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Abstract—Bi- and trimetallic platinum–ruthenium and platinum–ruthenium–palladium catalysts with
specified atomic ratios Pt : Ru = 1 : 1 and Pt : Ru : Pd = 1 : 1 : 0.1, respectively, were synthesized from the
coordination compounds of the metals deposited on highly dispersed carbon black. The catalysts were char-
acterized by powder X-ray diffraction, electron dispersive analysis, and transmission electron microscopy.
According to voltammetry data, the highest activity in the dimethyl ether (DME) electrooxidation is exhib-
ited by the catalyst Pt0.43Ru0.47Pd0.1/C; hence, it may be considered as a promising anode material for direct
DME fuel cells.
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INTRODUCTION

In recent years, the major attention of researchers
has been attracted by fuel cells involving direct metha-
nol electrooxidation (Direct Methanol Fuel Cells,
DMFC), which are considered to be most appropriate
for portable devices owing to high energy density and
the ease of methanol storage as compared with hydro-
gen. Nevertheless, the productivity of DMFC is
restricted by a number of factors, the major ones being
the insufficient oxidation rate and methanol crossover
through the polymeric electrolyte membrane [1].
Dimethyl ether (DME), which is a less toxic fuel
than methanol, came to the attention in the last
decade as a possible alternative for direct oxidation
fuel cells [2–7]. The open circuit voltage (OCV) of a
direct DME fuel cell (DDMEFC) is comparable to
that of DMFC (1.18 vs. 1.21 V) [8]. Theoretically,
DME can be oxidized to carbon dioxide with partici-
pation of 12 electrons, which would provide higher
energy density in the case of DME than with methanol
(8.2 vs. 6.1 kW h kg–1) [9]:

CH3OCH3 + 3H2O → 2CO2 + 12H+ + 12e–. (1)
The lower dipole moment of the DME molecule

may result in a lower crossover compared with that of
methanol; this would reduce the energy loss caused by
the establishment of mixed potential at the opposing

electrode [10, 11]. Unlike direct methanol, ethanol,
and formic acid fuel cells, direct DME fuel cells have
been poorly elaborated. The mechanism of DME oxi-
dation has not yet been adequately studied, and the
catalysts suitable as anode materials for DDMEFC are
still to be developed.

Relying on the IR spectroscopic data, it was sug-
gested [12] that, like in the case of methanol,
chemisorbed carbon monoxide is the predominant
species in the DME oxidation on Pt at low potentials
[12]. Therefore, bimetallic catalysts based on Pt alloys
(e.g., PtRu), which efficiently oxidize the adsorbed
CO species, could also be suitable for DME oxidation
[13]. Indeed, PtRu-based catalysts have been recog-
nized in [14] to be most active for DME electrooxida-
tion, whereas according to [8], the oxidation of DME
on the PtRu catalyst is less efficient than methanol
oxidation. According to the mechanism of Pt-cata-
lyzed DME oxidation proposed in [10, 15], slow DME
oxidation kinetics can be accounted for by the high
activation barrier for C–O bond cleavage:

CH3OCH3 + Pt → Pt(C–O–CH3)ads + 3e– + 3H+, (2)

Pt(C–O–CH3)ads + H2O → Pt(HCO)ads + CH3OH,(3)

Pt(HCO)ads → Pt(CO)ads + H+ + e–, (4)

Pt(HCO)ads + Pt–OH → 2Pt + CO2 + 2H+ + 2e–, (5)
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Pt(CO)ads + Pt–OH → 2Pt + CO2 + H+ + e–. (6)

According to the data of [16], cleavage of esters is
accelerated in the presence of palladium; therefore,
addition of palladium to the PtRu catalyst may
enhance the catalyst activity towards DME oxidation.
Exactly this effect was observed in [17] upon the addi-
tion of 10% palladium to the PtRu(1 : 1)/C catalyst.

