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Novel nanostructured catalysts based on PtRu-MoOy nanoparticles supported on carbon nanofibers have
been investigated for CO and methanol electrooxidation. Carbon nanofibers are prepared by thermocat-
alytic decomposition of methane (NF), and functionalized with HNO3; (NE.F). Electrocatalysts are obtained
using a two-step procedure: (1) Ptand Ru are incorporated on the carbon substrates (Vulcan XC 72R, NF and
NEF), and (2) Mo is loaded on the PtRu/C samples. Differential electrochemical mass spectrometry (DEMS)
analyses establish that the incorporation of Mo increases significantly the CO tolerance than respective
binary counterparts. The nature of the carbon support affects considerably the stabilization of MoOy
nanoparticles and also the performance in methanol electrooxidation. Accordingly, a significant increase
of methanol oxidation is obtained in PtRu-MoO, nanoparticles supported on non-functionalized carbon
nanofiber, in parallel with a large reduction of the Pt amount in comparison with binary counterparts and
commercial catalyst.
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1. Introduction

Direct methanol fuel cells (DMFCs) have been considered to be
a favourable option in terms of fuel usage and feed strategies, espe-
cially for portable applications, although their commercialization
requires further improving of their efficiency and energy density
[1]. PtRu nanoparticles supported on carbon black have shown bet-
ter performance in the methanol electrooxidation than single Pt
electrocatalysts [2,3], but these bimetallic systems are not efficient
enough and cost competitive for its implementation.

In order to improve the lifetime of the DMFC without increasing
cost or losing performance, exploring ternary catalysts and new
nanomaterial supporting strategies are some of the most inter-
esting approaches [4]. In a DMFC CO is formed during methanol
dissociative adsorption on pure Pt and covers a considerable
fraction of the electrode surface. The roles of Ru and the third
component are to help in CO oxidation and/or to reduce CO adsorp-

% 1stIberian Symposium on Hydrogen, Fuel Cells and Advanced Batteries (HYCEL-
TEC 2008), 1-4 of July, Bilbao, Spain.
* Corresponding author at: Instituto de Catalisis y Petroleoquimica, CSIC, Marie
Curie 2, 28049 Madrid, Spain. Tel.: +34 915854778; fax: +34 915854760.
E-mail address: mmartinez@icp.csic.es (M.V. Martinez-Huerta).

0378-7753/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2008.10.026

tion on Pt [5,6]. In addition, crucial goal of the third component
is to replacement of noble metals PtRu, at least partially, by other
cheaper and wider disseminated transition metals. Ternary electro-
catalysts must be resistant to changes in morphology and surface
properties, and their stability may be a determining factor in the
useful lifetime of DMFC systems.

PtRuMo electrocatalysts have attracted major attention in recent
years [7-16], and promising results have been attained for PEMFC
operation with reformate gas and alcohols. PtRuMo nanoparti-
cles are often supported on carbon black (Vulcan XC-72), and
occasionally supported on the electronic conducting polymers as
polyaniline. However, to our best knowledge, studies of PtRuMo
nanoparticles on other nanostructured carbon support have not
been reported before.

In this study, carbon nanofibers (NF) and Vulcan XC 72R were
compared as support materials for CO and methanol oxidation cata-
lysts. Carbon nanofibers are promising materials as electrocatalyst
supports due to their unique properties: resistance to acid/basic
media, possibility to control the porosity and surface chemistry,
good electrical and mechanical properties [17]. Carbon nanofibers
usually contain a negligible amount of oxygen groups, therefore in
order to study the effect of the surface oxidation on the structure
and the electroactivity of the catalysts, the carbon nanofiber was
functionalized with HNO3 (NFE.F). The purpose of the present work
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Fig. 1. TPD analysis of carbon nanofibers for CO (A) and CO, evolution (B).

is the study of novel nanostructured catalysts based on PtRu-MoOx
nanoparticles supported on carbon substrates (Vulcan XC 72R, NF
and NFEF) for CO and methanol electrooxidation. The materials have
been prepared using a modification of synthesis method developed
by our team via two-step procedure [18]. They have been studied
using different physicochemical (XRD, XPS and TEM) and conven-
tional electrochemical techniques such as cyclic voltammetry (CV)
and current-time curves applied in combination with differential
electrochemical mass spectrometry (DEMS).

