru particle
stoichiometry for Pt-Ru/Vulcan carbon powder nano-
composites prepared by this single-source precursor
method. On the basis of the results reported by Gonzalez
and by Hogarth and Ralph, as summarized above, a
supported catalyst having an alloy stoichiometry of ca.
Pt75Ru25 prepared by this method might exhibit either
slightly enhanced or slightly reduced performance rela-
tive to that of a Pt50Ru50 catalyst composition. Knowing
that a Pt50Ru50/Vulcan carbon powder nanocomposite
prepared by our single-source precursor protocol exhib-
its essentially the same DMFC performance as a com-
mercial, unsupported Pt50Ru50 colloidal catalyst, the
DMFC relative performance of a Pt75Ru25/Vulcan carbon
nanocomposite prepared by this precursor method has
been determined to address this question.

We now report the preparation of a Pt-Ru/Vulcan
carbon powder nanocomposite having an alloy composi-
tion of ca. Pt75Ru25 using the tetranuclear, bimetallic,
noncluster complex [Ru(2,3-bis(2-pyridyl)quinoxaline)3-
(PtCl2)3](BF4)2 as a single-source precursor. To our
knowledge, this is the first report of the preparation of
a Pt75Ru25/Vulcan carbon powder nanocomposite using
a single-source precursor synthesis strategy. The metha-
nol electrooxidation performance of this nanocomposite

and that of a commercial, unsupported Pt50Ru50 catalyst
obtained from Johnson Matthey have been determined
in a DMFC under identical conditions. Consistent with
the trend reported by Hogarth and Ralph, the Pt75Ru25/
Vulcan carbon nanocomposite prepared by this precur-
sor method exhibits slightly reduced DMFC perfor-
mance relative to that of the unsupported Pt50Ru50
catalyst. In addition, electrochemical measurements
indicate that this supported catalyst has a slightly
higher open-circuit-potential and higher current dis-
charge at low current loads than does the commercial,
unsupported Pt50Ru50 colloidal catalyst.

Experimental Section

Materials. The chemical reagents NaBF4, 2,2′-pyridil, and
1,2-phenylenediamine were purchased from Aldrich Chemical
Co. and were used as received. RuCl3 was purchased from
Strem Chemicals, Inc., and was used as received. Vulcan
carbon powder XC-72R was purchased from Cabot Corpora-
tion. All solvents were reagent grade and used as received
unless otherwise noted. Cis-(DMSO)2PtCl2

8 and 2,3-bis(2-
pyridyl)quinoxaline (dpq)9 were prepared according to litera-
ture procedures.

General Methods. Nanocomposite materials were char-
acterized using a Philips CM20T transmission electron mi-
croscope (TEM) operating at 200 kV. Samples were prepared
by dispersing a nanocomposite/CH2Cl2 suspension onto a
3-mm-diam copper grid covered with holey carbon film as a
substrate and allowing the solvent to evaporate. Particle-size
distributions were obtained by manually measuring particle
diameters from bright-field TEM micrographs.

Single-particle high-spatial-resolution energy dispersive
spectroscopy (HR-EDS) was used to examine variations in
particle composition using a Philips CM200FEG 200 kV TEM
equipped with an Oxford light element EDS detector and an
EMiSPEC Vision data acquisition system at the SHaRE
Collaboration Research Center in the Metals and Ceramics
Division of Oak Ridge National Laboratory. The HR-EDS data
were collected using a tilt angle of 15°, an acceleration voltage
of 200 kV, a collection time of 20 s, and a 1.4-nm-diam probe
in the stopped-scan mode. Integrated intensities from the Pt
LR1 and the Ru KR1,2 lines were used for quantification because
they were not overlapped by any other X-ray emissions. The
X-ray emission cross sections appropriate for the instrumental
geometry and the spurious contributions from the Vulcan
carbon support were obtained by measuring Pt and Ru
emission intensities for 100 s from several 1 µm2 areas of a
sample having a known bulk chemical composition. Ru emis-
sion intensities were corrected for any loss of Ru mass using
a reported computational model.6a