The results of studies of the catalytic activity of
highly dispersed PtRu alloy particles for the prepara-
tion of efficient anode catalysts are extensively pre-
sented in [18–24]. The factors considered to affect the
activity of these alloys supported on carbon include
their composition [19, 25], uniformity of distribution
on the support surface [25], the metal particles mor-
phology and size [26], their electronic state [27–29],
the presence of impurities, and the properties of the
carbon supports [30–32]. A new approach to the syn-
thesis of catalytic systems for fuel cells was developed
in [33–35], using heterometallic clusters in which
platinum and other metal atoms surrounded by
organic groups occur in a strict stoichiometric ratio
and are linked either directly or through bridging
groups. For instance, Adams et al. demonstrated
that the bimetallic Pt–Ru catalyst obtained from the
Pt2Ru4(CO)18 cluster complex is 5 times more active
towards methanol oxidation than the commercial
PtRu/C Е-TEK catalyst, with twice lower amount of
platinum in the former [34]. Bimetallic cluster precur-
sors for the formation of Pd-Mo-P nanoparticles were
described in [35]; simultaneously it was shown that
mesoporous support materials are preferred for the
formation of uniform nanoparticles.

Here we developed an approach to the synthesis of
bi- and trimetallic electrocatalysts based on individual
Pt clusters and Ru and Pd coordination compounds,
which were subjected to thermal destruction on highly
dispersed carbon supports, and studied their electro-
catalytic activity towards DME oxidation. Previously,
it was shown that a distinctive feature of the catalysts
synthesized on the basis of coordination compounds is
the composition reproducibility and the uniformity of
metal particle distribution over the carbon support,
which ensures the stability and reproducibility of cata-
lyst characteristics [36–42].

EXPERIMENTAL
Preparation of platinum, platinum–ruthenium, and

platinum–ruthenium–palladium catalysts on the Vul-
can XC-72 carbon black (specific surface area of
300 m2 g–1; atomic ratios Pt : Ru = 1 : 1 and Pt : Ru :
Pd = 1 : 1 : 0.1; metal : carbon black weight ratio of
30 : 70). As the initial platinum compound for the
preparation of the heterometallic organic precursor,
we chose ethoxydicyclopentadienyl-platinum ethox-
ide (C10H12OC2H5)2Pt3(OC2H5)4. The ruthenium and
palladium coordination complexes, (CH3)3C7H5RuCl2
(ruthenium cymene dichloride) and

(α-CH3C5H4N)2Pd(OOCCMe3)2, respectively,
served as its partners. For the catalyst preparation,
highly dispersed Vulcan XC-72 carbon black was first
ultrasonicated in dichloromethane, and then the
required mixed solutions of precursors in dichloro-
methane were added dropwise; this was followed by
one more ultrasonication and drying in vacuum at
100°C; the solid residue was heated in a quartz tube at
500°C under hydrogen for 45 min. After cooling and
evacuation for removal of hydrogen to be replaced by
high-purity argon, the catalysts thus formed contained
30 wt % metal and 70 wt % carbon black. The metal
atomic ratio in the binary systems was close to 1 : 1
and the ratio of the metals in the ternary system was
~1 : 1 : 0.1.

Study of the geometric parameters of the structure
and chemical microanalysis of the catalysts were per-
formed using a scanning electron microscope (SEM)
with a Quanta 650 FEG field cathode (FEI, Nether-
lands). Powder X-ray diffraction (PXD) analysis was
carried out on an Empyrean (Panalytical) diffractom-
eter with filtered CuKα radiation. The standard
Bragg–Brentano (reflection) geometry was used. The
samples were examined without binders.

The average particle size and size distribution were
determined by transmission electron microscopy
(TEM) on a Philips EM-301 instrument at an acceler-
ating voltage of 80 kV.

Electrochemical measurements. Electrochemical
measurements were carried out in a standard three-
electrode glass cell. A graphite disc (S = 0.636 cm2)
served as the working electrode; prior to deposition of
the dispersed catalyst layer, the electrode was polished
and washed with a hot alkali solution and water. The
procedure of catalyst deposition on the electrode was
described in detail in [41, 42]. The total metal content
on the electrode was 24 μg. A platinum grid with an
area of ~10 cm2 served as the auxiliary electrode and
Hg/Hg2SO4/0.5 M H2SO4 was the reference elec-
trode. A 0.5 M solution of H2SO4 saturated with DME
under atmospheric pressure was used as a working
electrolyte. The electrolyte was prepared using a spe-
cial purity grade sulfuric acid, doubly distilled water,
and cylinder-stored DME. All measurements were
carried out at room temperature. The potentials are
referred to a hydrogen electrode in the same solution.

