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Abstract

Carbon-supported Pt, Ru, and binary PtRu catalysts were prepared by an impregnation-reductive pyrolysis method at various tempere
tures, with Pt(NH)>(NO»), and Ru(NQ)3 as precursors. The effect of the reductive pyrolysis temperature on the structure of the metal
particles and its relationship to the electrocatalytic activity toward methanol and preadsorbed carbon monoxiflexi@&iion was ex-
amined. The decomposition temperature of theRtsg mixed precursor shifted to a temperauower than that of the Ru single-source
precursor. High-resolution scanning electron microscopy, X-ray diffraction, ang €@pping voltammetry of Pt/C and Ru/C indicated
that Ru nanoparticles tend to grow drastically when the pyrolysis temperature is increased, whereas Pt nanoparticles are more resistant
particle growth. Scanning transmission electron microscopy coupled with energy-dispersive X-ray spectroscopy analysis showed that there |
a slight compositional variation between individual nanoparticles, depending on the particle size;gRgd?C catalyst prepared at 20C
exhibited the maximum electrocatalytic activity toward methanol oxidation per mass of PtRu, which is discussed based on the appropriate
balance of precursor decomposition and particle growth.
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1. Introduction The fundamental properties of the methanol oxidation
reaction have been well established with the use of well-

of the direct methanol fuel cell (DMFC), poisoning of the an- mode] electrocatalysts, .and bulk alloys. In cqntrast, under-
ode catalyst by carbon monoxide becomes a major problem.Standing the relationship between the physical and elec-
Therefore, the material desigf highly active electrocata- ~ trocatalytic properties of PtRu nanoparticles supported on
lysts is an important subject in DMFC development. High- C_arbon blagk is n(_)t as stralghtforwz_;lrd. (?omp05|t|on, particle
surface-area PtRu alloy supported on carbon black is one ofSize, and dispersion state and their delicate control are only

the most promising materials as an anode catalyst for DMFC & few of t_he requri]rements for practical_catlalystz. The co-
[1-21] because of its high tolerance for carbon monoxide impregnation methofll4-19,51-60]s a simple and effec-

poisoning. The promotion effect of Ru has mainly been dis- tive method for the preparation of high-surface-area carbon-
cussed based on the so-called bifunctional mechaj#issy supported electrocatalysts. We have shown that the structural

22_42]or ligand effec{36-50]or a mixture of both properties and electrocatalysis of carbon-supported PtRu
' nanoparticles vary with the type of precursor employed, and

