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Electro-oxidation of Methanol on Pt Particles Dispersed

The successful attachment of 1-3 nm Pt nanoparticles to the surface of amine-functional RuQ; nanorods through a simple,
twao-step chemically controlled procedure is reported here. The nanocomposites were characterized by transmission electron
microscopy (TEM} and X-ray diffraction. TEM images showed that the monodispersed Pt nanoparticles were highly stable against
thermal treatment. The electro-oxidation of methanol in sulfuric acidic solution was studied on RuQO;-supported Pt nanoparticles
by eyclic voltammetry and chronocamperometry. All of the electrochemicai results show that RuO,/Pt catalysts exhibit high activity
for methanol oxidation that resalts from the high electroactive surface area of Pt nanoparticles and the effect of RuO,. These
results demonstrate the feasibility of using metal oxide nanorods in certain fuel cell applications.

© 2006 The Electrochemical Society. [DOI: 10.1149/1.2217327] All rights reserved.

Manuscript submitted January 23, 2006; revised manuscript received May 1, 2006. Available clectronically Tuly 14, 2006.

Platinum is the most widespread and promising electrocatalyst
for the oxidation of small organic molecules such as methanol.
However, the performance of pure Pt electrodes is often hindered
due to the formation of strongly adsorbed intermediates, such as
carbon monoxide, which poison the electrode surface during the
adsorption and electro-oxidation of methanol. Significant efforts are
being dedicated to the design and synthesis of a Pt-based alloy cata-
lyst with a higher poison tolerance and greater methanol oxidation
activity. Various binary systems, such as the PtRy,'” Pt-w. 5"
Pt—Mo,7 Pt-Sn,g‘10 Pt—Ni,”"z, and Pt-Os'>* catalyst systems have
been investigated recently, and have shown improved activity for
hydrogen oxidation reaction in the presence of CO. To date, the
incorporation of Ru into the Pt catalyst has yielded the best results.
However, the precise reason for the superior performance of the
binary catalyst is unclear. It is currently accepted that to minimize
the effect of the poisonous species, the cocatalyst must have a larger
tendency to form oxides than Pt. This induces the electrosorption of
oxygen-containing species O[H] at a lower potential, which can
take part in the CO oxidation reaction that removes it from the
surface through the so-called bifunctional mechanism. 57 Based on
this mechanism, metal oxides have been introduced to form cocata-
lysts to enhance activity toward methanol electro-oxidation.™™ O All
of these cocatalysts have shown improved performance for methanol
oxidation in comparison to the platinized glassy carbon (GC) elec-
trode. Ruthenivm dioxide (RuQ,) is an important electrode material
for applications in electrocatalysis and power sources as it exhibits
excellent corrosion resistance in acidic media, good electrical con-
ductivity, and high electrocatalytic activity toward oxygen
evolution.”"“~ Recent studies have demonstrated the importance of
hydrous RuO, in the Pt-Ru direct methanol fuel cell catalyst. ™
However, contrary reports have suggested that the formation of ru-
thenium oxides may cause the deactivation of the Pt-Ru
electrocatalyst,™ and surface RuO, species have been observed on
the Pt-Ru/C anode. Several recent reports have discussed the syn-
thesis of Ru(Q,/Pt nanocomposites by the sol-gel method,”* in
which a mixture of anhydrous RuQ, or Ru0;-XH,O nanoparticles
supported Pt nanoparticles. They also demonstrated an enhancing
effect of RuO,/Pt nanocomposites on the oxidation of methanol.
However, very little work has focused on the use of the single-
crystal structure of RuO, nanorods as supporting material. These
nanorods mainly exhibit the (110} plane nanorod sidewall. It has
been shown that RuO,-based catalysts are much more active in the
oxidation of CO than related metallic Ru catalysts because of the
weak oxygen surface bonding of bridging O atoms on RuO,(110) in
comparison to the strongly chemisorbed oxygen on Ru{0001) %

Herein, we report a facile, highly reproducible two-step synthetic
process that enables the attachment of 1-3 nm Pt nanoparticles to
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the {3-aminopropyl)triethoxysilane (APTES)-coated single-crystal
structure of RuO; nanorods with lengths of around 100 nm. Thi
work exploits the strong ability of carboxylic acid-terminated Pt
nanoparticles te bind to the terminal —NH, groups of organic enti-
ties, which can be enhanced by mutually attractive electrostatic in-
teractions when the two compeonents are oppositely charged. We also
investigate the effect of RuO, nanorods on the electrocatalytic prop-
erties of Pt nanoparticles using the electro-oxidation of methanol as
a probe. The electrocatalytic activity toward the oxidation of metha-
nol is studied by potential sweeps for RuO,/Pt electrodes of differ-
ent Pt loading compositions.

