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Thermal treatment of cis-(2,2′-bipyridine)2OsCl2, (η6-cymene)2Os2Cl4, or [(bpy)2Os(µ-bpm)-
PtCl2][CF3SO3]2/Vulcan carbon powder composites under solely reductive conditions affords
Os or Pt-Os/carbon nanocomposites consisting of metal nanoparticles highly dispersed on
the carbon support. Nanocomposites containing ca. 35-50 wt % metal with metal nano-
crystals of ca. 5-6 nm average diameter are formed. Evaluation of the performance of these
nanocomposites as methanol electrooxidation catalysts in direct methanol fuel cells and in
an electrochemical cell designed for combinatorial testing reveals that, although the Os/
carbon nanocomposites and the Pt-Os alloy/carbon nanocomposite give open circuit
potentials indicative of thermodynamically favorable methanol oxidation, the kinetics of these
oxidations are too low to be of practical importance. Unfortunately, the Os-containing
electrocatalysts prepared by this synthesis strategy did not exhibit high performance for
methanol oxidations as predicted by theoretical computations.

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 enhance
DMFC performance for commercial device applications.
Such catalysts are usually prepared as unsupported
metal colloids or as nanocomposites in which metal
nanoparticles are supported on an electrically conduct-
ing carbon of high surface area. The search for active
methanol oxidation catalysts has involved extensive
variation of catalyst composition and mode of catalyst
preparation.

Mixed-metal colloids or nanocomposites containing Pt
along with one or more less noble metals are currently
favored as methanol electrooxidation catalysts.1,2 A
bifunctional reaction mechanism is usually invoked to
explain the contribution of each metal to the overall
reaction. Pt activates C-H bond cleavage within surface-
adsorbed methanol molecules producing a Ptx-CO
surface species, whereas an oxophilic metal activates
adsorbed water to accelerate oxidation of surface-
adsorbed CO to CO2. The absence of an oxophilic metal
usually leads to CO poisoning of the anode catalyst in
working DMFCs.

Computational results reported recently by Kua and
Goddard3 for the stepwise oxidation of methanol by
several Group VIII transition metals support a bifunc-
tional mechanism for methanol oxidation by conven-
tional Pt-Ru catalysts. In addition, this theoretical
analysis also reveals the unexpected result that Os
metal should activate both methanol and water suf-
ficiently well to serve as a mono-metallic methanol
oxidation catalyst, and an invitation for experimental
verification of this prediction has been extended. Al-
though there have been several reports of methanol
oxidation using Pt-Os alloys,2,4 to our knowledge no one
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has examined Os as an electrocatalyst in working
DMFCs.

As part of an ongoing investigation to prepare metal
alloy/carbon nanocomposites exhibiting high perfor-
mance as DMFC anode catalysts,5 we now report the
synthesis and characterization of two Os/Vulcan carbon
powder nanocomposites along with a determination of
the relative performance of these nanocomposites as
methanol electrooxidation catalysts. These nanocom-
posites are prepared using either organometallic or
nonorganometallic molecular precursors as sources of
Os metal. Each nanocomposite is prepared at high metal
loading while maintaining acceptably small Os nano-
crystals to provide a good test of DMFC relative per-
formance.5 Although both Os/carbon nanocomposites
give open circuit potentials indicative of thermodynami-
cally favorable methanol oxidation, the rate of this
oxidation is, unfortunately, too slow to be of practical
importance.

To potentially improve the methanol oxidation per-
formance of these Os-containing nanocomposites through
a bifunctional catalyst mechanism, elemental Pt was
introduced as a second metal component. Physical
mixtures of each Os/carbon nanocomposite with Pt black
were prepared and tested electrochemically for metha-
nol oxidation. In addition, a Pt-Os alloy/carbon nano-
composite was prepared using a 1:1 Pt-Os bimetallic
precursor as the source of metal and was tested under
identical conditions. Although inclusion of Pt metal as
either a compounding additive or as an alloying element
improves the thermodynamics of methanol electrooxi-
dation, the kinetics of this reaction remains significantly
less than that observed for conventional Pt-Ru cata-
lysts.