2. Experimental

Carbon nanofibers (NF) were prepared by thermocatalytic
decomposition of methane at 700°C for 10 h using a Ni:Cu:Al;03
catalyst. Prior to NF growth, the catalyst was reduced during 3 h
at 550°C in H;, flow [19]. The functionalized carbon nanofiber
(NEF) was prepared in concentrated HNO3 (65%) at boiling tem-
perature for 0.5h. Finally, it was washed with distilled water
and dried at 108°C for 20h. 30wt% PtRu (atomic ratio 1:1)
electrocatalysts were prepared by sulfito-complex route [20] on
Vulcan XC-72R, NF and NEF. The codes of the resulting electro-
catalysts are: PtRu/Vulcan, PtRu/NF and PtRu/NEFE. The ternary
catalysts were prepared by adding ammonium molybdate solution
(10 wt% nominal Mo content) over different carbon-supported PtRu
catalysts in methanol. The suspension was allowed to settle, fil-
tered and dried in an air oven at 110°C for 12 h. Three catalysts
were developed: PtRuMo/Vulcan, PtRuMo/NF and PtRuMo/NFEFE
Commercially available electrocatalyst containing 30wt% PtRu
(1:1)/Carbon (Johnson-Matthey) (denoted PtRu/C (JM)) was used
for comparison.

Nitrogen adsorption-desorption isotherms of carbon nanofibers
were obtained at 77 K using a Micromeritics ASAP 2020. The deter-
mination of the amount of surface oxygen groups created during
the oxidation treatments was carried out by temperature pro-
grammed desorption (TPD) experiments. The amounts of CO and
CO, desorbed from the carbon samples were analysed by gas chro-
matography.

Structural characterization of the catalyst was carried out
by total-reflection X-ray fluorescence (TXRF, Seifert EXTRA-II
spectrometer), X-ray diffraction (XRD, Seifert 3000P X-ray diffrac-
tometer), transmission electron microscopy (TEM, JEM-2100F
microscope) and photoelectron spectroscopy (XPS, VG Escalab
200R spectrometer).

The electrochemical measurements were carried out at room
temperature in a three-electrode cell connected to an electrochem-
ical analyzer (Autolab PGstat 302N). The working electrodes were

glassy carbon electrodes for current-time curves (6.0 mm diame-
ter) and for DEMS (7.0 mm diameter) and were prepared according
to a modified method developed by Schmidt et al. [21]. The counter
electrode was glassy carbon. A reversible hydrogen electrode (RHE)
in the supporting electrolyte was employed as the reference elec-
trode for DEMS. For methanol current-time curves, Hg/Hg,S0,4 was
used as the reference electrode, although data in the paper are
referenced to the reversible hydrogen electrode (RHE). Differen-
tial electrochemical mass spectrometry (DEMS) experiments were
carried out in a 2 cm? plexiglass flow cell directly attached to the
vacuum chamber of the mass spectrometer (Balzers QMG112) pro-
vided with a Faraday cup detector. The experimental details are
described elsewhere [18]. In all experiments, the working electrode
was activated in the supporting electrolyte solution by potential
cycling between 0 and 0.80V and one cycle between 0 and 1.15V.
The anodic stripping of CO adsorbed was studied after bubbling
the gas for 15 min while polarizing the electrode at 0.07 V. Oxida-
tion of the adlayer was followed by the mass signal for production of
CO, (m/z=44). Current-time curves of the electrocatalysts towards
methanol oxidation were carried out at 0.45, 0.50, 0.60V and again
0.45V in 2M CH30H in 0.5 M H,S04. Current scale was normalized
for the electrochemical active surface (EAS) estimated from CO,q;
stripping voltammetry and realized before each current-time curve
at 0.45V.

3. Results and discussion

Original carbon nanofiber (NF) had a specific surface area
of 96m2g-! and a pore volume of 0.23cm3g-!. The average
pore diameter was 7 nm, and micropore volume was negligible.
Results from N,-physisorption showed that the treatment with
HNO3; (NEF) did not affect significantly the textural properties
of NF although its structure was slightly modified. Oxidised NF.F
had a specific surface area of 102m2g-! and a pore volume of
021cm3g1.