the activity toward methanol electro-oxidation is sensitive
" Corresponding author. Fax: +81 268 22 9048. to the pyrolysis temperatuf@4]. In our previous StUdyz we
E-mail address: wsugi@shinshu-u.ac.jw. Sugimoto). reported the effect of the type of precursor at pyrolysis tem-
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peratures between 150 and 580 Reductive pyrolysis at  dropped on a mirror-polished Glassy Carbon (Tokai Carbon
200°C was preferable for highly active catalysts. For a bet- Co., Ltd.) substrate (grade 20SS, 5 mm in diameter). After
ter understanding of the effect of the pyrolysis temperature drying at 60°C, 20 L of a 1 wt% Nafion (R) alcoholic so-
on the nanostructure and electrocatalysis of PtRu/C, a sys-ution was also dropped on the electrode surface to stabilize
tematic study of the nanometer scale is necessary. the electrocatalysts on the Glassy Carbon rod surface. All
Here we report the process of particle growth of Pt, Ru, potentials throughout this paper are given in the reversible
and PtRu catalysts supported on carbon as a function of thehydrogen electrode (RHE) scale. The electrocatalytic oxida-
pyrolysis temperature up to 80C. Emphasis was placed tion of preadsorbed carbon monoxide (§gOwvas measured
on the difference in the particle growth behavior of Pt, Ru, by COxq Stripping voltammetry at a scan rate of 10 mts
and PtRu and the composition variation between individ- CO gas was passed into the cell (0.5 M3®,, 60°C) for
ual PtRu nanopatrticles. The activity toward methanol and 40 min to allow adsorption of CO to the accessible metal
preadsorbed carbon monoxide oxidation gpRUso/C were surface while maintaining a constant voltage of 270 mV vs
examined and discussed based on the difference in the strucRHE. Excess CO was purged withp ldas for 40 min. The
ture of the nanopatrticles. amount of CQq was evaluated by integration of the 0
stripping peak, corrected for the electric double-layer ca-
pacitance. The electrochéral oxidation of methanol was
2. Experimental characterized by the quasksty-state current density at
470 mV vs RHE in 1.0 M CHOH + 0.5 M H>SO; solution.
Pt/C, Ru/C, and BpRuso/C (30 mass% metal) catalysts All electrochemical measurements were carried out 4060
were prepared by a conventional impregnation method re-
ported previoushy14]. The catalysts were prepared by the
introduction of appropriate amounts of carbon black (Vul- 3. Resultsand discussion
can XC-72R) into ethanolic solutions of Pt(NIA(NO2)2
(Ishifuku Metal Industry), Ru(N@)s (Tanaka Kikinzoku 3.1. Carbon-supported platinum
Kogyo K.K.), or a 1:1 molar ratio of Pt(N§J2(NO2)2
and Ru(NQ)s. For the Pt source, 4 mM (M: moldm3) The pyrolysis process in H(10%)+ N2 (90%) for the
Pt(NHg)2(NO>) dissolved in ethanol was used. An ethano- Pt/C precursor powder is shown Kig. 1a. The decompo-
lic solution of 4 mM Ru(NQ)3z was used as the Ru source. sition of the Pt/C precursor was completed at about°I70
After thorough mixing, the precursor solution was allowed HR-SEM images of Pt/C pyrolyzed at various temperatures
to dry at 60°C to a powder. The dried powder was then re- are shown irFig. 2 The histograms of the particle size es-
duced in a tube furnace under flowing H.0%)+ N2 (90%) timated from 100 particles as a function of the pyrolysis
gas for 2 h at various temperatures. temperature are shown Fig. 3. More than 80% of the Pt
The pyrolysis process of the precursor powders was in- particles were in the range of 2-5 nm, irrespective of the
vestigated by thermogravietry (TG, Shimadzu TGA-50)  pyrolysis temperature. The relative abundance of small par-
under a constant flow of H(10%)+ N, (90%) at a heat- ticles (< 3 nm) decreased with increasing pyrolysis temper-
ing rate of Cmin~1. The structure of Pt/C, Ru/C, and atures (200C, 28%; 450C, 12%; 800C, 8%), whereas
PtsoRuUso/C was characterized by X-ray diffraction (XRD) that of particles in the range of 3—4 nm increased slightly
(Rigaku RINT-2550 with monochromated CyzKadiation), ~ with increasing pyrolysis temperature (200, 33%; 450°C,
high-resolution scanning electron microscopy (HR-SEM)

(Hitachi S-5000), high-resolution scanning transmission
electron microscopy (HR-STEM) (Hitachi HF-2210), and o\; 0
energy-dispersive X-ray spectroscopy (EDX) (Noran Instru- 4
ments Voyager). Scanning tremission electron microscopy g .10
coupled with energy-dispersive X-ray spectroscopy (STEM- o
EDX) was utilized to analyze the single-particle composition %0 20
of PtRu. 6
Electrochemical studies were conducted with a three- ¢,
electrode-type beaker cell equipped with a platinum mesh & -30 -
counter electrode, an Ag/AgCl reference electrode, and the =
working electrode. A Luggin capillary faced the work- 40 U | | | l
ing electrode at a distance of 2 mm. The working elec- 0 100 200 300 400 500

trodes were prepared by the thin-film electrode me{l6agl
Briefly, 20 mg of the catalyst powder was dispersed in
10 mL of methanol and was subjected to ultrasonification rig. 1. The TG curves: (a) PtNP(NOo)o, (b) Ru(NGs)3, and
for 30 min. Then, 20 uL of the catalyst powder dispersion (c) Pt(NHz)2(NO2)s + Ru(NO3)3, supported on Vulcan XC-72R carbon
(40 pug of the catalyst powder containing 12 pg of metal) was black powder under flowing ${10%)-N>(90%).