Experimental

Synthesis of Ru0,/Pt nanocomposites.— A general  synthesis
process of RuO; nanorods has been described.*? For the synthesis o
the RuQ,/Pt nanocomposite material, the first step is to functionalize
the RuQ; nanorods with APT‘]E‘,S.%"%’4 The hydroxyl groups on thes
oxide surface teact with the ethoxy group of the APTES molecule
with the formation of $i~O bonds and leave the terminal —NH
groups available for nanoparticle attachment. In a typical procedure,
30 mg RuQ, was dispersed with 23 mL absolute ethanol and 25 mL
distilled water, and sonicated for 15 min. The resulting solution was
transferred to a three-neck flask that was equipped with a condense
and thermometer. Then, 0.5 mL of APTES was injected into th
flask and the mixture was vigorously stirred at room temperature fo
about 1 h hefore heating to reflux for 2 h under protection with §
argon at 80°C. After the mixture was cooled to room temperature
the solid product was filtered, washed with ethanol, and then redis
persed in 50 mL of ethanol by sonicating for 15 min. To induc
positive charges at the surface of the APTES-coated RuQ;, 10 drop
of 2 M HNOj; solution were introduced into the ethanolic dispersiol
of APTES-coated RuQ, nanorods, and stirred for 2 h. The secon
step in the synthesis of the RuO,/Pt nanocomposite is the attach-§
ment of Pt nanoparticles onto APTES-coated RuO; nanorods.’#
Highly crystalline Pt nanoparticles were l?g%]gmed using ethylen
glycol as a reducing and stabilizing agent.™ " In a typical experi-}
ment, 1.5 mL 0.05 M H,PtCls was added in 50 mL of ethylene gly-4
col that contained 0.1 M NaOH. The solutions were stirred for
30 min in air at room temperature, subsequently heated under reflux
to 160°C for 3 h, and then cooled in air. Dark-brown solutions thal
contained the Pt colloids were formed. Once prepared, the nega
tively charged Pt nanoparticles that were contained in the colloidal 3
solution were attached to the surface of amino silane-coated RuQ:
nanorods. Thus, the colloidal Pt solution was introduced into
round-bottom flask that contained 50 mL of the ethanolic dispersio:
of amine-functionalized RuO, nanorods, and the mixture was stirre
overnight at room temperature. The solid product was filtered
washed with ethanol and distilled water to remove the excess of
particles, and then heated at 400°C overnight to remove the organi
stabilizers on the Pt nanoparticle surface. The different amounts of 4



& Pt metal loading were prepared by controlling the additional volume

E of Pt nanoparticle suspension. The prepared Ru(,/Pt caralysts for
| electrochemical measurement had nominal Pt loadings of 15, 12, 9,
. and 5%, which were calculated from the energy-dispersive X-ray
EDX) analysis.

Electrochemical measurement— All  electrochemical experi-
ments were carried out in an Ar,-protected conventional three-
-electrode electrochemical cell wsing an EG&G 273A potentiostat
: (Princeton Applied Research). The working electrode was a thin
. layer of Nafion-impregnated catalyst that was cast on a GC electrode
urface, The catalyst layer was obtained in the following way. A
, slurcy was first prepared by sonicating 2 mg RuQO, or Ru0, /Pt cata-
lyst powder in 50 pL of H,0O and 50 wL of Nafion (5 wt %, Ald-
- rich) for 30 min, forming a dark-green suspension solution. Subse-
uently, 1 nL of catalyst {0.02 mg) was pipetted onto a glassy
- carbon electrode with the diameter of 4 mm. Before the surface
= modification, the GC electrode was polished with 0.3 and 0.05 wm
L alumina slurries, washed with walter, and finally subjected to ulira-
enic agitation for 1 min in deionized (DI) water. The catalyst layer
- was then dried at 80°C in an air oven for 1 h. Large surface areas of
Pt gauze and Ag/AgCl served as counter electrode and reference
lectrode, respectively. All potentials in this study are reported with
- respect to the Ag/AgClL