Since long-term cycling of the binary and ternary
catalyst samples in the anodic potential region resulted
in decreasing contents of the ruthenium and palla-
dium components (because of the very low catalyst
amount on the electrode), the working electrode with
the deposited catalyst was first subjected to no more
than 3-5 short potential pulses in the 0.05–1.0 V range
for purification and surface stabilization; then voltam-
metric curves were recorded at a 0.002 V s–1 rate in the
potential range from 0.05 or 0.25 to 1.0 V. The steady-
state DME oxidation currents under conditions close
to the operation conditions of fuel cell anodes were
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estimated by measuring the current transients at a
working electrode potential of 0.5 V. The electro-
chemically active surface (EAS) area of the supported
catalysts was determined by measuring hydrogen
adsorption–desorption in the potential range of 0.05–
0.4 V [43]. The true catalyst surface area was calcu-
lated from the particle size (according to TEM data).

All electrochemical measurements were carried out
using an EL-02.06 automatic potentiostat coupled to a
PC. The experimental data were treated using stan-
dard software.

The activity towards DME oxidation was deter-
mined for samples of nanostructured platinum, plati-
num–ruthenium, and platinum–ruthenium–palla-
dium catalysts, Pt/C, PtRu (1 : 1)/C, and PtRuPd (1 :
1 : 0.1)/C, prepared by the above-described procedure
with a total metal content of 30% in each of the cata-
lysts.

RESULTS AND DISCUSSION
According to electron dispersive (EDX) analysis

(typical spectra are shown in Figs. 1a, 1b), the metal
atomic ratio in the prepared bimetallic Pt : Ru (1 :
1)/C catalyst varied in the range 1 : (1.09–1.47) from
one surface point to another; this corresponds to the
average composition given by Pt0.45Ru0.55. In the tri-
metallic Pt : Ru : Pd (1 : 1 : 0.1)/C catalyst, the atomic
ratio of the components varied as 1 : (1.04–1.47) : 0.1,
which corresponds, on average, to Pt0.43Ru0.47Pd0.1
(see table below). Both catalysts showed somewhat
exceeded atomic content of ruthenium. Apart from
sites with decreased platinum content, there were sur-
face sites in which the platinum content virtually coin-
cided with the atomic ratio specified by the synthesis.
This variation of the relative contents of the major
components in the catalyst surface layer is probably
due to their mutual diffusion during the preparation.
According to laser mass spectrometry data (EMAL-2
instrument with photographic recording of ions, sensi-
tivity of 10–4–10–5 at %), the overall composition of the
catalysts corresponded to the atomic ratios Pt : Ru =
1 : 1 and Pt : Ru : Pd = 1 : 1 : 0.1, which virtually coin-
cided with the component ratio specified in the syn-
thesis. A similar enrichment of the surface layer with a
less noble component was observed previously for
alloys dispersed on carbon black [40].

The X-ray diffraction patterns of the Pt/C,
Pt0.45Ru0.55/C, and Pt0.43Ru0.47Pd0.1/C catalysts are
presented in Fig. 2. Apart from the weak peak from the
disordered carbon support (26°), reflections from
platinum and its compounds are present. All three cat-
alysts have a face centered cubic (fcc) crystal lattice
with diffraction peaks at about 39.74°, 46.32°, and
67.61° for 111, 200, and 220 reflections, respectively.
The PtRuPd ternary system is characterized by broad
solid solution regions; and the compositions we stud-
ied fall into the single-phase region [44]. The forma-

tion of a solid solution in the Pt0.43Ru0.47Pd0.1/C cata-
lyst is supported by the shift of the 111 peak relative to
that of pure Pt. Furthermore, this reflection of
Pt0.43Ru0.47Pd0.1/C is somewhat shifted to lower 2θ rel-
ative to that of Pt0.45Ru0.55/C; this is apparently caused
by the smaller Pd atomic radius compared with the Ru
one (rPt = 1.36, rRu = 1.46, rPd = 1.39 Å) [45].

