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11% Pt/C, 10% Pt + 1% Os/C, 9% Pt + 2% Os/C, 8% Pt + 3% Os/C, 7% Pt + 4% Os/C, 6% Pt
+ 5% Os/C and 5% Pt + 6% Os/C catalysts have been prepared for methanol oxidation reaction.
Transmission electron microscopy, X-ray photoelectron spectroscopy, X-ray diffraction and
cyclic voltammetry have been used to understand the nature of the species present in these
catalysts. 7% Pt + 4% Os/C was the most active catalyst, while 8% Pt + 3% Os/C was the least
active one. It is found that the metal particle size and distribution on the carbon support, the
surface composition and the oxidation states of the metal particles, the metal-metal and metal
support interactions are important parameters to define the activity of the catalyst.

1. Introduction

It is apparent that there are a large number of dif-
ferent fuel cells, some of which may be optimised
for particular applications [1]. However, the direct
methanol fuel cell, DMFC, appears favourable for
small scale power generation, such as road transport
and portable generators. In spite of the obvious ad-
vantages of the DMFC, such as potentially high en-
ergy content per unit mass [2], environmental more
friendly than any petroleum product, suitable for
use in cars and other vehicles [3], methanol’s poor
electrochemical reactivity in acid solutions except
at high potentials limits its use for practical pur-
poses. Therefore, a catalyst is required to activate
methanol. At the anode methanol is oxidised to car-
bon dioxide, and at the cathode oxygen is reduced
to water. The overall reaction is:

CH3OH + 3/2 O2!CO2 + 2 H2O, Eÿ = 1.186 V vs SHE.

The improvement of effective and low cost cata-
lysts for the electrooxidation of methanol in acid
solutions is an essential goal in the development of
a practical methanol-air fuel cell. Two complemen-
tary approaches are believed to be necessary for the
development of practical anodes for metanol elec-
trooxidation: (a) Maximising the effective surface
area of the precious metal catalyst, by using a high
surface area carbon support, which ensures com-
plete utilisation of all the precious metal [4], (b) the
use of a second metal, such as Ru or Sn [5, 6] to pro-
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mote the formation of active metal oxides at lower
potentials and to inhibit the formation of poisons on
the surface of the electrode.

Despite the immense amount of work that has
been carried out involving unsupported and sup-
ported Pt+Ru [4] and Pt+Sn [7] catalysts for
methanol electro-oxidation, few studies have been
conducted on the carbon supported Pt+Os catalyst
system [8]. Therefore, a detailed study of carbon
supported Pt+Os catalysts has been undertaken in
order to determine the role of osmium on the cat-
alytic activity of methanol electrooxidation.

2. Experimental Section

2.1. Catalyst preparation

1.0 g carbon, Cabot XC-72, was suspended in 400 ml
of water and heated to the boiling point. Appropriate
amounts of aqueous H2PtCl6 and K2OsCl6 solutions were
added separately followed by sufficient NaHCO3, dis-
solved in 50 ml of water to neutralise the protons lib-
erated from the acidic metal solutions. The mixture was
then boiled for 2 h. Next, a six-fold excess of the reducing
agent, formaldehyde, was added and the boiling contin-
ued for a further 1 h. The hot catalyst was filtered and
washed with a copious amount of boiling distilled water
to remove any residual chloride ions, and finally dried at
100 ÿC in air.

2.2. Electrode preparation

Teflon, Asahi Fluoro Polymer Ltd., 50% by weight
teflon, bonded gas diffusion electrodes comprising 27%
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teflon and 73% catalysed carbon were prepared by sus-
pending 100 mg of catalysed carbon in 50 ml THF in an
ultrasonic bath for 30 min. An appropriate amount of an
aqueous suspension of teflon was added dropwise to the
rapidly stirred catalysed carbon suspension over 30 min.
The water was then removed by repeated washing, 3 - 4
times, and centrifuging the teflon / catalysed carbon slurry
with THF. 50 - 70 mg of the teflon / catalysed carbon /
THF slurry was deposited onto a 13 mm disc of carbon
fibre, Le Carbone-Lorraine TCS 80, and then pressed at
125 kg/cm2 for 5 min. Finally, the pressed electrodes
were dried at 100 ÿC for 60 min and sintered at 360 ÿC
for 30 min.