Powder X-ray diffraction scans were obtained using a
Scintag X1 θ/θ automated powder diffractometer with a Cu
target, a Peltier-cooled solid-state detector, and a zero-
background, Si(510) sample support. For particle-size deter-
minations, each XRD scan was corrected for background
scattering and was stripped of the KR2 portion of the diffracted
intensity using the DMSNT software (version 1.30c) provided
by Scintag. Observed peaks were fitted with a profile function
to extract the full-width-at-half-maximum (fwhm) values.(6) (a) Boxall, D. L.; Deluga, G. A.; Kenik, E. A.; King, W. D.;
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Average crystallite size, L, was calculated from Scherrer’s
equation, L ) Kλ/âcosθB, assuming that peak broadening arises
from size effects only (where â is the peak fwhm measured in
radians on the 2θ scale, λ is the wavelength of X-rays used, θB

is the Bragg angle for the measured hkl peak, and K is a
constant equal to 0.90 for L taken as the volume-averaged
crystallite dimension perpendicular to the hkl diffraction
plane).10 Chemical microanalyses were performed by Galbraith
Laboratories, Knoxville, TN.

Preparation of Tris-[2,3-bis(2-pyridyl)quinoxaline]ru-
thenium(II) Tetrafluoroborate, [Ru(dpq)3](BF4)2. The
complex [Ru(dpq)3](BF4)2 was synthesized using a variation
of the method reported by Rillema, et al., for synthesis of the
analogous PF6

- salt.11 To 50 mL of ethylene glycol were added
0.508 g (2.5 mmol) of RuCl3 and 4.11 g (14.46 mmol) of dpq.
The mixture was heated at reflux, under N2, with constant
stirring for 2 h. The solution was allowed to cool to room
temperature, and then was filtered to remove unreacted dpq.
Sufficient water was added to the filtrate to double the volume,
and this solution was then added to a saturated solution of
NaBF4. The resulting precipitate was collected by vacuum
filtration, dissolved in a minimum amount of CH3CN, and
developed on a neutral alumina column using CH3CN as the
eluent. The major red band was collected, and the solvent was
then removed by rotary evaporation. The crude product was
then redissolved in a minimum amount of CH3CN and
precipitated by addition of diethyl ether. The red powder
precipitate was collected by vacuum filtration and dried at
reduced pressure for 4 h (75% yield). Anal. Calcd for
C54H36N12B2F8Ru‚3H2O: C, 54.89; H, 3.58; N, 14.22. Found:
C, 55.64; H, 3.38; N, 14.45.

Preparation of [Ru(dpq)3(PtCl2)3](BF4)2, 1a. The tetra-
nuclear complex [Ru(dpq)3(PtCl2)3](BF4)2 was synthesized ac-
cording to a variation of the method reported by Rillema and
Sahai for synthesis of the analogous PF6

- salt.12 A 0.301-g
portion (0.267 mmol) of [Ru(dpq)3](BF4)2 and 0.470 g (1.11
mmol) of cis-(DMSO)2PtCl2 were dissolved in 100 mL of
deoxygenated methanol. The solution was heated at reflux,
under N2, in the dark for 12 h. The resulting purple suspension
was cooled to -30 °C for 6 h, then filtered, and the collected
solid was washed with cold methanol. The product was dried
at reduced pressure for 16 h (70% yield). As observed in the
synthesis of the analogous PF6

- salt,12 elemental analysis data
confirmed retention of 3 equivalents of water of crystallization
in the final product. Anal. Calcd for C54H36N12B2Cl6F8RuPt3‚
3H2O: C, 32.76; H, 2.14; N, 8.49. Found: C, 32.43, H, 2.40; N,
8.00.

A UV-Visible absorption spectrum of an acetonitrile solu-
tion of complex 1a was essentially identical to that reported
for the analogous PF6

- complex12 and revealed only a negligible
concentration of unreacted cis-(DMSO)2PtCl2 (see Supporting
Information).

Preparation of a Pt75Ru25/Vulcan Carbon Nanocom-
posite, 1b. A Pt-Ru/Vulcan carbon powder nanocomposite
was prepared using a four-cycle deposition/thermal treatment
process. Approximately equal masses (42 mg) of [Ru(dpq)3-
(PtCl2)3](BF4)2, 1a, were dissolved in 30 mL of CH2Cl2 and
slurried with 90 mg of Vulcan carbon powder. The solvent was
then removed at reduced pressure to complete adsorption of
the complex onto the carbon support. After each of the four
deposition cycles, the composite material was oxidized in a tube
furnace by heating the sample to 300 °C at a rate of 15 °C/
min in a flow (150 mL/min) of dry air followed by immediate
cooling in a stream of dry N2. Following the final deposition,
the resulting material was heated to 650 °C at a rate of 15
°C/min in a flow of 10% H2/90% N2, commonly called “getter
gas”, and the sample was held at this temperature for 1 h.