Experimental Section

General Methods. The two precursor complexes used as
sources of Os, cis-(2,2′-bipyridine)2OsCl2, 1a, [cis-(bpy)2OsCl2],6
and (η6-1-isopropyl, 4-methylbenzene)2Os2Cl4, 2b, [(η6-cymene)2-
Os2Cl4],7 and the reagent, cis-(dimethyl sulfoxide)2PtCl2,8 were
prepared according to literature procedures. Successful precur-
sor preparation was confirmed using high-field 1H NMR
spectroscopy. 2,2′-Bipyrimidine was purchased from Lancaster
chemicals and was used as received. All solvents were reagent
grade and were used as received. Vulcan carbon powder XC-
72R was obtained commercially from Cabot Corporation.

Microanalyses were performed by Galbraith Laboratories, Inc.,
Knoxville, TN, or by Atlantic Microlab, Inc., Norcross, GA. Os
content could not be obtained by commercial microanalysis
because of its toxicity and the high volatility of Os oxides.
Metal content of the nanocomposite materials was estimated
from sample weight gain measurements for the Os nanocom-
posites (1b, 48 wt % Os; 2b, 47 wt % Os) or from Pt analysis
and EDS spectral data for the Pt-Os nanocomposite 3b
(35 wt % total metal). The following abbreviations are used:
bpy ) 2,2′-bipyridine, C10H8N2; bpm ) 2,2′-byprimidine,
C8H6N4; DMSO ) (CH3)2SO.

Samples for transmission electron microscopy (TEM) imag-
ing were prepared by placing a drop of nanocomposite/CH2Cl2

suspension onto a 3-mm diameter copper grid coated with
holey carbon, followed by evaporation of the solvent. Particle-
size distributions for nanocomposite materials were obtained
by measuring particle diameters directly from bright-field
micrographs recorded on a Philips CM20T TEM operating at
200 kV.

X-ray diffraction (XRD) scans were obtained using a Scintag
X1 θ/θ automated powder X-ray 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.
Average crystallite size, L, was calculated from Scherrer’s
equation assuming that peak broadening arises from size
effects only.9

Preparation of [(bpy)2Os(bpm)](CF3SO3)2‚2H2O. The
complex [(bpy)2Os(bpm)](CF3SO3)2‚2H2O was prepared using
a variation of the procedure published by Goldsby and Meyer
for the preparation of the corresponding hexafluorophosphate
salt.10 A solution of 0.198 g of (bpy)2OsCl2 and 0.093 g of bpm
were refluxed in 40 mL of 2:1 ethanol/water solvent for 36 h
under a N2 atmosphere. After this time, a 3-fold excess of
AgOTf (0.267 g) was added to the reaction solution to effect
anion exchange, and the solution was refluxed for an additional
2 h. Upon cooling to room temperature, the resulting AgCl
precipitate was removed by filtration through a pad of Celite
diamotaceous earth on a medium ceramic frit, and the filtrate
was evaporated to dryness at reduced pressure. The reaction
residue was dissolved in a minimum volume of absolute
ethanol and was flash-precipitated by addition of anhydrous
diethyl ether. Purification was carried out by separation on a
4 × 15 cm alumina (80-200 mesh; Fisher Scientific) column
using acetonitrile as the mobile phase. The desired product
was eluted first as a dark purple band. The appropriate
fraction was collected and was concentrated at reduced pres-
sure. The product complex was precipitated from solution by
addition of diethyl ether, isolated by filtration, and dried at
reduced pressure (70% yield). Anal. Calcd for [(C10H8N2)2Os-
(C8H6N4)](CF3SO3)2‚2H2O: C, 44.77; H, 3.26; N, 13.93. Found:
C, 44.25; H, 3.10; N, 13.14.

Preparation of [(bpy)2Os(µ-bpm)PtCl2](CF3SO3)2‚2H2O,
3a. Complex 3a was prepared using a variation of the
procedure published by Sahai and Rillema for preparation of
the related complex [(bpy)2Ru(µ-bpm)PtCl2](ClO4)2.11 A metha-
nol solution of 0.40 g of [(bpy)2Os(µ-bpm)](CF3SO3)2‚2H2O and
0.176 g of (DMSO)2PtCl2 was refluxed in degassed methanol
for 12 h in the dark. The resulting solution was evaporated to
dryness at reduced pressure. The obtained residue was dis-
solved in a minimum volume of absolute ethanol, and the crude
product was flash-precipitated by addition of anhydrous di-
ethyl ether. Purified product was obtained by repeating the
flash precipitation procedure two additional times. Complex
3a was isolated by filtration and dried at reduced pressure
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(90% yield). Anal. Calcd for [(C10H8N2)2Os(C8H6N4)PtCl2](CF3-
SO3)‚2H2O: C, 28.57: H, 2.08; N, 8.89. Found: C, 28.00; H,
1.86; N, 8.68.