2.3. Physical techniques

Transmission electron microscopy studies were per-
formed on a Philips CM 12 fitted with a LaB6 filament
and a lithium drifted silicon detector. The operation volt-
age was 120 kV. The elemental X-ray microanalysis, en-
ergy dispersive X-ray analysis, EDS, was carried out in
the CM 12 using the nanoprobe mode. X-ray photoelec-
tron spectra were recorded on a Kratos XSAM 800 spec-
trometer using Kÿ lines of Mg, 1253.6 eV, 10 mA as an
X-ray source. The main chamber operates in the pressure
range of 10þ9 to 10þ10 torr. Samples were held in a cop-
per or stainless steel holder with double-sided tape. All
lines are referenced to the carbon 1s line at 284.6 eV. An
X-ray diffractometer, Siemens D5000 with a Cu anode,
was used and NaCl was employed as an internal refer-
ence. An Oxsys Micros Potentiostat was used to record
cyclic voltammograms and polarisation curves. A mer-
cury / mercury sulfate electrode, MMSE, and high purity
platinum gauze were used as a reference and counter elec-
trodes, respectively.

3. Results and Discussion

The polarisation curve results for methanol elec-
trooxidation in 2.5 M H2SO4 + 0.5 M CH3OH at
60 ÿC are summarised in Fig. 1. The 7%Pt+4%Os/C
electrode has the highest short-term activity for
methanol oxidation while the 8% Pt + 3% Os/C
electrode is the least active. It is immediately appar-
ent from Fig. 1 that the electrocatalytic activities are
not a simple function of the Pt:Os ratio but appar-
ently a number of factors such as particle size, crys-
tallite distribution, surface composition, oxidation
state of the metals, metal-metal and metal-support
interactions are also important.

The particle size and distribution in all samples
have been determined before and after electrode

Fig. 1. Short-term polarisation curves of the samples for
methanol oxidation at 175 mV in 2.5 M H2SO4 + 0.5 M
CH3OH at 60 ÿC. 1: 11% Pt/C; 2: 10% Pt + 1% Os/C;
3: 9% Pt + 2% Os/C; 4: 8% Pt + 3% Os/C; 5: 7% Pt + 4%
Os/C; 6: 6% Pt + 5% Os/C; 7: 5% Pt + 6% Os/C.

fabrication by transmission electron microscopy.
Although electrocatalytic measurements were per-
formed using teflon bonded electrodes, it is illustra-
tive to consider the changes resulting from the fab-
rication process, and accordingly transmission elec-
tron micrographs have been recorded for both the
as-prepared powder and fabricated teflon bonded
electrodes. In part, these measurements were un-
dertaken to confirm that loss of Os as OsO4 or Os
segregation, yielding OsO2 crystallites, does not oc-
cur during electrode fabrication. In a related study,
Smith observed that heat treatment of Ru/C elec-
trodes resulted in the formation of RuO2 crystallites
[9, 10]. The major difference between analogous
fabricated and unfabricated samples is the increase
in the size of the bimetallic crystallites in the actual
electrodes presumably as a consequence of sinter-
ing of the individual crystallites, since fabrication
involves heating the electrodes at 360 ÿC for 30 min.

The particle sizes of the samples before and af-
ter electrode fabrication are summarised in Table 1.
Considering firstly as-prepared materials, it is noted
that for powder samples of 6% Pt + 5% Os/C and
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Table 1. Average particle size of the Pt+Os/C samples.