Surface chemistry of carbon nanofibers was studied by TPD
experiments. These experiments give information about the oxy-
gen surface groups created during the oxidation treatments. Acidic
groups are decomposed into CO, at lower temperatures and basic
and neutral groups are decomposed into CO at higher temperatures.
TPD experiments of NF and NEF are shown in Fig. 1 and proved
that surface chemistry of NE.F was modified by the treatment with
HNOs. From the CO, evolution peaks it is clear that the number of
carboxylic and lactones groups increased significantly, whereas the
CO evolution peaks suggested the creation of quinone, phenol and
anhydrides groups.
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Table 1

Physicochemical characterization of the electrocatalysts.

Catalysts Atomic ratio Pt/Ru/Mo (TXRF) Particle size (nm) (XRD)
PtRu/Vulcan 1/1 3.1

PtRuMo/Vulcan 1/0.9/0.7 2.6

PtRu/NF 1/0.9 25

PtRuMo/NF 1/0.9/1.2 n.d.

PtRu/NEF 1/0.9 3.4

PtRuMo/NE.F 1/0.8/0.5 3.1

Atomic ratio Pt/Ru/Mo results of samples using TXRF are com-
piled in Table 1. It is seen that atomic ratio of Pt/Ru is ca. 1/1
in all samples. However, incorporation of Mo in the binary sam-
ples decreases total metal loading, since metal nanoparticles are
lost along the filtration step. Higher losses due to the filtration
step are observed in Mo species. For Mo-loaded samples, there is
a strong dependence of Mo lost on the support, which is higher
using functionalized carbon nanofiber (PtRuMo/NFEF). The differ-
ences observed in the ternary catalysts could be due to the Mo
precursor distribution throughout the carbon support, where the
solvent-carbon interaction may play an important role. Therefore,
a carbon nanofiber (NF) without oxygen surface groups seems to
be capable of a better stabilisation of the Mo species.

X-ray diffraction (XRD) patterns of electrocatalysts are shown
in Fig. 2 and reveal the presence of reflections that are assigned to
graphite and metallic Ni in carbon nanofibers supports. Electrocata-
lysts show the characteristic diffraction lines of Pt metal. Moreover,
peaks of neither RuO,, Ru and MoOy phases are found. The average
particle size was estimated according to the Debye-Sherrer equa-
tion. For that, the (220) peak of the Pt fcc structure at 20 ~67°
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Fig. 2. X-Ray diffraction of electrocatalysts.

was used (because the broad carbon peak does not interfere in
this region). The mean crystallites size were found in the nanoscale
range 2-4 nm except PtRuMo/NF, which could not be determined
due to the low degree of crystallinity (Table 1).

Transmission electronic microscopy (TEM) images of ternary
catalysts are shown in Fig. 3. Metal particles of PtRuMo/NF catalyst
could be determined by TEM and showed a narrow distribution in
which the metal particles were predominantly <3 nm. In general,
there is a homogeneous distribution with some agglomeration of
small particles, and it is characteristic of all ternary samples.
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Table 2
XPS results for the electrocatalysts?.

Catalyst Pt species BE of Pt 4f, (eV) Ru species BE of Ru 3p (eV) Mo species BE of Mo 3ds, (eV) Surface metal weight (%) Pt/Ru/Mo

PtRu/Vulcan Pt 71.8 (56) RuO; 463.0 (63) 16/9
(PtO)- 73.2(25) RuOy 466.1 (37)
PtO, 74.7 (19)

PtRuMo/Vulcan Pt 71.7 (54) RuO; 463.4 (73) MoOy 232.0 (61) 12/7/8
(PtO)- 73.1(28) RuOy 465.9 (27) MoOs3 232.9(39)
PtO, 74.8 (18)

PtRu/NF Pt 71.6 (51) RuO, 463.0 (73) 23/11
(PtO)- 73.1(35) RuOy 466.1 (27)
PtO, 74.8 (14)

