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Abstract

Carbon-supported Pt, Ru, and binary PtRu catalysts were prepared by an impregnation-reductive pyrolysis method at variou
tures, with Pt(NH3)2(NO2)2 and Ru(NO3)3 as precursors. The effect of the reductive pyrolysis temperature on the structure of the
particles and its relationship to the electrocatalytic activity toward methanol and preadsorbed carbon monoxide (COad) oxidation was ex-
amined. The decomposition temperature of the Pt50Ru50 mixed precursor shifted to a temperature lower than that of the Ru single-sour
precursor. High-resolution scanning electron microscopy, X-ray diffraction, and COad stripping voltammetry of Pt/C and Ru/C indicat
that Ru nanoparticles tend to grow drastically when the pyrolysis temperature is increased, whereas Pt nanoparticles are more
particle growth. Scanning transmission electron microscopy coupled with energy-dispersive X-ray spectroscopy analysis showed t
a slight compositional variation between individual nanoparticles, depending on the particle size. The Pt50Ru50/C catalyst prepared at 200◦C
exhibited the maximum electrocatalytic activity toward methanol oxidation per mass of PtRu, which is discussed based on the a
balance of precursor decomposition and particle growth.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Because of the comparatively low operation tempera
of the direct methanol fuel cell (DMFC), poisoning of the a
ode catalyst by carbon monoxide becomes a major prob
Therefore, the material design of highly active electrocata
lysts is an important subject in DMFC development. Hig
surface-area PtRu alloy supported on carbon black is on
the most promising materials as an anode catalyst for DM
[1–21] because of its high tolerance for carbon monox
poisoning. The promotion effect of Ru has mainly been
cussed based on the so-called bifunctional mechanism[4–6,
22–42]or ligand effect[36–50]or a mixture of both.
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E-mail address: wsugi@shinshu-u.ac.jp(W. Sugimoto).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.10.020
.

f

The fundamental properties of the methanol oxida
reaction have been well established with the use of w
defined catalysts, such as Ru-decorated single crys
model electrocatalysts, and bulk alloys. In contrast, un
standing the relationship between the physical and e
trocatalytic properties of PtRu nanoparticles supported
carbon black is not as straightforward. Composition, part
size, and dispersion state and their delicate control are
a few of the requirements for practical catalysts. The
impregnation method[14–19,51–60]is a simple and effec
tive method for the preparation of high-surface-area carb
supported electrocatalysts. We have shown that the struc
properties and electrocatalysis of carbon-supported P
nanoparticles vary with the type of precursor employed,
the activity toward methanol electro-oxidation is sensit
to the pyrolysis temperature[14]. In our previous study, w
reported the effect of the type of precursor at pyrolysis t
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peratures between 150 and 550◦C. Reductive pyrolysis a
200◦C was preferable for highly active catalysts. For a b
ter understanding of the effect of the pyrolysis tempera
on the nanostructure and electrocatalysis of PtRu/C, a
tematic study of the nanometer scale is necessary.

Here we report the process of particle growth of Pt,
and PtRu catalysts supported on carbon as a function o
pyrolysis temperature up to 800◦C. Emphasis was place
on the difference in the particle growth behavior of Pt, R
and PtRu and the composition variation between indiv
ual PtRu nanoparticles. The activity toward methanol
preadsorbed carbon monoxide oxidation of Pt50Ru50/C were
examined and discussed based on the difference in the s
ture of the nanoparticles.

2. Experimental

Pt/C, Ru/C, and Pt50Ru50/C (30 mass% metal) catalys
were prepared by a conventional impregnation method
ported previously[14]. The catalysts were prepared by t
introduction of appropriate amounts of carbon black (V
can XC-72R) into ethanolic solutions of Pt(NH3)2(NO2)2
(Ishifuku Metal Industry), Ru(NO3)3 (Tanaka Kikinzoku
Kogyo K.K.), or a 1:1 molar ratio of Pt(NH3)2(NO2)2
and Ru(NO3)3. For the Pt source, 4 mM (M= mol dm−3)
Pt(NH3)2(NO2)2 dissolved in ethanol was used. An ethan
lic solution of 4 mM Ru(NO3)3 was used as the Ru sourc
After thorough mixing, the precursor solution was allow
to dry at 60◦C to a powder. The dried powder was then
duced in a tube furnace under flowing H2 (10%)+N2 (90%)
gas for 2 h at various temperatures.