The sample was then cooled to room temperature under N2.
Anal. found: Pt, 23.41; Ru, 4.11; (Pt2.95Ru1).

A Pt-Ru/Vulcan carbon powder nanocomposite, 1c, was also
prepared using a 3-cycle adsorption/thermal treatment pro-
tocol and only reducing or inert gaseous atmospheres. A total
of 1.10 g of precursor complex 1a were absorbed onto 0.390 g
of Vulcan carbon powder. After each deposition, the sample
was placed in a combustion boat, heated to 350 °C at a ramp
rate of 15° C per minute under a getter gas atmosphere, and
cooled with a N2 purge (approximate cooling rate of 2.4 °C per
minute). Following the third and final heat treatment, the
sample was annealed under a nitrogen atmosphere at 350 °C
for 30 min and then cooled to room temperature. The final
mass of the nanocomposite 1c of 934 mg is consistent with
retention of ca. 160 mg of nonmetallic mass from precursor
decomposition. Anal. found: C, 53.70; H, 0.98; N, 4.34; Pt,
29.79; Ru, 4.82; (Pt3.21Ru1). Although Pt-Ru/carbon nanocom-
posites prepared under either reducing or oxidizing-then-
reducing conditions are essentially identical by TEM or XRD,
the latter (1b) performed better as methanol electrooxidation
catalysts.

Direct Methanol Fuel Cell and Electrochemical Test-
ing Procedures. Nanocomposite 1b and a commercial unsup-
ported Pt50Ru50 colloid (Johnson Matthey HiSPEC 6000) were
comparatively tested as methanol electrooxidation catalysts
using combinatorial electrochemical measurements and work-
ing DMFC test fixtures. Combinatorial electrochemical mea-
surements were performed using proprietary technology de-
veloped at the Army Research Laboratory.13 Anode electrodes
were spotted on a graphite plane with an exposed surface area
of 0.03 cm2 for each sample tested and a sample loading of 0.2
mg. The cathode was Pt black (Johnson Matthey HiSPEC
1000, 27 m2/g) having a larger exposed surface area. An
electrolyte probe consisting of 3 M H2SO4 was used to connect
anode and cathode electrodes and form separated methanol
fuel cells. The anode fuel was 3 M methanol in 3 M H2SO4

under an Ar atmosphere, while the cathode fuel was air. All
measurements were recorded at 20 °C. For DMFC testing,
membrane electrode assemblies were fabricated using either
nanocomposite 1b or the commercial Pt1Ru1 colloid as the
anode catalyst with a loading of 1 mg/cm2 total metal. The
cathode catalyst was Pt black (Johnson Matthey) at a loading
of 3 mg/cm2. Membrane material was Nafion 117. The anode
fuel was 1 M methanol at a flow rate of 2.5 mL/min. The
cathode fuel was air at a flow rate of 600 sccm at 0 psi gauge
pressure.

Results and Discussion

Adsorption of the (3:1)-Pt,Ru tetranuclear, bimetallic
precursor complex 1a from solution phase onto Vulcan
carbon powder followed by removal of residual solvent
at reduced pressure affords a precursor 1a/carbon
composite as a dry, black powder (see eq 1). Thermal
treatment under oxidizing-then-reducing gaseous at-
mospheres reactively degrades the precursor complex
and forms a Pt-Ru/Vulcan carbon powder nanocom-
posite material, 1b. Although the identity of evolved
degradation products has not been determined experi-
mentally, the observed mass loss during thermal treat-
ment is consistent with essentially complete loss of the
nonmetallic elements present in precursor 1a. Nano-
composite 1b has been prepared with 27-34 wt %
total metal loading depending on the relative mass of
carbon powder and precursor 1a used in the synthesis.
A multistep protocol for precursor deposition/degrada-
tion ensures high dispersion of metal nanoparticles on
the carbon support. Thermal degradation of precursor

(10) Klug, H. P.; Alexander, L. E. X-ray Diffraction Procedures for
Polycrystalline and Amorphous Materials, 2nd ed.; Wiley: New York,
1974.
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L. A.; Meyer, T. J.; Levy, H. A. Inorg. Chem. 1987, 26, 578.