Samples As-prepared Electrode
A B A B

11% Pt/C 2.3 8.8 5.0 20.0
10% Pt + 1% Os/C 2.3 – 5.0 20.0
9% Pt + 2% Os/C 2.5 7.5 4.0 14.0
8% Pt + 3% Os/C 2.0 6.0 4.0 20.0
7% Pt + 4% Os/C 1.5 9.0 2.1 10.0
6% Pt + 5% Os/C 2.0 – 2.5 5.0
5% Pt + 6% Os/C 0.9 - 2.5 130 7.0 450

A: Small particles in nm; B: Agglomerated particles
in nm.

Fig. 2. Transmission electron micrograph of a 10% Pt +
1% Os/C powder sample.

10%Pt + 1%Os/C electrodes, the particles appear to
be uniformly distributed on the carbon support, and
there is no evidence for agglomeration of the crys-
tallites. For the 10% Pt + 1% Os/C powder sample
the majority of the particles are ca. 2.3 nm diame-
ter, however there is also evidence for a very small
amount of appreciably smaller particles including
some down to 1.0 nm, Fig. 2. Electron micrographs
of the 6%Pt + 5%Os/Cpowder sample showa small
range of particle sizes between 0.8 and 3 nm diam-
eter without any size dominating. In all other cases,
some agglomeration of the crystallites was apparent
even before electrode fabrication. For example, as is
shown for the 11% Pt/C powder sample in Fig. 3, the
majority of the particles are between 1.5 and 3.0 nm
in diameter, however, a small number of larger par-
ticles ca. 7.5 - 10 nm and 25 - 35 nm diameters
are also evident. These large crystallites possibly
result from the combination of the small individual
particles during catalyst deposition. Transmission

Fig. 3. Transmission electron micrograph of an 11% Pt/C
powder sample.

electron micrographs of powder samples of 9% Pt
+ 2% Os/C, 8% Pt + 3% Os/C and 7% Pt + 4% Os/C,
show the particle distribution to be reasonably sim-
ilar in the three materials. In all three samples, the
vast majority of the crystallites are between 1.5 and
2.5 nm diameter and there are also small numbers
of somewhat large clusters, 6 - 9 nm, that appear to
consist of a number of particles. The 5% Pt + 6%
Os/C powder sample shows a different trend to that
found in the other powder samples. In this material,
almost all the particles are in the range 0.9 - 2.5 nm
diameter and there is also a number, albeit small,
of extremely large crystallite particles around 125 -
130 nm.

As indicated previously, a major effect of elec-
trode fabrication is the sintering of the metal crystal-
lites. The electron micrographs suggest that the fab-
ricated electrodes can be divided into three groups
according to the size of the agglomerated particles.
The first group comprises the 11% Pt/C, 10% Pt +
1% Os/C, 9% Pt + 2% Os/C and 8% Pt + 3% Os/C
samples. In these samples, the ratio of small to ag-
glomerated particles is seen to differ. For example,
the majority of particles present in the 11% Pt/C
and 10% Pt + 1% Os/C electrodes are seen to be
about 4 - 6 nm in diameter, however there is also a
small amount of larger crystallites, ca. 15 - 25 nm
diameter. Electron micrographs of the 9% Pt + 2%
Os/C and 8% Pt + 3% Os/C teflon bonded electrodes
show high dispersion of the crystallites even after
heat treatment. In general, the majority of the par-
ticles in these two samples are between ÿ2 - 6 nm
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Fig. 4. Transmission electron micrograph of a 5% Pt +
6% Os/C fabricated electrode.