Apparatus.— The morphology, structure, and chemical proper-
fies of the Pt nanoparticles and RuQ, nanorods were characterized
by transmission electron microscopy (TEM; Philips, Tecnai 20) and
- high-resolution transmission electron microscopy (HR-TEM; JEOL
.+ JEM 2010F) equipped with an EDX spectrometer {Hitachi HF-
2000). The operating voltage on the microscope was 200 kV. To
obtain TEM images, the powder was dispersed in isopropanol by
ultrasonication, and then deposited on a Cu-carbon grid. Powder
X-ray diffraction (XRD, Bruker D8 ADVANCE) with Cu Ka (A
= 1.5406 A) was carried out at a scanning rate of (0L02°/s in 20
_ranging from 20 to 90°.

Results and Discussion

. TEM and XRD characterization of Pt nanoparticles and RuQ;
- nanoreds.— Figure 1 shows the TEM images of the Pt nanoparticles
and RuO, nanorods. Figure 1a and Fig. le reveal monodispersed Pt
. nanoparticles with a relatively uniform diameter that is centered at
25 nm. The corresponding selected-arca electron  diffraction
SAED) pattern (Fig. 1b) shows five rings corresponding to the
{111}, {200}, {220}, {311}, and {331} planes of a face-centered cu-
bic (fce) crystal structure lattice that indicates the crystalline nature
of the Pt nancparticle. Figure 1d provides typical low-magnification
¢ TEM images of the RuO, nanorods, which have diameters of 10—
15 nm and lengths up to 100 nm. The nanorods are single crystalline
as indicated by the SAED pattern given as an inset in Fig. le. The
inset shows the rods with the long axis directed along the [001]. The
HRTEM image (Fig. 1f) clearly indicates that the structure of the
RuO; nancrod is highly crystalline, with lattice fringes correspond-
ing to the (110) spacing of RuQ; (g = 4489 A, and ¢ = 3.105 A,
* mutile structure).
Figure 2 shows the TEM images of (a) as-prepared Pt nanopar-
ticles attached to the RuO; nanorod surface (RuQO,/Pt) and (b) the
RuQ,/Pt nanocomposite after heating overnight at 400°C in air. The
micrograph shows that the Pt nanoparticles have no morphological
: changes even after thermal treatment at high temperature. TEM data
k- suggest that the bonding of colloidal Pt nanoparticles to the surface
“of APTES-modified RuQ; nanorods is relatively strong. The EDX
spectrum indicates that the Pt content in the RuQ,/Pt composite is
~around 12 wt %.
The as-prepared electrocatalyst RuO,/Pt nanocomposite (Pt:
.. 12 wt %) was also characterized by powder XRD, as shown in Fig.
. 3. Even though a small-angle technique was used, all reflections can
* be ascribed to nanocrystafline RuQ,. The absence of individual
peaks corresponding to Pt is likely to be due to the low concentra-
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Figure 1. TEM images of the as-prepared Pt nanoparticles: {a) electron
diffraction pattern of Pt nanoparticles, indexed to the fcc Pt nanoparticles; (b}
the size distribution of Pt nanoparticles; {c) the synthesized RuQ, nanorods;
{d) HR-TEM image of short nanorods (e, f).

tion of Pt in the composite material or the very small size of the Pt
particles. Similar findings were observed by Villullas and co-
workers, in which there was no Pt characteristic peak when the mole
ratio of Pt/Ru was lower than 20:80. Thus, it is believed that the
relative intensity of Pt is too small to be detected when the concen-
tration is low.”®

Figure 2. TEM images of the {(a) as-prepared Pt nanoparticles attached to the
RuQ, surface-RuQO./Pt (Pt: 12 wt %); (b) the RuQ,/Pt nanocomposite mate-
rial after thermal treatment at 400°C for 2 h.