(12) Rillema, D. P.; Sahai, R. J. Chem. Soc., Chem. Commun. 1986,
1133.

(13) (a) Jiang, R.; Chu, D. J. Electroanal. Chem. 2002, 527, 137.
(b) Patent pending.
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1a/Vulcan carbon composites under solely reducing
conditions affords nanocomposites (1c) essentially iden-
tical to 1b; however, significant retention of nonmetallic
precursor mass is observed under these synthesis condi-
tions.

A representative bright-field TEM micrograph of
nanocomposite 1b is shown in Figure 1. Metal particles
of high contrast are observed widely dispersed over the
Vulcan carbon powder support. A histogram of metal
particle diameters (Figure 2) reveals metal particle sizes
ranging from 3 to 10 nm with an average diameter of
6.0 nm. The observed log-normal particle-size distribu-
tion is consistent with a coalescence growth mechanism
for surface-supported metal particles.14

A broad-area EDS spectrum of nanocomposite 1b is
shown in Figure 3. The expected emission lines from
Pt and Ru are evident along with emission from the
copper grid of the sample holder and very weak silicon
emission due to trace amounts of clay present within

the carbon powder support. The relative integrated
intensity of appropriate pairs of Pt and Ru emission
lines gives a calculated Pt/Ru atomic ratio of 3:1 on the
micron scale. Chemical elemental analysis of nanocom-
posite 1b gives a Pt/Ru atomic ratio of Pt2.95Ru1 that is
consistent, within experimental error, with both the
metal stoichiometry of precursor 1a and the Pt/Ru
stoichiometry determined by broad-area EDS. Previous
study of repetitive chemical elemental analysis of
identical samples of Pt-Ru/carbon nanocomposites
gives an experimental precision of (0.08 on Pt/Ru
atomic ratios determined from commercial elemental
analytical data.5a

To investigate the compositional integrity of indi-
vidual nanocrystals prepared using this synthesis strat-
egy, the Pt/Ru atomic ratio of twelve randomly chosen
nanocrystals within nanocomposite 1b have been mea-
sured experimentally by HR-EDS. The integrated in-
tensities of the Pt LR1 and Ru KR1,2 emissions from
individual alloy nanoclusters were collected using a
field-emission gun with a spot size of 1.4 nm and were
converted into Pt/Ru atomic ratios as previously de-
scribed.5a A plot of Pt/Ru atomic ratios versus nano-
cluster size for nanocrystals within nanocomposite 1b
is shown in Figure 4. Error bars for the Pt/Ru atomic
ratios are calculated from error propagation and are
based principally on EDS counting statistics.

As to compositional variation on the nanocluster scale,
only statistical arguments can be made. HR-EDS mea-
surements indicate the absence of detectable amounts
of Pt or Ru in regions of the carbon support not
containing nanoparticles, so the metal content of these(14) Granqvist, C. G.; Buhrman, R. A. J. Catal. 1976, 42, 477.

Figure 1. Bright-field TEM micrograph of nanocomposite 1b.

Figure 2. Histogram of metal nanoparticle diameters as
measured from TEM micrographs for nanocomposite 1b show-
ing a superimposed calculated log-normal distribution curve.

Figure 3. EDS spectrum of nanocomposite 1b showing the
expected Pt and Ru emission lines, Cu emission from the
copper grid contained in the sample holder, and weak Si
emission from a trace amount of silicate clay present in the
Vulcan carbon support.

Figure 4. Plot of Pt:Ru atomic ratios measured by HR-EDS
for individual metal alloy nanoparticles within nanocom-
posite 1b.
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samples appears to be localized primarily within ob-
servable nanoparticles. The average Pt/Ru stoichiometry
for nanoclusters within nanocomposite 1b is 2.84 ( 0.75,
where the standard deviation is weighted for the
experimental uncertainty associated with each on-
particle measurement. This error is principally due to
experimental uncertainties associated with the HR-EDS
counting statistics, but also could include particle-to-
particle variation in metal stoichiometry. On-particle Pt/
Ru average stoichiometry is within one standard de-
viation of Pt/Ru stoichiometry determined by bulk
chemical elemental microanalysis and that expected
from the 3:1 Pt/Ru stoichiometry of precursor 1a.
Although individual particle Pt/Ru atomic ratios range
from ca. 2.0-4.5 with relatively low precision, gross
phase separation of the two metals within nanocom-
posite 1b is not evident on the nanoscale among the
particles examined.