diameter and there are also the large agglomerated
particles such as 13 - 15 nm and ÿ20 nm diameters
for 9% Pt + 2% Os/C and 8% Pt + 3% Os/C, respec-
tively. Micrographs of the 8% Pt + 3% Os/C sample
show a very small number of somewhat larger crys-
tallites, ca. 40 nm diameter. The second group of
electrodes consists of 7% Pt + 4% Os/C and 6% Pt
+ 5% Os/C. Both electrodes contain agglomerated
particles of smaller size with respect to the other
samples. Most of the particles are between 1.5 -
3.5 nm and 1.75 - 2.5 nm diameters and there are
also large particles, ÿ5 nm and 6 - 13 nm diameters
6% Pt + 5% Os/C and 7% Pt + 4% Os/C electrodes,
respectively. The final type of distribution is found
for the 5% Pt + 6% Os/C electrode. The electron
micrographs show that most of the particles are be-
tween 6 - 8 nm diameter, and there is a very small
number of extremely large particles, up to 450 nm
diameter, Fig. 4.

It is now possible to re-examine the catalytic data
in terms of variations in the particle sizes observed
in the electron microscopy studies. For example,
the smallest average particle size is observed for
the 7% Pt + 4% Os/C and 6% Pt + 5% Os/C elec-
trodes and these materials have the highest activity
for methanol electrooxidation. However, compar-
ing the four samples with particles around 4 - 5 nm
diameter, it is apparent that there is a large differ-
ence in activity which can not be explained solely in
terms of particle size or distribution. Nevertheless,
if there is a large difference in crystallite size and /
or distribution then the reduced effective crystallite

surface area may play a dominant role in determin-
ing catalytic activity. This appears to be true for
the 6% Pt + 5% Os/C versus 5% Pt + 6% Os/C
electrodes where a dramatic difference in reactivity
is observed. In 5% Pt + 6% Os/C, not only is the
average crystallite size appreciably large, agglom-
eration has resulted in the formation of a number of
extremely large particles further reducing the effec-
tive surface area.

X-ray diffraction and EDS analyses were used in
an attempt to identify the osmium species present
in the Pt+Os samples. With both techniques identi-
fication of the osmium species proved difficult. The
absence of osmium and / or osmium oxide peaks
on the X-ray diffraction pattern could be due to the
material having an amorphous structure and/or the
small crystallite size in the various samples. Further,
if alloying of the Pt+Os occurred a shift in the peak
position should be observed in an X-ray diffraction
patterns. However, the X-ray diffraction patterns of
Pt/C and Pt+Os/C showed only broad peaks typ-
ical of platinum presumably as a consequence of
the small particle sizes and / or poor crystallinity.
The role of the particle size in limiting the ability
to find evidence for Os by XRD is supported by
the electron microscopy which confirmed the par-
ticles to be very small. The absence of strong Os
Lÿ and Kÿ lines in the EDS is more puzzling. In
principle, the small osmium particles should not
present any problem in EDS analyses, although ob-
taining a suitable signal to noise ratio may require
analysis over relatively large areas. This constraint
appears valid in the present work since for a 10%
Os/C sample in which small osmium particles, 0.5
- 2.5 nm diameter are observed the low X-ray count
rate precluded obtaining a suitable EDS. For large
particles,ÿ20 nm diameter, the presence of osmium
was rapidly confirmed by EDS. It remains puzzling
why mixed Pt/Os particles are difficult to analyse
by EDS while X-ray photoelectron spectra, XPS,
analysis on identical samples shows appreciable os-
mium loading.

In order to further characterise the surface com-
position and hopefully the nature of methanol ox-
idation on the various samples, cyclic voltammo-
grams in both 2.5 M H2SO4 and 2.5 M H2SO4 +
0.5 M CH3OH were recorded. The cyclic voltam-
mograms of all samples in 2.5 M H2SO4 are simi-
lar, a typical example is shown in Fig. 5, although
small shifts in the position of some of the peaks are
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Fig. 5. Cyclic voltammogram of 7% Pt +
4% Os/C in 2.5 M H2SO4 at 60 ÿC. Scan
rate 24 mV/sec.

observed. The hydrogen adsorption region of the
cyclic voltammograms shows a shoulder due to the
formation of an adsorbed hydrogen species, and the
rapid increase in cathodic current below this is due
to bulk H2 evolution. There is no evidence indicat-
ing that either hydrogen adsorption or evolution are
strongly dependent on the Pt:Os ratio. The region
above 0 V in the voltammogram is expected to be
dominated by metal redox features. For example,
the peak observed near 0.1 V in the cathodic scan
corresponds to the reduction of Pt-oxides such as:

PtO + 2H+ + 2eþ! Pt + H2O.