General Preparation of the Os/Vulcan Carbon Nano-
composites (1b) and (2b). Nanocomposites 1b and 2b were
prepared using a two-step deposition/thermal treatment pro-
cedure to form Os/carbon nanocomposites of ca. 50 wt % Os
metal. Approximately one-half of the required portion of
precursor 1a or 2a was dissolved in CH2Cl2. To this solution
was added the appropriate mass of Vulcan carbon support. The
resulting slurry was stirred for 1 h under N2 to permit
adsorption of precursor, and the precursor/carbon composite
was isolated as a dry black solid upon removal of residual
solvent at reduced pressure. Precursor/carbon composites were
placed into a glazed alumina combustion boat, inserted into a
Lindberg Blue programmable tube furnace, and heated under
a flow (150 mL/min) of getter gas (90:10, N2/H2) from room
temperature to 500 °C at 15 °C/min. For the first thermal
treatment, the reaction boat was cooled to room temperature
immediately after reaching 500 °C. This procedure was then
repeated one additional time to give the desired metal loading.
For the second thermal treatment, the reaction boat was held
at maximum temperature for 3 h before cooling to ambient
temperature under a flow of N2 gas. Inert or reducing atmos-
pheres were strictly maintained to minimize Os metal oxida-
tion.

Preparation of the Pt-Os/Vulcan Carbon Nanocom-
posite, 3b. A Pt-Os/Vulcan carbon nanocomposite having a
total metal loading of ca. 35 wt % was prepared using a two-
step deposition/thermal treatment procedure. Approximately
one-half of the required amount of precursor 3a (0.386 g) was
dissolved in CH2Cl2. To this solution was added 0.383 g of
Vulcan carbon powder. The resulting slurry was stirred for 1
h under N2 to permit adsorption of precursor, and the precur-
sor/carbon composite was isolated as a dry black solid upon
removal of residual solvent at reduced pressure. The precursor/
carbon composite was placed into a glazed alumina combustion
boat, inserted into a Lindberg Blue programmable tube
furnace, and heated under a flow (150 mL/min) of getter gas
(90:10, N2/H2) from room temperature to 500 °C at 15 °C/min.
For the first thermal treatment, the reaction boat was cooled
to room temperature after heating at 500 °C for 30 min. This
procedure was then repeated one additional time to give the
desired metal loading. For the second thermal treatment, the
reaction boat was held at 500 °C for 3 h before cooling to
ambient temperature under a flow of N2 gas. An inert or
reducing atmosphere was strictly maintained to minimize Os
metal oxidation. Anal. Found: Pt, 16.77.

Direct Methanol Fuel Cell and Electrochemical Test-
ing Procedures. Os/carbon nanocomposites, 1b and 2b, and
the Pt-Os/Vulcan carbon nanocomposite, 3b, prepared in this
study along with unsupported Pt and Pt1Ru1 colloids (Alfa
Aesar) were tested as methanol electrooxidation catalysts. For
direct methanol fuel cell (DMFC) measurements, detailed
procedures for the preparation of membrane electrode as-
semblies (MEAs) and DMFC testing procedures have been
published (U.S. Patent 5599638).5c Combinatorial electro-
chemical measurements were performed using proprietary
technology developed at the Army Research Laboratory.12 For
these electrochemical measurements, anode electrodes were
spotted on a graphite plane with an exposed surface area of
0.03 cm2 for each sample tested. The cathode was Pt black
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 16 °C.

Results and Discussion

Complexes 1a, 2a, and 3a are readily soluble in polar
organic solvents and can be deposited onto commercial
Vulcan carbon powder by adsorption and subsequent
solvent evaporation to give precursor/carbon composites
of arbitrary loading. Reactive, thermal degradation of
these precursor/carbon composites in a partial atmo-
sphere of hydrogen affords Os or Pt-Os/carbon nano-
composites 1b-3b, as shown in eq 1. Although products
of precursor decomposition have not been identified for
these syntheses, careful study of the reductive decom-
position of a related Pt-Ru precursor complex indicates
that organic ligands are volatized either intact or as
hydrogenated species, and chloro ligands are lost as
HCl.5b,13 A two-step deposition procedure is used to
minimize metal particle agglomeration during synthe-
sis. The total metal content of the final Os or Pt-Os/
carbon nanocomposites, 1b, 2b, and 3b are 48, 47, and
35 wt %, respectively.