The pyrolysis process of the precursor powders was
vestigated by thermogravimetry (TG, Shimadzu TGA-50
under a constant flow of H2 (10%)+ N2 (90%) at a heat
ing rate of 5◦C min−1. The structure of Pt/C, Ru/C, an
Pt50Ru50/C was characterized by X-ray diffraction (XRD
(Rigaku RINT-2550 with monochromated Cu-Kα radiation),
high-resolution scanning electron microscopy (HR-SE
(Hitachi S-5000), high-resolution scanning transmiss
electron microscopy (HR-STEM) (Hitachi HF-2210), a
energy-dispersive X-ray spectroscopy (EDX) (Noran Ins
ments Voyager). Scanning transmission electron microscop
coupled with energy-dispersive X-ray spectroscopy (STE
EDX) was utilized to analyze the single-particle composit
of PtRu.

Electrochemical studies were conducted with a thr
electrode-type beaker cell equipped with a platinum m
counter electrode, an Ag/AgCl reference electrode, and
working electrode. A Luggin capillary faced the wor
ing electrode at a distance of 2 mm. The working el
trodes were prepared by the thin-film electrode method[61].
Briefly, 20 mg of the catalyst powder was dispersed
10 mL of methanol and was subjected to ultrasonifica
for 30 min. Then, 20 µL of the catalyst powder dispers
(40 µg of the catalyst powder containing 12 µg of metal) w
-

-

dropped on a mirror-polished Glassy Carbon (Tokai Car
Co., Ltd.) substrate (grade 20SS, 5 mm in diameter). A
drying at 60◦C, 20 µL of a 1 wt% Nafion (R) alcoholic so
lution was also dropped on the electrode surface to stab
the electrocatalysts on the Glassy Carbon rod surface
potentials throughout this paper are given in the revers
hydrogen electrode (RHE) scale. The electrocatalytic ox
tion of preadsorbed carbon monoxide (COad) was measured
by COad stripping voltammetry at a scan rate of 10 mV s−1.
CO gas was passed into the cell (0.5 M H2SO4, 60◦C) for
40 min to allow adsorption of CO to the accessible me
surface while maintaining a constant voltage of 270 mV
RHE. Excess CO was purged with N2 gas for 40 min. The
amount of COad was evaluated by integration of the COad
stripping peak, corrected for the electric double-layer
pacitance. The electrochemical oxidation of methanol wa
characterized by the quasi-steady-state current density
470 mV vs RHE in 1.0 M CH3OH+ 0.5 M H2SO4 solution.
All electrochemical measurements were carried out at 60◦C.

3. Results and discussion

3.1. Carbon-supported platinum

The pyrolysis process in H2 (10%)+ N2 (90%) for the
Pt/C precursor powder is shown inFig. 1a. The decompo
sition of the Pt/C precursor was completed at about 170◦C.
HR-SEM images of Pt/C pyrolyzed at various temperatu
are shown inFig. 2. The histograms of the particle size e
timated from 100 particles as a function of the pyroly
temperature are shown inFig. 3. More than 80% of the P
particles were in the range of 2–5 nm, irrespective of
pyrolysis temperature. The relative abundance of small
ticles (< 3 nm) decreased with increasing pyrolysis temp
atures (200◦C, 28%; 450◦C, 12%; 800◦C, 8%), whereas
that of particles in the range of 3–4 nm increased slig
with increasing pyrolysis temperature (200◦C, 33%; 450◦C,

Fig. 1. The TG curves: (a) Pt(NH3)2(NO2)2, (b) Ru(NO3)3, and
(c) Pt(NH3)2(NO2)2 + Ru(NO3)3, supported on Vulcan XC-72R carbo
black powder under flowing H2(10%)–N2(90%).
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Fig. 2. HR-SEM images of Pt/C pyrolyzed under reducing condition
(a) 200, (b) 450, and (c) 800◦C.