The potential of this feature, which varies between
+0.075 and +0.180 V in the carbon supported Pt+Os
electrodes was observed to shift to slightly more
positive potential as the Os content was increased
with the exception of 9% Pt + 2% Os/C. Another
interesting point is the relationship between the Pt-
oxide reduction feature near 0 V and the carbon
hydroquinone reduction peak. The intensity of the
latter feature, relative to that of the Pt-oxide reduc-
tion peak, increases with increasing osmium con-
tent, possibly indicating decreasing Pt-oxide forma-
tion. In the anodic sweep, adsorption of water and
oxidation of platinum involves at least three steps:

Pt + H2O! Pt-OHads + H+ + eþ,

Pt-OHads! Pt-Oads + H+ + eþ,

Pt-Oads! Pt-O.

The adsorption of water on platinum appears as
a shoulder in the cyclic voltammograms and it’s
potential varies between +0.240 and +0.342 V. A
feature which can be assigned to the formation of
bulk platinum oxide is observed at potentials be-
tween +0.420 and +0.560 V. Both features shift to
less positive potentials as the osmium content in-
creases but in an irregular order. The largest shift

was observed for the 7% Pt + 4% Os/C, 6% Pt + 5%
Os/C and 5% Pt + 6% Os/C electrodes indicating
that the formation of platinum oxides is easier in
these samples.

In all the Pt+Os electrodes no electrochemical re-
sponse which could be solely ascribed to the pres-
ence of osmium was observed. This possibly indi-
cates the absence of any surface Os, which could
occur if insertion of the Os into the Pt lattice has
occurred. Another explanation for the absence of
any osmium redox features is that they are masked
by the stronger carbon and/or platinum features. For
example, reduction of OsO2 to Os occurs at ÿ0 V
which falls in the same potential region as the hy-
droquinone couple [11]:

OsO2(s) + 4 H+ (aq) + 4 eþ! Os(s) + 2 H2O.

The addition of methanol to the H2SO4 electrolyte
results in a dramatic change in the appearance of the
voltammograms. Examination of the cyclic voltam-
mograms of the samples in 2.5 M H2SO4 + 0.5 M
CH3OH indicates that it is possible to separate the
materials into two classes. The first class, which
comprises 7% Pt + 4 % Os/C, 6% Pt + 5% Os/C
and 5% Pt + 6% Os/C, exhibits a classic methanol
oxidation response, Fig. 6. Methanol oxidation on
platinum electrodes is characterised on the anodic
sweep where a weak hydrogen desorption region
followed by a reduced double layer region is ob-
served before the onset of methanol oxidation near
–0.1 V. Above +0.3 V methanol oxidation is inhib-
ited and the anodic current decreases until the po-
tential is swept into the oxygen evolution region. On
the reverse scan, aweak feature corresponding to Pt-
oxide reduction is often observed before methanol
oxidation recommences around +0.450 V. Around
–0.5 V the current again becomes cathodic corre-
sponding to hydrogen adsorption. In these three
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Fig. 6. Cyclic voltammogram of 7% Pt +
4% Os/C in 2.5 MH2SO4, (—), and 2.5 M
H2SO4 + 0.5 M CH3OH, (- - -), at 60 ÿC.
Scan rate 24 mV/sec.

Fig. 7. Cyclic voltammogram of 8% Pt +
3% Os/C in 2.5 M H2SO4 + 0.5 M CH3OH
at 60 ÿC. Scan rate 24 mV/sec.

samples, no structure was observed in the hydro-
gen region and there was a single desorption fea-
ture around –0.45 V. A maximum current density of
around 75 mA / Pt (mg) was observed for this class.