Al716

|=
—_
=
fﬂ. q
5 119

b) 101
%‘ 214
S 200 220 112 202 321
=
£ o 11

I 2?“ 220 314

20 40 60 80
20

Figore 3. XRD patterns of the Ru0,/Pt nanocomposite (Pt 12 wt %) (a)
with simulated reference patterns of RuQ; {b) and Pt (c).

Electrochemical performance of RuQ; and RuQs/Pr— Cyclic
voltammograms for RuO; nanorods, Pt nanopartcles, and RuO,/Pt
nanocomposite in 0.5 M H,S0, are illustrated in Fig. 4. The poten-
tial sweep rate is 50 mV/s. The feature of the curve shown in Fig. 4a
is very similar to the voltammograms of the single crystal of the
RuQ,(110) face.”” Three regions of hydrogen adsorption, oxide re-
arrangement, and oxygen adsorption reaction are identified in the
whole potential range —0.20-1.20 V. The feature before the anodic-
cathodic pair of peaks Hy/He (Hy evolution) can be attributed to H
adsorption and desorption. The anodic-cathodic pair of peaks Ry/Re
is in the potential range 0.30-0.70 V due to mictostructure defects

[/ mA
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Figure 4. Cyclic voltammograms in 0.5 M H,80, for RuO, (a), RuO,/Pt
(Pi: 12 wt %) (b, solid line) and Pt nanoparticle (b, dotted line) electrodes
with a scan rate of 50 mV/s at potential range between ~(0.20 and 1.20 V.
lnset to (b)Y is a CV of Pt nanoparticles in 0.5 M H,S504.
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Figure 5. CV for the RuO,/Pt (solid line, Pt: 12 wt %} and Pt nanoparticl ;
(dotted ling) electrodes in 0.5 M H.S50, + 1 M CH3;0H al a scan rate o
50 mV/s.

such as step edges and O vacancies in the surface according to;
Lister’ Two pairs of anodic-cathodic peaks, Oya/Oic and:
05 4/O4c, are observed in the potential region 0.90-1.20 V. The
feature centered near 1.0 V can be atixibuted to an O adsorption
feature. In addition, the O3,/Op¢ peaks overlap with Oy evolution?
on the surfaces. These results are consistent with those observed for
the single crystal of RuQ,{( 110}, which suggests that the (110) plane/
is the predominant crystal plane of the nanorads sidewall. This resuit;
is consistent with that determined by the XRD characterization.
The heat-treated RuQ,/Pt catalysts (Pt: 12 wt %: solid ling) were
characterized by cyclic voltammograms (CV) in 0.5 M H,50, so-’
lution, which are presented in Fig. 4b. The inset of Fig. 4b shows the '
eniarged CV curve of the as-prepared Pt nanoparticles directly de-:
posited on GC electrode surface in 0.5 M H,50,. The estimated Pt
loadings of RuO,/Pt and the GC electrodes were both about 2.4 pg. '8
The feature of the Pt nanoparticle CV curve is consistent with those*
of the CV curves for the polycrystalline Pt electrode.”® In the
potential region between —0.20 and 0.20 V, hydrogen adsorption
and desorption is accompanied with bisulfate desorption and adsorp-§
tion in the sulfuric acid solution. The peak beyond 0.60 V is due to
the oxidation of platinum to form PtO and PtOH during the positive-"_ ’
going potential sweep. The peak at 0.54 V corresponds to the PtO3
and PtOH reduction during the negative-going potential sweep. The 8
observed hydrogen adsorption and desorption peaks for RuQ,/Prare
similar to those of Pt nanoparticles with the same Pt loading but of B
a higher intensity and charge, which indicates a higher electrochemi-§
cal active surface area probably due to the highly dispersed Pt nano-' 8
particles on Ru0, nanorods. The highly dispersed Pt nanoparticles 3
resulted in fewer nanoparticles overlap and hence provide a higher 8
active surface area than the nanoparticles coated on GC electrode. In§
contrast, the RuO,/Pt electrode shows a thick double layer due t0 8
the presence of the RuO; in the surface layer. Moreover, the onset ]
potential of the surface oxidation for the RuO,/Pt electrode is 1
0.30 V, which is significantly Jower than that of the Pt nanopartick:f
electrode (0.60 V). In addition, an increase in current starting at}
1.20 V is seen for the RuO,/Pt electrode, which is attributable to thé;
high activity of RuO; toward oxygen evolution. ]