Temperature / °C
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Fig. 3. Histograms of Pt/C pyrolyzed under reducing condition at (a) 200,
45%; 800°C, 50%). The relative abundance of larger parti- (b) 450, and (c) 806C.
cles = 4 nm) was not significantly affected by the pyrolysis
temperature (200C, 39%; 450C, 43%; 800C, 42%). The  This observation is consistent with the sharpening of the
XRD patterns of Pt/C pyrolyzed at various temperatures are XRD peak, suggesting an increase in crystallite size, which
shown inFig. 4. The XRD patterns could be indexed based is particularly notable for the product pyrolyzed at 8@
on the fcc structure of Pt metal. The sharpening of the XRD
peaks indicates an increase in the average crystallite size3.2. Carbon-supported ruthenium
with increasing temperature of pyrolysis.

COqyq stripping voltammograms for Pt/C are shown in The decomposition of the Ru/C precursor powder was
Fig. 5 The peak of the Cg) oxidation appeared at 670 mV  completed at about 25€ (Fig. 1b), which is 80°C higher
vs RHE. The mean particle size of Pt calculated from the than the corresponding temperature observed for Pt/C pre-
electrochemically active swate area increased slightly with  cursor Fig. 1a). HR-SEM images of Ru/C pyrolyzed at vari-
increasing pyrolysis temperature; 2.5, 2.9, and 3.4 nm for ous temperatures are showrHig. 6. The particle size distri-
the products pyrolyzed at 200, 450, and 8@)respectively. bution at different pyrolysis temperatures is showFig. 7.

Fig. 2. HR-SEM images of Pt/C pyrolyzed under reducing condition at
(a) 200, (b) 450, and (c) 80CC.
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Fig. 4. The XRD patterns of Pt/C pyrolyzed under reducing condition at
(a) 200, (b) 450, and (c) 80€C.

[ 2044,

a)

b)

c)

0 04 0.8 12 Fig. 6. HR-SEM images of Ru/C pyrolyzed under reducing condition at
(a) 200, (b) 450, and (c) 80TC.
E/V vs. RHE
Fig. 5. The CQgrstripping voltammograms at 10 mv'$ of Pt/C pyrolyzed age crystallite size with increasing temperature of pyrolysis.
at (a) 200, (b) 450, and (c) 80@ in 0.5 M HSO4 (60°C). The sharpening of the peaks was more apparent for Ru/C
compared with Pt/C, consistent with the HR-SEM analysis
In contrast to Pt/C, Ru particles clearly showed a tendency revealing an increase in particle size.
to grow with increasing temperature of pyrolysis. The rela-  The CQyq stripping voltammograms of Ru/C pyrolyzed
tive abundance of particles larger than 4 nm significantly in- at various temperatures are shownFig. 9. The peak of
creased with increasing pyrolysis temperature (ZD07%; the CQgq oxidation appeared at 450-480 mV vs RHE on
450°C, 39%; 800 C, 62%). As shown irFig. 6c, Ru parti- Ru/C. The CQq oxidation charge decreased drastically with
cles as large as 30 nm (marked with arrows) were observedincreasing pyrolysis temperature. Quantitative evaluation of
in addition to the smaller particles (2 nm) for the Ru/C cata- the electrochemicallyactive surface from Cg stripping
lyst prepared at 80TC. voltammetry for Ru/C is complicate[d9] and is strongly
The XRD patterns for Ru/C pyrolyzed at various tem- dependent on the measuring conditions, such as preadsorp-
peratures are shown frig. 8 The XRD patterns could be tion potential and operating temperature. Here we have not
indexed based on the hcp structure of Ru metal. The sharp-optimized the preadsorption potential; thus only a semi-
ening of the XRD peaks indicates an increase in the aver- quantitative assessment can be discussed, and the discussion
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Fig. 7. Histograms of Ru/C pyrolyzed under reducing condition at (a) 200,

(b) 450, and (c) 800C.

of the CQgq oxidation on Ru/C will be confined to the rel-
ative change in the amount of adsorbed CO. The{OfX-
idation charge for Ru/C pyrolyzed at 800 was only 21%

of the value for Ru/C pyrolyzed at 20C. The decrease

in the electrochemically act&v/surface area with increasing
pyrolysis temperature for Ru/C was much more profound
compared with Pt/C. These results are consistent with the
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Fig. 8. The XRD patterns of Ru/C pylyzed under reducing condition at
(a) 200, (b) 450, and (c) 80CC.
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Fig. 9. The CQg-stripping voltammograms at 10 mv'$ of Ru/C py-
rolyzed at (a) 200, (b) 450, and (c) 80C in 0.5 M H,SOy4 (60°C).