The 11% Pt/C, 10% Pt + 1% Os/C, 9% Pt +
2% Os/C and 8% Pt + 3% Os/C electrodes form
a second class of materials. For these electrodes
the cyclic voltammograms do not show a typical
methanol oxidation response. In all these cases, hy-
drogen desorption is observed between –0.40 and
–0.45 V during the anodic sweep. As the poten-
tial increases methanol oxidation starts above 0 V,
however now there is no limiting current rather, as
seen from Fig. 7, the current continues to increase
as the potential is swept above +0.60 V, i. e., to the
region where O2 evolution occurs. This possibly
shows that methanol oxidation continues to higher
potentials at which point oxygen evolution occurs.
There is no oxide deactivation. As the scan rate is
reversed the anodic current slowly decreases until
around –0.5 V where hydrogen adsorption starts. In
these materials, a current density of around 150 -
180 mA / Pt (mg), at +0.6 V, is achieved. The differ-
ence in behaviour between the two classes appears
to be related to the magnitude of the observed cur-

rent. Simply put, at high current densities a smooth
transition to O2 evolution is observed whereas at
lower current densities the rate of Pt-oxide growth
is sufficient to inhibit methanol oxidation at inter-
mediate potentials, 0.3 - 0.6 V. It appears that in
the second class of materials, any Pt-oxide formed
is rapidly consumed by the Pt3-COH intermediate
before it can inhibit methanol adsorption and sub-
sequent oxidation.

X-ray photoelectron spectroscopy has been used
in order to obtain information about the composi-
tion, environment and relative surface concentra-
tions of all the Pt+Os/C electrodes. In all cases, Pt
4f, Os 4f, O 1s and C 1s spectra were recorded. The
C 1s and O 1s lines are, as expected, dominated by
the support. In all cases, the Pt 4f lines were poorly
resolved 4f7=2 and 4f5=2 doublets, Fig. 8. The Pt 4f
spectra do not appear as a simple 5/2 - 7/2 doublet, in
all cases the apparent 4f7=2 intensity is much greater
than that predicted by either multiplet theory or the
relativistic Hatree-Slater atomic model [12]. Devia-
tion from a simple doublet is expected since screen-
ing of the core hole by the conduction electron will
give rise to asymmetric peak shapes, however, in all
the samples the asymmetry is greater than that ob-
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Table 2. Pt 4f7=2 core binding energies, eV, in the Pt+Os
samples. The numbers in parentheses are the relative in-
tensities of the species.

Samples Metal 4f7=2 Metal-oxide 4f7=2

10% Pt + 1% Os/C 71.7(67) 73.8(33)
9% Pt + 2% Os/C 71.7(70) 73.7(30)
8% Pt + 3% Os/C 71.9(70) 74.4(30)
7% Pt + 4% Os/C 71.9(50) 74.1(50)
6% Pt + 5% Os/C 71.8(83) 74.0(17)
5% Pt + 6% Os/C 72.0(65) 73.9(35)

Fig. 8. Pt 4f electron spectra of a 8%Pt + 3%Os/C sample.

served for a clean Pt surface. Considering the Pt+Os
sample as an example, spectral fitting, using a pure
Gaussian line shape, shows that the bulk of the Pt
is present as Pt(0), Pt 4f7=2 binding energies of 71.7
- 72.0 eV, with a small amount of an oxidised Pt
species, Pt 4f7=2 binding energies of 73.7 - 74.4 eV,
Table 2.