PtRuMo/NF Pt 71.7 (52) RuO, 463.4 (69) MoOx 232.0 (69) 12/9/7
(PtO)- 73.2 (30) RuOy 466.1 (31) MoO3 233.2(31)
PtO, 74.8 (18)

PtRu/NEF Pt 71.7 (35) RuO, 463.4 (64) 21/11
(PtO)- 73.1(45) RuOy 466.1 (36)
PtO, 74.9 (20)

PtRuMo/NEF Pt 71.6 (44) RuO, 463.4 (76) MoOy 232.1 (66) 12/8/8
(PtO)- 72.9 (38) RuOy 465.9 (24) MoO3 233.3(34)
PtO, 74.7 (18)

2 Numbers in brackets represent the percentage of the corresponding component.

Photoelectron spectroscopy analysis was used in order to get
further information on the catalysts surface including the oxida-
tion state of the elements (Table 2). This information must be
interpreted taking into account its limitations since the catalysts
oxidation state probably change during the electrochemical pro-
cess. The Pt 4f signal doublets in all samples are derived from three
pairs of Pt species, which are attributed to metallic Pt° nanopar-
ticles (71.6-71.8 eV), Pt2* species in PtO and Pt(OH),-like species
(72.9-73.2 eV) and Pt** (74.7-74.9 eV) [22]. Similar concentrations
of Pt species were found in all samples, except for catalysts obtained
using functionalized carbon nanofiber as support, where the con-
tribution of metallic Pt® decreased. The Ru 3p3y, signal of samples
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derives of two species in similar concentrations in all catalysts
assigned to Ru** in anhydrous RuO; (463.0-463.4 eV) and hydrous
amorphous RuO,-xH,0 species (465.9-466.1 eV) [23]. The Mo 3d
spectra for the PtRuMo/Vulcan, PtRuMo/NF, PtRuMo/NFE.F indicate
the presence of Mo(VI) in MoOs5 species at 232.9-233.3 eV [22]. BEs
at lower values ca. 232.0 eV corresponded to a reduction in MoOyx
species. Similar concentrations of molybdenum oxide species were
observed in ternary catalysts. The binary catalysts show surface
metal loading of ca. 25-30 wt%, with a Pt:Ru atomic ratio of 1:1.
The incorporation of Mo led to a reduction of the Pt surface loading
when the ternary catalysts supported on carbon nanofibers were
prepared (Table 2).
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(m[z=44).
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All Mo-containing catalysts showed a high CO tolerance, with
the onset of the CO oxidation to CO, being observed at potentials up
to 0.10-0.25V, lower than their binary corresponding catalysts. The
DEMS analyses are in accordance with these results. Fig. 4 shows

the cyclic voltammetries (CV) for the oxidation of a CO monolayer at
PtRu/Vulcan//PtRuMo/Vulcan (A) and PtRu/NEF//PtRuMo/NE.F (B),
and the corresponding signal for CO, production (m/z=44). Similar
DEMS analysis to PtRu/NF.F//PtRuMo/NFE.F were obtained for coun-
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terparts PtRu/NF//PtRuMo/NF (not shown). The lower onset for CO,
was observed in PtRuMo/Vulcan catalyst and it is established at
0.18 V, whichrepresents a negative shift of about 0.24 V with respect
to PtRu/Vulcan catalysts. However, lower currents were obtained in
ternary catalysts compared with binary ones, due to the lower sur-
face PtRu loading observed in carbon supported PtRuMo samples.

In order to study the activity and stability of the catalysts and
commercial catalyst, PtRu/C (JM), current-time curves towards
methanol oxidation were carried out at 0.45, 0.50, 0.60V and
again 0.45V. Fig. 5 shows current-time dependence at 0.45V of
fresh catalyst (A) and after electrochemical measurements (0.50
and 0.60V, not shown), denoted as aged catalysts (B). Fresh sam-
ple PtRu/C (JM) showed the highest activity followed by fresh
ternary PtRuMo/Vulcan and PtRuMo/NF catalysts, which exhibit
higher activity than their binary counterparts (Fig. 5A). However,
the incorporation of Mo to PtRu/NEF did not improve the activ-
ity for methanol oxidation, even though binary catalyst supported
on functionalized carbon nanofiber presented higher activity than
PtRu supported on non-functionalized carbon nanofiber. This
behavior can be explained on the basis that the functionalized car-
bon nanofiber hinder the stabilization of the electroactive MoOy
species. It is worth mentioning that after electrochemical mea-
surements (Fig. 5B), the activity of the ternary catalysts rised
markedly, especially in PtRu-MoOy nanoparticles supported on
non-funtionalized carbon nanofiber (PtRuMo/NF), if compared
with the Mo free catalysts. However, the activity of aged commercial
catalyst decreases clearly.