Fig. 1. Typical EDX spectra of (a) PtRu/C and
(b) PtRuPd/C catalysts. 
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The measured lattice spacing (~0.226 nm) corre-
sponds to the (111) plane of the PtRuPd alloy. This
value is between the lattice spacings for the (111)
planes of Pt (0.228 nm) and the PtRu alloy (0.223 nm)
[46], which confirms the incorporation of Pd into the
PtRu crystal lattice. The coherent scattering regions
(estimated by the Debye–Sherrer formula for different
crystallographic directions and by the Williamson–
Hall formula) are 7 nm for platinum, 1.6–2.2 nm for
PtRu, and 3.5–4.5 nm for PtRuPd. The absence of
reflections for ruthenium metal indicates that no sep-
arate ordered Ru phase is present; however, most
likely, ruthenium forms a solid solution with platinum,
resulting in the displacement of the principal Pt
reflections and considerable decrease in size of the
coherent in the coherent scattering region. A similar
behavior was noted in our earlier studies for PtRu par-
ticles prepared by different methods [47, 48].

The TEM images of Pt0.43Ru0.47Pd0.1/C and

Pt0.45Ru0.55/C presented below (Figs. 3b, 3c) indicate

that the morphology of both catalysts is identical and
the PtRuPd and PtRu particles are uniformly distrib-
uted throughout the carbon support. The particle size
distribution is rather narrow; the average particle sizes
of PtRuPd and PtRu (~2.2 and 3.0 nm, respectively)
are in good agreement with the crystallite size calcu-
lated from powder X-ray diffraction data.

Figure 3, which illustrate TEM data, shows the
photomicrographs and particle size distribution histo-
grams for platinum, platinum–ruthenium, and plati-
num–ruthenium–palladium catalysts. The particle
size for the Pt/C catalyst is, on average, 2.2 nm; some
particles are in the 4 to 6 nm range. In the PtRu/C cat-
alyst, the average particle size is 3 nm and larger parti-
cles of 4 to 6.5 nm are also present. The PtRuPd/C
catalyst has an average particle size of 2.2 nm and there
are up to 4.2 nm particles. It is noteworthy that

whereas the solid solutions show good agreement
between X-ray diffraction and microscopic data, in
the case of Pt/C sample, the discrepancy is signifi-
cant. A possible cause is that the X-ray diffraction pat-
tern is determined in this case by the presence of rather
crystallographically perfect particles, the number of
which is too small to obtain a representative statistics
in analysis of TEM images.

Cyclic voltammograms measured in a 0.5 M solu-
tion of H2SO4 saturated with DME at room tempera-

ture and atmospheric pressure for the Pt/C, PtRu/C,
and PtRuPd/C catalyst samples are shown in Fig. 4.
Note that the plots shown in this and subsequent fig-
ures were obtained after subtracting the currents mea-
sured in blank experiments, i.e., without DME. It can
be seen in Fig. 4 that a shift of the electrode potential
to more positive values (anodic branch of the voltam-
mogram) gives rise to a broad DME oxidation peak for
all catalyst samples, the oxidation current decreasing
at potentials more positive than 0.8–0.9 V; this is
related to the onset of platinum surface oxidation and,
hence, decreasing accessibility of the platinum surface
for DME molecules being oxidized. The reduction of
surface oxides restores the catalyst surface accessibil-
ity, and a DME oxidation peak is also present in the
cathodic branch of the voltammogram. The potential
at which DME oxidation starts depends on the catalyst
composition and shifts to less positive values in the
sequence Pt/C > PtRu/C > PtRuPd/C. Thus, the
introduction of a minor amount of palladium into the
platinum–ruthenium catalyst increases the catalyst
activity towards DME oxidation, which is in line with
the data of Li et al. [17].