It is not possible to determine what oxygen con-
taining groups, O2ÿ, OHÿ, or H2O, are bonded to
platinum. In principle, this could be achieved by
considering the relative intensity of the platinum 4f
and oxygen 1s peaks, however the majority of the
oxygen containing groups identified in the XPS are
in fact attached to the carbon support. Previously, it
has been shown that for Pt(OH)4 the Pt 4f7=2 Eb is
74.4 eV [13] and for PtO2 it is 74.6 - 74.9 eV [14].
The binding energy of Pt(II) species is less well
established since it is not possible to isolate stable
bulk samples of a Pt(II) oxide and hydroxide. Nev-
ertheless, it appears that Pt(II) species have 4f7=2 Eb
of around 72.5 - 73.8 eV [14]. There is also evi-
dence that the platinum binding energy shifts upon

Table 3. Os 4f7=2 core binding energies, eV, in the Pt+Os
samples.

Samples Os 4f7=2

10% Pt + 1% Os/C 51.2
9% Pt + 2% Os/C 51.3
8% Pt + 3% Os/C 51.7
7% Pt + 4% Os/C 51.5
6% Pt + 5% Os/C 51.4
5% Pt + 6% Os/C 51.7

formation of species such as a PtOads to around 72.1
- 72.2 eV [14]. In the current samples the binding
energy of oxidised species is indicative of Pt(II), al-
though the exact nature of this species is uncertain.
Whilst the main species is undoubtedly Pt(0) the
observed binding energy is noticeably higher than
that found for either bulk Pt (4f7=2 = 71.2 eV) [15] or
platinised carbon electrode (Pt 4f7=2 BE = 71.2 eV)
[14, 16, 17]. This shift corresponds to a decrease in
the electronic charge density on the Pt atoms present
in the Pt+Os/C electrodes. Thismay indicate that the
Os atoms are strongly electron withdrawing in the
mixed metal Pt+Os crystallites or it may arise from
metal support interactions. Whilst the former ex-
planation is favoured, it is surprising that a stronger
dependence of Pt 4f Eb on the Os content is not
observed, a point which will be returned to later.
The binding energy of the Pt-oxide appears to be
independent of the Os content.

The Pt(0):Pt(II) ratio was approximately 7:3 for
all samples except 7% Pt + 4% Os/C and 6% Pt
+ 5% Os/C. In the former case the ratio is around
1:1 demonstrating a higher stability of the oxidised
species, whilst for 6% Pt + 5% Os/C the oxide is
less stable, the ratio being around 8:2, Table 2. It is
unclear what factors determine the relative stability
of the surface oxide species except we noted that
work of Shukla et al. suggests that acidic functional
groups on the carbon support promote the formation
of surface Pt-oxide species which are believed to be
important for methanol oxidation [18]. It should be
stressed that XPS is an ex-situ technique, conse-
quently, it is difficult to predict the Pt(0)/Pt(II) ra-
tio on the surface of the electrode during methanol
oxidation.

Typically the Os 4f electron spectra appeared as
a simple doublet with an Os 4f7=2 Eb of ÿ51.3 eV,
indicating that Os is present as Os(IV) [8], Ta-
ble 3. As for the Pt(II) species it is not possible
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Table 4. The Pt(0):Pt(II) ratio in bulk and on the surface
of the electrode.

Samples Pt:Os bulk ratio Pt:Os surface ratio

10% Pt + 1% Os/C 91:9 90:10
9% Pt + 2% Os/C 82:18 90:10
8% Pt + 3% Os/C 73:27 90:10
7% Pt + 4% Os/C 64:36 82:18
6% Pt + 5% Os/C 55:45 82:18
5% Pt + 6% Os/C 45:55 45:55