45%; 800◦C, 50%). The relative abundance of larger pa
cles (> 4 nm) was not significantly affected by the pyroly
temperature (200◦C, 39%; 450◦C, 43%; 800◦C, 42%). The
XRD patterns of Pt/C pyrolyzed at various temperatures
shown inFig. 4. The XRD patterns could be indexed bas
on the fcc structure of Pt metal. The sharpening of the X
peaks indicates an increase in the average crystallite
with increasing temperature of pyrolysis.

COad stripping voltammograms for Pt/C are shown
Fig. 5. The peak of the COad oxidation appeared at 670 m
vs RHE. The mean particle size of Pt calculated from
electrochemically active surface area increased slightly wi
increasing pyrolysis temperature; 2.5, 2.9, and 3.4 nm
the products pyrolyzed at 200, 450, and 800◦C, respectively
(a)

(b)

(c)

Fig. 3. Histograms of Pt/C pyrolyzed under reducing condition at (a)
(b) 450, and (c) 800◦C.

This observation is consistent with the sharpening of
XRD peak, suggesting an increase in crystallite size, w
is particularly notable for the product pyrolyzed at 800◦C.

3.2. Carbon-supported ruthenium

The decomposition of the Ru/C precursor powder w
completed at about 250◦C (Fig. 1b), which is 80◦C higher
than the corresponding temperature observed for Pt/C
cursor (Fig. 1a). HR-SEM images of Ru/C pyrolyzed at va
ous temperatures are shown inFig. 6. The particle size distri
bution at different pyrolysis temperatures is shown inFig. 7.
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Fig. 4. The XRD patterns of Pt/C pyrolyzed under reducing condition
(a) 200, (b) 450, and (c) 800◦C.

Fig. 5. The COad-stripping voltammograms at 10 mV s−1 of Pt/C pyrolyzed
at (a) 200, (b) 450, and (c) 800◦C in 0.5 M H2SO4 (60◦C).

In contrast to Pt/C, Ru particles clearly showed a tende
to grow with increasing temperature of pyrolysis. The re
tive abundance of particles larger than 4 nm significantly
creased with increasing pyrolysis temperature (200◦C, 7%;
450◦C, 39%; 800◦C, 62%). As shown inFig. 6c, Ru parti-
cles as large as 30 nm (marked with arrows) were obse
in addition to the smaller particles (2 nm) for the Ru/C ca
lyst prepared at 800◦C.

The XRD patterns for Ru/C pyrolyzed at various te
peratures are shown inFig. 8. The XRD patterns could b
indexed based on the hcp structure of Ru metal. The sh
ening of the XRD peaks indicates an increase in the a
-

Fig. 6. HR-SEM images of Ru/C pyrolyzed under reducing condition
(a) 200, (b) 450, and (c) 800◦C.

age crystallite size with increasing temperature of pyroly
The sharpening of the peaks was more apparent for R
compared with Pt/C, consistent with the HR-SEM analy
revealing an increase in particle size.