Electrocatalyfic activity for methanol oxidation reaction.— The
evaluation of the electrocatalytical activity of the RuQ,/Pt nanocom-
posites for methanol electrooxidation was performed through cyclicy
voltammetry in | M methanol solution that was contained in 0.5 M;
H,SO, electrolyte. Figure 5 shows the CV curves in the potential
range between 0.0 and 0.95 V for the Ru0,/Pt {solid line) and Pt
nanoparticle (dotted line) electrodes. Strong currents were observed:
at 0.70 V in the forward sweep and 0.45 V in the backward sweep
in the C'V curves for both electrodes. These two peaks correspond 1o’
methanol oxidation.*” The features of these CV curves are similat.
except that the RuO,/Pt electrode produced a higher current density
for methanol oxidation. Another significant difference between these;_




o
o
:

liAmg Pt
(=]
™

o
[\
)
K

:

Figure 6. CA curves recorded in 0.5 M H,S0, + 1 M CH,OH for RuO,/Pt
E (solid line) and Pt nanoparticle (dotted line) electrodes at 0.70 V.

 two clectrodes is the onset potential of methanol oxidation. For the
E RuO,/Pt electrode, the onset of methanol oxidation is at approxi-
> mately 0.20 V, which is 200 mV lower than that for the Pt nanopar-
E ticle electrode (0.40 V). The negative shift is similar to that found
. for Pt-Ru alloy nanoparticles, which indicates that the RuO,/Pt
b composite has a positive effect on promoting the oxidation of
methanol by lowering its overpotential.™™
t  Chronoamperometric curve (CA) was applied to further compare
E the activity of these two electrodes toward methanol oxidation. For
' (his experiment, a potential step from the open circuit potential 1o
& 020 V was applied immediately after introducing the electrode to
E the solution. After 10 s at 0.20 V, the potential was then stepped to
E (.70 V and the current-time curve was recorded for 3600 s. Figure 6
g presents the current-time curves at 0.70 V for the RuQ,/Pt (solid
line) and Pt nanoparticle (dotted line) clectrodes. The methanol oxi-
i dation current at the RuQ,/Pt clectrode is higher than that at Pt
- nanoparticles electrode, although both electrodes display the decay
E of the current density (which indicates catalyst deactivation).
3 All of the foregoing CV and CA experimental results show that
§ the RuO,/Pr electrode has a higher activity for methanol oxidation
"~ than that at the Pt nanoparticle electrode. The RuO; surface not only
- disperses Pt more efficiently, but also canses an increase in its elec-
trocatalytical activity in the electro-oxidation of methanol. This in-
- crease can be autributed to various factors. It has been reported that
§ RuO; has little activity for direct methanol oxidation.** Hence, the
B main role of ruthenium dioxide in the RuO,/Pt electrode is to pro-
E' mote the electrochemical activity of the Pt catalyst for methanol
£ oxidation, via the so-called bifunctional mechanism. Another factor
§ may be due to the higher dispersion of Pt particles on the surface of
- RuO;, nanorods, which can lead to a large number of highly electro-
f  active surface sites that favor the adsorption of OH species at a
- lower potential. These two effects shift the onset potential of surface
& oxidation to a negative direction, which induce the onset potential of
k- methano! oxidation shifted from 0.4 0 0.2 V. .
. Figure 7 shows the CV behavior of different Pt loadings of
- Ru(,/Pt composition electrodes obtained at a scan rate of 50 mV/s
in 0.5 M H,SO, at a potential range of —0.2-0.2 V. The charge for
. fydrogen adsorption and desorption depends on the electrode com-
f - position, which increases as Pt loading increases. This indicates that
the real active surface area of the Pt manoparticles also increased.
The voltammetric curves for methanol oxidation on the different Pt
' loadings of RuQ,/Pt obiained in the potental range between 0.0 and
95V in 0.5 M H,SO4 + 1 M CH;0H solution are shown in Fig.
.. Th. The features of these CV curves are very similar except that the
PMWNTSs (Pt: 5 wt %) electrode produced a smail current density
for methanol oxidation. As shown in Fig. 8, the anodic peak current
density increases with the loading of Pt increase. The improved
catalytic activity may be due to the increase of the active surface
area and the beneficial role of the RuQ, nanorods. Another signifi-
cant difference between these samples was the onset potential of
methanol oxidation, with RuG,/Pt (Pt: 15 wt %) catalyst having the
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Figure 7. Cyclic voltammograms for different Ru(, /Pt nanocomposites at a
scan rate of 50 mV/s in electrolyte of (a) 0.5 M H,S0, and (b) 0.5 M
H,SO, + 1 M CH,OH solution, Pt percent: = =) 15wt % (- -- ) -
12wt %oy (oo Y9 wt G {---)5 wt%.