to distinguish between various Os(IV) formulations
including OsO2, OsO(OH)2, Os(OH)4 and various
hydrous salts. Surprisingly, as shown in Table 4 the
surface Os:Pt ratio does not smoothly increase as
the Os content is increased. For 10% Pt + 1% Os/C,
9% Pt + 2% Os/C and 8% Pt + 3% Os/C the ra-
tio is 90:10. For 7% Pt + 4% Os/C and 6% Pt +
5% Os/C there is a jump in the ratio to 82:18 and
for 5% Pt + 6% Os/C the ratio further decreases
45:55. Whilst it is possible that the absolute num-
bers are in error, since absolute quantification in
XPS involves a number of approximations [19], the
relative amounts are thought to be well defined. Re-
turning now to the observed Pt(0) 4f 7/2 binding
energies a similar jump is observed; that is 10% Pt
+ 1% Os/C and 9% Pt + 2% Os/C have Eb of 71.7
eV which increases to ÿ71.85 eV in 8% Pt + 3%
Os/C, 7% Pt + 4% Os/C and 6% Pt + 5% Os/C
and again to 72.0 eV in 5% Pt + 6% Os/C. This
observation supports the idea that the increase in
the binding energy, from that observed in bulk Pt,
is as a consequence of electron transfer between the
surface Pt and Os atoms either directly or through
the carbon support.

Conclusions

Transmission electron microscopy, X-ray photo-
electron spectroscopy, X-ray diffraction and cyclic
voltammetry results have shown that particle size
distribution, surface composition, oxidation state of
the metals, metal-metal and metal-support interac-
tions are all important parameters contributing to
the activity of the carbon supported Pt+Os catalyst
for the electrooxidation of methanol. If only the
particle size and distribution are considered, then as
observed, it is expected that the 7% Pt + 4% Os/C
and 6% Pt + 5% Os/C samples should demonstrate
the highest activity for methanol oxidation since
these have smaller particle sizes in comparison to

the other samples. Similarly, the observed decrease
in activity of 5% Pt + 6% Os/C relative to 6% Pt +
5% Os/C may be explained on the basis of the large
particles present in the 5% Pt + 6% Os/C electrode.

The Os 4f electron spectra of all the samples
show a simple doublet with the Os 4f7=2 binding en-
ergy indicative of Os(IV). The Pt was found in two
different oxidation states namely Pt(0) and Pt(II).
The Pt(0) binding energy (average ÿ71.8 eV) is
noticeably higher than that found for other carbon
supported Pt (71.2 eV) [16, 17], Pt+Ru (71.2 eV)
[8, 17], or Pt+Os (70.9 eV) [8] samples as a con-
sequence of a decrease in charge density on the
platinum atoms. Importantly, there is a stepwise in-
crease in the Pt(0) binding energy as the osmium
content increases, apparently due to the osmium
withdrawing electrons from the platinum.

The platinum-osmium surface composition is dif-
ferent than that of the bulk material. The electro-
chemical data clearly demonstrate that the surface
composition influences the activity of the sample.
On the other hand, there appears to be an optimal
surface Pt:Os ratio of ÿ80:20. At higher Os levels
coverage of Pt by an Os-oxide apparently inhibits
the adsorption of methanol and consequently de-
creases the rate of methanol oxidation.

There are two possible pathways for the reaction
of a metal oxide with the adsorbed methanol residue
during methanol oxidation. The oxide can react ei-
ther directly with the adsorbed methanol residue or
it can promote the formation of an active platinum
oxide which subsequently completes the methanol
oxidation reaction. In the case of Pt+Ru electrodes,
it has been proposed, based on the change in the
amount of platinum oxide species on the electrode
surface during polarisation, that the second mech-
anism is valid [8]. For the present Pt+Os/C sam-
ples the former pathway appears valid. As shown
in Table 2, a substantial Pt(0)/Pt(II) ratio differ-
ence between 7% Pt + 4% Os/C and 6% Pt + 5%
Os/C samples did not result in any significant dif-
ference in activity between these catalysts. There-
fore, we suggest that for Pt+Os/C samples the ad-
sorbed methanol fragments react directly with the
metal-oxide. It is of course difficult to predict the
Pt(0)/Pt(II) ratio on the surface of the electrode dur-
ing methanol oxidation from ex-situ XPS measure-
ments.All these factors result in a narrowPt:Os ratio
window for enhancement of the methanol oxidation
reaction.
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