The COad stripping voltammograms of Ru/C pyrolyze
at various temperatures are shown inFig. 9. The peak of
the COad oxidation appeared at 450–480 mV vs RHE
Ru/C. The COad oxidation charge decreased drastically w
increasing pyrolysis temperature. Quantitative evaluatio
the electrochemicallyactive surface from COad stripping
voltammetry for Ru/C is complicated[19] and is strongly
dependent on the measuring conditions, such as pread
tion potential and operating temperature. Here we have
optimized the preadsorption potential; thus only a se
quantitative assessment can be discussed, and the discu
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Fig. 7. Histograms of Ru/C pyrolyzed under reducing condition at (a)
(b) 450, and (c) 800◦C.

of the COad oxidation on Ru/C will be confined to the re
ative change in the amount of adsorbed CO. The COad ox-
idation charge for Ru/C pyrolyzed at 800◦C was only 21%
of the value for Ru/C pyrolyzed at 200◦C. The decreas
in the electrochemically active surface area with increasin
pyrolysis temperature for Ru/C was much more profo
compared with Pt/C. These results are consistent with
particle size analysis of Pt/C and Ru/C by HR-SEM a
XRD. The particle growth behavior of the Ru particles
more significant than that of the Pt particles. The differe
in the particle growth behavior of Pt and Ru particles is pr
Fig. 8. The XRD patterns of Ru/C pyrolyzed under reducing condition a
(a) 200, (b) 450, and (c) 800◦C.

Fig. 9. The COad-stripping voltammograms at 10 mV s−1 of Ru/C py-
rolyzed at (a) 200, (b) 450, and (c) 800◦C in 0.5 M H2SO4 (60◦C).

ably due to differences in physical properties between Pt
Ru (for example, interaction with hydrogen, surface free
ergy, interaction with the carbon support, etc.).

3.3. Carbon-supported Pt50Ru50

The decomposition of the binary Pt50Ru50/C precursor
was completed at 200◦C (Fig. 1c). In the case of the PtR
mixed precursor, the Pt precursor and the Ru precurso
composed simultaneously in a single process. The dec
position temperature of the PtRu mixed precursor was lo
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Fig. 10. The XRD patterns of Pt50Ru50/C catalysts prepared at (a) 15
(b) 200, (c) 300, (d) 450, (e) 500, (f) 600, and (g) 800◦C.

than that of the Ru single-source precursor (Fig. 1b). These
facts suggest that the Pt and Ru sources were mixed
atomic level in the precursor solution. The single-step
composition process of the PtRu mixed precursor is pre
able from the standpoint of bimetal alloying, since nuc
ation of the two metals will occur simultaneously.

Fig. 10shows the XRD patterns of Pt50Ru50/C pyrolyzed
at various temperatures. The XRD peak sharpened
increasing pyrolysis temperature, especially above 600◦C,
suggesting an increase in the particle size and/or an incr
in crystallinity. With increasing pyrolysis temperature fro
150 to 450◦C, the fcc(220) peak shifted to higher reflecti
angles, suggesting that greater amounts of Ru were in
duced into the fcc structure.

STEM images of Pt50Ru50/C prepared at 200, 450, an
800◦C are shown inFig. 11. The average bulk Ru conte
obtained by EDX analysis was in accord with the nom
nal contents, Pt:Ru= 45:55, 51:49, 48:52 Ru mol% at 20
450, and 800◦C, respectively. The Ru content of individ
ual particles with different particle sizes is shown inFig. 12,
along with the relative abundance as a function of the py
ysis temperature. Approximately 70–80% of the measu
particles were in the range of 2–5 nm for the catalysts, i
spective of the pyrolysis temperature. The majority of
alloy particles (80% or more) in the Pt50Ru50/C catalysts
prepared at 200 to 450◦C is in the range of 2–5 nm, in ac
cordance with our previous results[14]. The Ru contents
for these individual particles were close to unity. For p
ticles less than 2 nm or more than 5 nm in diameter (ab
e

Fig. 11. The STEM images of Pt50Ru50/C catalysts pyrolyzed at (a) 200
(b) 450, and (c) 800◦C.

20–30% of all measured particles), the Ru content ten
to deviate from the nominal content. The histogram a
shows that the relative abundance of relatively large parti
(> 5 nm) increased with increasing pyrolysis temperature
(200◦C, 3%; 450◦C, 20%; 800◦C, 26%), which is consis
tent with the XRD results. In particular, PtRu particles lar
than 30 nm were observed when the pyrolysis tempera
was 800◦C (Fig. 11c), indicating that the high-temperatu
particle growth behavior of PtRu particles is similar to th
of Ru particles. That is, PtRu particles tend to sinter at h
temperature.