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

3.3. Carbon-supported PtsgRusg

The decomposition of the binary §gRuso/C precursor

particle size analysis of Pt/C and Ru/C by HR-SEM and was completed at 20@ (Fig. 1c). In the case of the PtRu

XRD. The particle growth behavior of the Ru particles is mixed precursor, the Pt precursor and the Ru precursor de-
more significant than that of the Pt particles. The difference composed simultaneously in a single process. The decom-
in the particle growth behavior of Pt and Ru particles is prob- position temperature of the PtRu mixed precursor was lower
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Fig. 10. The XRD patterns of B§Ruso/C catalysts prepared at (a) 150,
(b) 200, (c) 300, (d) 450, (e) 500, (f) 600, and (g) 8@

than that of the Ru single-source precurdeig( 1b). These
facts suggest that the Pt and Ru sources were mixed at an
atomic level in the precursor solution. The single-step de-
composition process of the PtRu mixed precursor is prefer-
able from the standpoint of bimetal alloying, since nucle-
ation of the two metals will occur simultaneously. frt
Fig. 10shows the XRD patterns of §Ruso/C pyrolyzed n%‘m
at various temperatures. The XRD peak sharpened with
increasing pyrolysis tempature, especially above 60C,
suggesting an increase in the particle size and/or an increas
in crystallinity. With increasing pyrolysis temperature from
150 to 450 C, the fcc(220) peak shifted to higher reflection 20-30% of all measured particles), the Ru content tended
angles, suggesting that greater amounts of Ru were intro-to deviate from the nominal content. The histogram also
duced into the fcc structure. shows that the relative abundance of relatively large particles
STEM images of RpRuso/C prepared at 200, 450, and (> 5 nm) increased with increagirpyrolysis temperatures
800°C are shown irFig. 11 The average bulk Ru content (200°C, 3%; 450°C, 20%; 800C, 26%), which is consis-
obtained by EDX analysis was in accord with the nomi- tentwith the XRD results. In particular, PtRu particles larger
nal contents, Pt:Re: 45:55, 51:49, 48:52 Ru mol% at 200, than 30 nm were observed when the pyrolysis temperature
450, and 800C, respectively. The Ru content of individ- was 800°C (Fig. 11c), indicating that the high-temperature
ual particles with different particle sizes is showrfig. 12, particle growth behavior of PtRu particles is similar to that
along with the relative abundance as a function of the pyrol- of Ru particles. That is, PtRu particles tend to sinter at high
ysis temperature. Approximately 70-80% of the measured temperature.
particles were in the range of 2-5 nm for the catalysts, irre-  The CQyq stripping voltammograms for BfRuso/C py-
spective of the pyrolysis temperature. The majority of the rolyzed at various temperatures are showrrig. 13 The
alloy particles (80% or more) in the 43Ruso/C catalysts peak of the CQ@y oxidation appeared at 450-465 mV vs
prepared at 200 to 45Q is in the range of 2-5 nm, in ac- RHE. Similar to the behavior of Ru/C and Pt/C, the O
cordance with our previous resultf4]. The Ru contents  oxidation charge decreased fosgRuUso/C with increasing
for these individual particles were close to unity. For par- pyrolysis temperatures. In addition, an oxidation shoulder
ticles less than 2 nm or more than 5 nm in diameter (about peak is observed near 600 mV vs RHE. These peaks are at-

Fig. 11. The STEM images of §jRus/C catalysts pyrolyzed at (a) 200,
éb) 450, and (c) 800C.
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Fig. 12. The Ru contents of individual particles insgRuso/C pyrolyzed The sample pYrOIyzed alt 20C exhibited the hlghe.St cur-
under reducing condition at (a) 200, (b) 450, and (c) B0 left axis) and rent de,nSIty Wlth 42, Ag" PiRu. Although the aIonlng of
the relative abundance as a function of the particle size (right axis) estimated 'uthenium with platinum progresses as the pyrolysis tem-
from STEM-EDX analysis. perature is increased, large particles are also generated with
increasing pyrolysis temperae. Such features reduce the

tributed to the C@qoxidation on Pt or Pt-rich surfaces, since mass activity for methanol oxidation. In addition, if there
the electrode potentials are close to that of Pt/C Egeb) are Pt-rich particles on the surface, these may also con-
[19]. tribute to the decrease in activify]. The low activity of