Bright-field TEM micrographs typical of nanocom-
posites 1b-3b reveal metal nanoclusters of high con-
trast dispersed on the amorphous Vulcan carbon powder
support (Figure 1). Typical histograms of metal particle
diameters are shown in Figure 2. The observed log-
normal particle size distribution is consistent with a
coalescence growth mechanism of surface-supported
metal particles.14 Average metal nanocluster diameters
with standard deviations as determined by TEM are
6.0 ( 2.5 nm for nanocomposite 1b, 5.0 ( 1.5 nm for
nanocomposite 2b, and 6.5 ( 2 nm for nanocomposite
3b. EDS spectra collected from broad sample areas,
Figure 3, reveal X-ray emission lines expected for Os
(nanocomposites 1b and 1b) and for both Pt and Os
(nanocomposite 3b). Integrations of EDS peak intensi-
ties for resolved Pt and Os emission lines of nanocom-
posite 3b gives a Pt/Os stoichiometry of Pt1Os1.1.
Knowing the Pt loading from bulk elemental analysis,
the Os content is calculated to be 18.0 wt % giving a
total metal loading of 34.8 wt % for this nanocomposite.
Emission from the copper is also observed. X-ray emis-
sion from residual chlorine is not observed indicating
complete degradation of the molecular precursors within
the EDS detection limit.

XRD scans typical of nanocomposites 1b-3b reveal
the expected diffraction patterns (Figure 4). A broad
peak centered near 24° in 2θ is characteristic of amor-
phous scattering from the Vulcan carbon support. For
nanocomposites 1b and 2b, all of the remaining peaks
of strong intensity have positions and relative intensi-
ties expected for diffraction from Os metal. A determi-
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nation of volume-weighted Os nanocluster average
diameter from XRD peak widths through application of
Scherrer’s equation gives Os particle sizes of 4.0 ( 1.2
nm and 7.0 ( 1.5 nm, respectively. For nanocomposite

3b, all of the remaining peaks have positions and
relative intensities expected for diffraction from a single-
phase fcc Pt-Os alloy having a cell constant of 3.889 (
0.013 Å. Assuming that arc-melted Pt-Os alloys have
lattice constant-compositional dependency that follows
Vegard’s law behavior, a 1:1 Pt-Os alloy should have
a lattice constant of ca. 3.888 Å.2b A determination of
volume-weighted Pt-Os nanocluster average diameter
from XRD peak widths through application of Scherrer’s
equation gives an average particle size of 9.2 ( 1.3 nm.
Close correspondence between metal particle sizes
determined from XRD data and TEM measurements
indicates the absence of significant numbers of atypi-
cally large metal nanoclusters within the sample.

Nanocomposites 1b-3b have been evaluated as metha-
nol electrooxidation catalysts both electrochemically and
in working DMFCs. A sample of nanocomposite 2b was
incorporated into a single, 25 cm2 membrane electrode
assembly (MEA) at a metal loading of 2.7 mg Os/cm2 of
electrode surface. Two MEAs were prepared of nano-
composite 3b having an area 25 cm2 and a total metal
loading of 1.5 mg/cm2. DMFCs fabricated with these
MEAs using Pt black (4 mg Pt/cm2) as a cathode were
tested under standard operating conditions.5c At open
circuit, DMFC cell potentials were 0.520 V for the Os/
carbon nanocomposite and 0.60 V for the Pt-Os/carbon
nanocomposite. However, cell voltage dropped dramati-
cally (to less than 0.20 or 0.30 V, respectively) upon
application of low current loads (0.05 A/cm2 and 0.20
A/cm2, respectively) and decreased to less than 0.10 V
with sustained or modest current load. Upon removal
of the current load, cell potential increased to the

Figure 1. Bright-field TEM micrograph typical of the Os/
Vulcan carbon nanocomposites 1b and 2b and the Pt-Os/
Vulcan carbon nanocomposite 3b.

Figure 2. Histograms of metal nanocluster diameters typical
of the Os/Vulcan carbon nanocomposites 1b and 2b and the
Pt-Os/Vulcan carbon nanocomposite 3b as measured from
TEM micrographs.
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original open-circuit value. These results indicate that
although Os and Pt-Os alloy nanoparticles are ther-
modynamically capable of oxidizing methanol, the dra-
matic drop in cell potential with applied load indicates
poor kinetic turnover for this reaction.