lowest value (0.15 V) for methanol oxidation. However, when the
Pt loading was lower than 5 wt %, the onset potential of methanol
oxidation decreased to 0.40 V and the current density decreased
sharply. It is evident that the electrode composition has a significant
influence on the behavior toward methanol oxidation. It is reported
that anhydrous RuQ, is rapidly and reversibly oxidized and reduced
by electrochemical protonation (Eq. n*

RuQ, + 6H' + de” <> RuO,_4(OH);, 0=8=12 [1]
RuO,_3(OH}; is a mixed electron-proton conductor and undergoes
hydrolysis to give surface Ru-OH bonds, as denoted by Eq. 2

RulY - O +H' +¢” & Ru™ - OH 2]

Similar ruthenium oxide species RuQ; 5(OH); formed on the RuG,
nanorods surface gives the observed enhancement via a similar
mechanism proposed by Rolison.*® The difference in the perfor-

—n—Current density (A mg") 10.4 ©
1.24 —a- Onset potential (E 7V Ag/AgCH g
@
< g
g’ 0.8 40.3 b
< <
— —
~ 9 \ %’
: 402 ;
©
e
" =

0.0+ T T T T T

4 6 8 10 12 14 16

Pt lcading wt%

Figure 8. Dependence of current density and onset potential of methanol
oxidation on the different Pt loading nanocomposite.
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mance of electrodes with different Pt loading could be interpreted by
the amount of Pt site where dehydrogenation and oxidation of
methanol takes place, that is, the sites where the dissociative adsorp-
tion of methanol oceurs, and the amount of Ru0, 5(0OH); available
for CO to CO, conversion. Further study on this aspect is in
progress,

The Pt-Ru binary catalysts are known to be very effective anode
catalysts for direct methanol fuel cells (DMFC). Massive PtRu al-
loys and high surface area carbon supported PtRu catalyst have been
investigated for their electrocatalytic  activities in  methanol
oxidation, %40 Girishkumar and co-workers reported that the PtRu
alloy nanoparticles supported on single-walled carbon nanotubes ex-
hibited a ~30% enhancement in the power density of a sinéle stack
DMFC, compared to the commercial carbon black support.™ All the
results demonstrated that the electrocatalytic activity of the metal
nanoparticles is strongly dependent on the shape, size distribution,
loading of the particles. and the support. Because Pi-Ru alloy par-
ticles and RuQ,/Pt have entirely different support and Pt loading, it
is difficult to cast a good comparison on the electrocatalytic perfor-
mance of methanol oxidation, although they both exhibit improved
catalytic activity.

Conclusions

In this study, the effect of single-crystal structure of RuO,; nane-
rods on the electrocatalytic activity of Pt nanoparticles has been
investigated by TEM and electrochemical experiments including CV
and CA. TEM images of the RuO,/Pt nanocomposite reveal the
homogeneous dispersion of Pt nanopatticles on RuO, surface stably
attached on RuO; surface via a hifunctional ligand of siloxane. The
morphology of the RuQ,/Pt nanocomposite showed no significant
change even after thermal treatment at 400°C. The electroactive
surface area of the Ru0,/Pt nanocomposite is much larger than that
of the as-prepared Pt nanoparticles directly deposited on the GC
electrode surface with the same Pt loading. The presence of the
RuQ, nanorods greatly increases the elecirochemical activity of
RuO,/Pt electrodes toward methanol oxidation, not only increasing
the current density but also shifting the onset potential of methanol
electro-oxidation to over 200 mV lower than that on the Pt nanopar-
ticle electrode. The results described here also demonstrate the abil-
ity of metal oxide nanorods to serve as a type of conductive support
for fuel cell applications.
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