In order to elucidate the mechanism of DME oxi-
dation in the presence of the given catalysts, experi-
ments on the anodic oxidation of the particles formed
on the surface upon DME adsorption were carried
out. For this purpose, the electrode with a deposited
catalyst sample was kept at a potential of 0.25 V in a
DME-saturated solution for 20 min (DME adsorp-
tion), then the solution was purged with argon for
30 min (to remove DME), and then a cyclic voltam-
mogram was measured from the adsorption potential
to 1.0 V. The results obtained for the three catalysts are
presented in Fig. 5a (first cycle). It can be seen that the
oxidation of adsorbed DME follows the same pattern
as the DME oxidation in solution, in particular, the
onset of oxidation on PtRu/C and PtRuPd/C shifts to
less positive potentials relative to that for the mono-
platinum catalyst. It is noteworthy, however, that
whereas ~75% of the adsorbed species are oxidized
during the first cycle on Pt/C and PtRu/C, this value
is not more than 50% for PtRuPd/C. Presumably, the
oxidation on this catalyst is accompanied by the for-
mation of intermediates that resist oxidation. Appar-
ently, formaldehyde may act as this intermediate of
DME electrooxidation, as it can form oligomerization
or polymerization products on the electrode surface
and thus inhibit the oxidation of DME.

Fig. 2. XRD patterns of catalyst samples: (1) Pt/C,
(2) PtRu/C; (3) PtRuPd/C. 
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The results of experiment on the anodic oxidation

of adsorbed CO species (according to the generally

accepted view on the mechanisms of oxidation of

DME and some other organic compounds, these spe-

cies are the major chemisorption products) are illus-

trated in Fig. 5b. The procedure was similar to that

used in DME experiments. In this case, too, the

potential at which COads oxidation started on PtRu/C

or PtRuPd/C shifted to less positive values relative to

that for Pt/C. The introduction of 10% palladium

seems not to improve the kinetics of CO oxidation on

the platinum–ruthenium catalyst (the potential at

which the oxidation starts virtually does not change).

Meanwhile, the charge spent for the oxidation of

COads is much greater for PtRuPd/C than for PtRu/C.

A similar phenomenon was observed in [17] and

attributed to higher coverage of the PtRuPd/C surface

by COads species and more efficient C–O bond cleav-

age in the presence of palladium. Despite the difficulty

of removal of adsorbed species from the catalyst sur-

face, the activating effect of palladium on the C–O

and C–H bond cleavage is beneficial for the resultant

rate of DME oxidation; this is confirmed by experi-

ments on steady-state DME oxidation (Fig. 6).

Figure 6a shows the variation of the DME oxida-
tion current with time for the three catalysts at an elec-
trode potential of 0.5 V. Whereas no oxidation current
is observed on Pt/C at this potential, in the case of
PtRu/C and PtRuPd/C, the current densities reach 20

and 25 μA cm–2, respectively.

A similar dependence for specific currents (nor-
malized to the content of platinum as the most expen-
sive component of the catalyst) is shown in Fig. 6b.
The specific current of DME oxidation catalyzed by

PtRuPd/C reaches 1.2–1.25 mA mgPt
–1;  thus, this cat-

alyst may be promising for the use in direct DME fuel
cells.

Thus, we synthesized bi- and trimetallic platinum–
ruthenium and platinum–ruthenium–palladium
nanoelectrocatalysts supported on highly dispersed
Vulcan XC-72 carbon black with a specified metal
ratio from coordination compounds of these metals.
The physicochemical characteristics and the structure
of the catalysts were studied. The specific surface areas

calculated from TEM data are 117 and 156 m2/g for
PtRu/C and PtRuPd/C, respectively, which is not
inferior to these values for commercial catalysts.
Dimethyl ether electrooxidation on PtRu/C and

Fig. 3. Photomicrographs and particle size distribution histograms for (a) Pt/C, (b) PtRu/C, and (c) PtRuPd/C catalyst samples. 
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PtRuPd/C at room temperature was studied. It was

demonstrated that the PtRuPd/C catalyst surpasses

bimetallic PtRu/C systems in the specific catalytic

activity and can be considered as a promising anode

material for DDMEFC. 

ACKNOWLEDGMENTS

X-ray diffraction studies and SEM examination

combined with X-ray microanalysis of the surface

layer were accomplished using the equipment of the

Center for Collective Use of Physical Investigation

Methods of the Frumkin Institute of Physical Chem-

istry and  Electrochemistry, Russian Academy of Sci-

ences.

Fig. 4. Cyclic voltammograms for DME oxidation from a
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