Because DMFC performance deteriorates too rapidly
to obtain acceptable i-V curves, nanocomposites 1b-
3b were examined as methanol electrooxidation cata-
lysts using an electrochemical cell designed for combi-
natorial fuel cell measurements.12 Discharge performance
i-V curves for a cell fabricated with 1b, 2b, Pt black, a
2:1 mixture of 1b and Pt black, a 2:1 mixture of 2b and
Pt black, nanocomposite 3b, and commercial, unsup-
ported 1:1 Pt-Ru alloy colloid, as methanol electrooxi-
dation catalysts are shown in Figure 5.

The performance of nanocomposites 1b and 2b is
significantly less than that recorded for any of the other
anode catalysts examined. Open-circuit potentials for
nanocomposites 1b and 2b are in the range 0.2-0.3 V
with electrode potential dropping rapidly with applied
current load. Electrode potentials fell below 0.10 V with
current loads of less than 0.05 mA. This rapid decline
in electrode potential upon application of a load parallels
the rapid drop in performance observed for these nano-
composites as DMFC anode electrocatalysts. Admixture
of Pt black cocatalyst with nanocomposites 1b and 2b
leads to improved performance. Open circuit potentials
rise to 0.4-0.5 V with cell potentials decreasing to below
0.10 V at current loading as high as 0.28-0.35 mA. The
performance of both of these Os/Pt/carbon binary metal

composites exceeds the performance recorded when Pt
black is used as the anode electrocatalyst.

The performance of nanocomposite 3b is better than
that of nanocomposites 1b and 2b and comparable to
the performance of Pt black. The open-circuit potential
observed for nanocomposite 3b is 0.36 V, with electrode
potential dropping rapidly with applied current load.
This rapid decline in electrode potential upon applica-
tion of a load parallels the rapid drop in performance
observed for this nanocomposite as a DMFC anode
electrocatalyst. All of the electrocatalysts examined in
this study perform well below the performance recorded
of the 1:1 Pt-Ru unsupported electrocatalyst, which is

Figure 3. Broad-area EDS spectra typical of the Os/Vulcan
carbon nanocomposites 1b and 2b and the Pt-Os/Vulcan
carbon nanocomposite 3b. Emission from Cu present within
the sample holder is also observed.

Figure 4. Powder XRD patterns typical of the Os/Vulcan
carbon nanocomposites 1b and 2b and the Pt-Os/Vulcan
carbon nanocomposite 3b, including the standard line pattern
and peak assignments for Os metal or for fcc Pt metal.

Figure 5. Discharge polarization current density-voltage (V)
curves recorded for methanol oxidation using a proprietary
combinatorial fuel cell anode (electrode area ) 0.03 cm2)
spotted with nanocomposite 1b (9), nanocomposite 2b (2), Pt
black ((), a 2:1 mixture of nanocomposite 1b and Pt black (b),
a 2:1 mixture of nanocomposite 2b and Pt black (+), nano-
composite 3b (*), and a commercial, unsupported 1:1 Pt-Ru
alloy colloid (x), as electrooxidation catalysts.
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a commonly used standard for evaluating relative
catalytic performance for methanol electrooxidation. It
is important to note that the relative performances of
electrocatalysts examined in this study are obtained
from samples as-prepared or as obtained. No attempt
has been made to correct catalyst performances for
differences in metal surface area or in the number
density of reactive surface sites.

Conclusions

Os and Pt-Os/carbon nanocomposites have been
prepared using three complexes as single-source precur-
sors of metal. Thermal decomposition of precursor/
carbon composites under solely reducing conditions
gives metal/carbon nanocomposites of high metal load-
ing. Metal nanocrystals of ca. 5-7 nm average diameter
(by TEM) are observed highly dispersed on a Vulcan
carbon powder support. DMFC and electrochemical
measurements reveal thermodynamically favorable but
kinetically slow electrooxidation of methanol by either
the Os metal or Pt-Os alloy/carbon nanocomposites.

Admixture of Pt black colloid with these Os/carbon
nanocomposites gives methanol oxidation catalysts of
improved performance; however, these phase-separated
binary metal composite catalysts still perform poorly
relative to a 1:1 Pt-Ru colloidal electrocatalyst. Al-
though the predicted reactivity of nanocrystalline Os as
a methanol electrooxidation catalyst has been demon-
strated using the Os nanocomposites prepared in this
study, the rate of this reaction is too slow to be of
practical importance.
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