A powder XRD scan of nanocomposite 1b is shown in
Figure 5. Amorphous scattering from the carbon powder
support is evident by the broad peak near 24° in 2θ. All
of the remaining predominant peaks are consistent with
the face-centered-cubic (fcc) pattern expected for Pt-rich
Pt-Ru alloys. Peaks associated with this alloy phase
are identified by the appropriate Miller indices. The cell
constant calculated from XRD peak positions is 3.907
(9) Å.7a Gonzalez and co-workers report a cell constant
of 3.9107 Å for Pt-Ru alloy particles of composition
Pt75Ru25 (though a standard deviation value was not
given).5a Scherrer’s analysis of experimentally measured
XRD peak widths for nanocomposite 1b gives a calcu-
lated average crystalline domain size of 3.2 nm for the
alloy nanoparticles.10 Diffraction peaks near 38° and 44°
in 2θ from Ru metal are not observed, so any crystalline
metal phase separation that might have occurred during
synthesis is not evident.

The reactivity of nanocomposite 1b as a methanol
electrooxidation catalyst relative to that of a commercial
unsupported Pt50Ru50 colloid has been evaluated using
both a combinatorial electrode test fixture and a work-
ing DMFC. The discharge performance curves shown
in Figure 6 provide a direct comparison of these two
electrocatalysts in a combinatorial fuel cell test fixture
at identical metal loading. While nanocomposite 1b
gives a slightly higher open-circuit potential and higher
performance at lower current densities, the unsupported
Pt50Ru50 catalyst outperforms nanocomposite 1b at
current loads greater than ca. 0.25 mA. A lower relative

performance for a supported catalyst relative to that of
an unsupported catalyst at higher current loading is a
common observation. To obtain the same metal loading,
a thicker reaction layer is required for supported cata-
lysts, thereby reducing reactant diffusion and proton
transport rates at high currents. These inefficiencies
reduce relative catalyst performance for supported cata-
lysts, such as nanocomposite 1b, at higher current loads.

Performance curves for DMFCs having either nano-
composite 1b or the same commercial, unsupported
Pt50Ru50 colloid as anode catalyst are shown in Figure
7 for cells operating at 60 °C and 80 °C. Anode catalyst
loadings are identical at 1 mg total metal/cm2. As
expected, cell performance drops significantly with
decreasing temperature, and no unusual temperature
dependence is observed for either catalyst.1a At each
temperature, the pair of catalysts exhibit essentially
parallel relative performance, with the unsupported
catalyst performing slightly higher than nanocomposite
1b at the same current density. These performance
curves indicate that while nanocomposite 1b performs

Figure 5. Powder XRD scan of nanocomposite 1b recorded
with Cu KR radiation along with the line pattern of bulk Pt
metal. Figure 6. Plots of the discharge curves of nanocomposite 1b

and a commercial (1:1) Pt-Ru colloid obtained from Johnson
Matthey (PtRu) as methanol electrooxidation catalysts in a
combinatorial electrochemical test fixture.

Figure 7. Plots of the relative cell performance of nanocom-
posite 1b (open triangles or squares) and a commercial Pt50-
Ru50 colloid (filled triangles or squares) obtained from Johnson
Matthey (JM) as methanol electrooxidation catalysts in a
DMFC test fixture. Anode catalyst loadings are identical at 1
mg total metal/cm2. Performance curves were measured at
operating temperatures of 60 °C (open or filled triangles) and
80 °C (open or filled squares).
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well as a methanol electrooxidation catalyst, it does not
exhibit exceptional performance relative to that of a
commercial unsupported Pt50Ru50 colloid catalyst. Com-
parison of the relative DMFC performance of nanocom-
posite 1b to that of a Pt50Ru50/Vulcan carbon nanocom-
posite prepared by the same synthesis strategy6a reveals
that increasing the Pt content of the Pt-Ru alloy
particles from ca. Pt50Ru50 to ca. Pt75Ru25 leads to a
slight reduction in DMFC performance. There appears
to be no advantage in using Pt-rich precursors of
complex composition. Better performance is achieved by
using a (1:1)-Pt,Ru precursor of simpler construction.
The atomic ratio of Pt50Ru50 is generally observed to be
the most practical anode catalyst for DMFCs.1
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