The COad stripping voltammograms for Pt50Ru50/C py-
rolyzed at various temperatures are shown inFig. 13. The
peak of the COad oxidation appeared at 450–465 mV
RHE. Similar to the behavior of Ru/C and Pt/C, the COad

oxidation charge decreased for Pt50Ru50/C with increasing
pyrolysis temperatures. In addition, an oxidation shou
peak is observed near 600 mV vs RHE. These peaks ar
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Fig. 12. The Ru contents of individual particles in Pt50Ru50/C pyrolyzed
under reducing condition at (a) 200, (b) 450, and (c) 800◦C (left axis) and
the relative abundance as a function of the particle size (right axis) estim
from STEM-EDX analysis.

tributed to the COadoxidation on Pt or Pt-rich surfaces, sin
the electrode potentials are close to that of Pt/C (seeFig. 5)
[19].

The effect of the pyrolysis temperature on the electroca
alytic activity for methanol oxidation is shown inFig. 14.
Fig. 13. The COad-stripping voltammograms at 10 mV s−1 of Pt50Ru50/C
catalysts pyrolyzed at (a) 150, (b) 200, (c) 450, and (d) 800◦C in 0.5 M
H2SO4 (60◦C).

Fig. 14. The methanol oxidation current density as a function of mea
ment time for Pt50Ru50/C catalysts pyrolyzed at (a) 150, (b) 200, (c) 45
and (d) 800◦C in 0.5 M H2SO4 + 1 M CH3OH at 60◦C at 470 mV vs
RHE.

The sample pyrolyzed at 200◦C exhibited the highest cu
rent density with 42 A g−1 PtRu. Although the alloying o
ruthenium with platinum progresses as the pyrolysis t
perature is increased, large particles are also generated
increasing pyrolysis temperature. Such features reduce t
mass activity for methanol oxidation. In addition, if the
are Pt-rich particles on the surface, these may also
tribute to the decrease in activity[7]. The low activity of
the catalyst pyrolyzed at 150◦C is most likely due to the
incomplete decomposition of the PtRu precursor (Fig. 1c).
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The decomposition of the PtRu precursor occurs in the ra
from 150 to 200◦C. If the precursor is not completely re
duced to the metal state, residual organics should hi
the electrocatalytic activity. This can be seen in the cy
voltammograms (Fig. 13), which show that the electroca
alyst pyrolyzed at 150◦C tends to have a smaller electr
double-layer capacitance. This is suggestive of a low elec
chemically active surface area owing to the residual spe
covering the electrocatalyst surface. The catalyst preparatio
should be around 200◦C where sintering is inhibited and
good dispersion state as well as good alloying state of
Pt50Ru50 nanoparticles are achieved.

Particle growth is one of the causes of catalyst acti
degradation in an operating fuel cell. There may be so
similarities between the high-temperature particle gro
process observed in this study and the catalyst activity de
dation process in a practical fuel cell. The present res
for the particle growth behavior of PtRu particles at h
temperature may give insights into the catalyst degrada
process in actual fuel cells.

4. Conclusions

The structures of Pt, Ru, and Pt50Ru50 nanoparticles
supported on carbon and their relationship to the elec
catalytic activity toward COad and methanol oxidation wer
examined. HR-SEM analysis, XRD, and COad stripping
voltammetry showed that the particle size drastically
creased with increasing pyrolysis temperature for Ru/C ca
alyst, in contrast to Pt/C. Analysis of the size and com
sition of individual Pt50Ru50 nanoparticles by STEM-EDX
showed that 70–80% of the nanoparticles had a size o
5 nm and a composition close to unity. The highest m
activity of the Pt50Ru50/C prepared at 200◦C was suggeste
to be a result of the suitable balance between the sinte
state, dispersion state, and alloying state.
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