To obtain further information on the active surface area acces-
sible to the reactants of the electrocatalysts, CO,qs stripping
voltammetry of the fresh and aged catalysts, which were carried
out before each current-time curve at 0.45V, are shown in Fig. 6.
The cyclic voltammograms indicated that after electrochemical oxi-
dation of methanol at 0.50 and 0.60V, electrochemical areas of
binary and ternary catalysts decreased markedly. This decrease in
CO stripping area suggests that some loss of metals from the surface
(presumably Ru and Mo) would occur during the electrochemical
measurement due to dissolution. In view of the fact that the activity
towards methanol oxidation rises in ternary aged catalysts whereas
decreases in binary aged catalysts, it appears that the role of Mo
would be crucial for the activation of the electrocatalyst.

For PtRuMo supported on functionalized carbon nanofiber, the
CO stripping peak broadened significantly and two peaks were
depicted (Fig. 6), which suggests that separate phases are pre-
sented in the catalyst. However, when non-functionalized carbon
substrates (Vulcan XC 72R and nanofiber) were used, only one CO
oxidation peak was observed in PtRuMo/Vulcan and PtRuMo/NF
catalysts. The differences between supports, especially the amount
of oxygen surface groups, can affect considerably in the molybde-
num precursor distribution through the carbon material, where
the solvent-carbon interaction may be crucial. Therefore, non-
functionalized carbons seem to improve the good proximity and
mixing of the molybdenum oxide species on the surface of carbon
substrate along with mixed PtRu nanoparticles.

For PtRuMo supported on non-functionalized carbon nanofiber,
the CO stripping voltammogram of the aged catalyst showed a small
shift in the onset for the electrooxidation to more positive values
with respect to the curve corresponding to the fresh catalyst (Fig. 6).
This suggests that some MoOjy species, which help to remove pread-
sorbed CO from PtRu surfaces at lower potentials, were absent in
the aged catalyst. However, the CO stripping potential of major peak
is shifted to lower potentials, indicative that the catalyst surface
became restructured after electrochemical treatment, which has
a significant impact on performance in the methanol electrooxida-
tion. The singular properties of carbon nanofibers as high resistance
to acid media and good electrical and mechanical properties may

play an important role in the activation and stabilization of the
PtRuMo nanoparticles. These results point out the importance of
the nature of the carbon support as well as its functionalization
on the final activity of the electrocatalysts. Nevertheless, further
investigations are required in order to understand the nature of the
nanostructured PtRu-MoOy species during electrochemical pro-
cess and to establish the stability of these materials in a DMFC.

4. Conclusions

Novel CO tolerant PtRu-MoOy nanoparticles supported on
carbon nanofibers, with smaller amount Pt than respective
binary counterparts, have been prepared. Carbon nanofibers were
prepared by thermocatalytic decomposition of methane, and
funcionalized with HNO3. MoOy, RuOy, Pt and PtO, were the main
species revealed by XRD and XPS measurements in the ternary
electrocatalysts, whichever the carbon support used including
Vulcan XC 72R. Both, the incorporation of MoOy and the nature
of the carbon support affect considerably the performance in
methanol electrooxidation, where electrochemical active area and
metal nanoparticles stability during operation are key param-
eters. A significant increase of methanol oxidation is obtained
in PtRu-MoOy nanoparticles supported on non-functionalized
carbon nanofiber, due to a major stabilisation of the electroactive
MoOy species over NF.

These results open a new area of investigation where combin-
ing the optimization of three-metal system composition and carbon
support material, and increase in the efficiency of the electrocata-
lysts could be achieved.
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