The effect of the pyrolysis taperature on the electrocat- the catalyst pyrolyzed at 13C is most likely due to the
alytic activity for methanol oxidation is shown iRig. 14 incomplete decomposition of the PtRu precurdeg( 1c).
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The decomposition of the PtRu precursor occurs in the range [6] H.N. Dinh, X. Ren, F.H. Garzorp. Zelenay, S. Gottesfeld, J. Elec-
from 150 to 200C. If the precursor is not completely re- troanal. Chem. 491 (2000) 222.
duced to the metal state, residual organics should hinder [/ B-D- McNicol, R.T. Short, J. Electroanal. Chem. 81 (1977) 249.

. L . . . [8] J.B. Goodenough, A. Hamnett, B.Kennedy, R. Manoharan, S.A.
the electrocatalytic activity. This can be seen in the cyclic Weeks, J. Electroanal. Chem. 240 (1988) 133.

voltammogramsKig. 13, which show that the electrocat-  [9] A. Hamnett, S.A. Weeks, B.J. Kennedy, G. Troughton, P.A. Chris-
alyst pyrolyzed at 150C tends to have a smaller electric tensen, Ber. Bunsen-Ges. Phys. Chem. 94 (1990) 1014.
double-layer capacitance. This is suggestive of a low electro-[10] A.S. Arico, P. Creti, H. Kim, R. Mategna, N. Giordano, V. Antonucci,
chemically active surface area owing to the residual species,_ __ J- Electrochem. Soc. 143 (1996) 3950.

ina the elect talvst a Th talvst ti [11] A.S. Arico, A.K. Shukla, K.M.El-Khatib, P. Creti, V. Antonucci,
covering the electrocatalys ce. € Calalyst preparation J. Appl. Electrochem. 29 (1999) 671.

should be around 20 where sintering is inhibited and &  [12] T.. Schmidt, H.A. Gasteiger, R.J. Behm, Electrochem. Commum. 1

good dispersion state as well as good alloying state of the  (1999) 1.
PtsoRusp nanopatrticles are achieved. [13] A.S. Arico, P. Creti, E. Modica, G. Monforte, V. Baglio, V. Antonucci,

Particle growth is one of the causes of catalyst activity _ _ Electrochim. Acta 45 (2000) 4319.

dearadation in an operating fuel cell. There mav be some [14] Y. Takasu, T. Fujiwara, Y. Murakami, K. Sasaki, M. Oguri, T. Asaki,
g P 9 ' y W. Sugimoto, J. Electrochem. Soc. 147 (2000) 4421.

similarities between the high-temperature particle growth [15] v, Takasu, H. Itaya, T. Iwazaki, R. Miyoshi, T. Ohnuma, W. Sugimoto,
process observed in this study and the catalyst activity degra- Y. Murakami, Chem. Commun. 2001 (2001) 341.

dation process in a practical fuel cell. The present results [16] Y. Takasu, T. Kawaguchi, W. Sugimoto, Y. Murakami, Electrochim.
for the particle growth behavior of PtRu particles at high Acta 48 (2003) 3861.

temperature mav give insights into the catalvst de radat'on[17] Y. Takasu, W. Sugimoto, Y. Murakami, Catal. Surv. Asia 7 (2003) 21.
P u y give Insig ! Yy g : [18] V. Takasu, H. Itaya, T. Kawaguchi, W. Sugimoto, Y. Murakami, Stud.

process in actual fuel cells. Surf. Sci. Catal. 145 (2003) 279.
[19] T. Kawaguchi, W. Sugimoto, Y. Murakami, Y. Takasu, Electrochem.
Commun. 6 (2004) 480.
4. Conclusions [20] A.V. Tripkovic, K.D. Popovic, B.N. Grgur, B. Blizanac, P.N. Ross,
N.M. Markovic, Electrochim. Acta 47 (2002) 3707.
[21] C. Roth, N. Martz, F. Hahn, J.-M. Léger, C. Lamy, H. Fuess, J. Elec-

The structures of Pt, Ru, andsBRusg nanoparticles trochem. Soc. 149 (2002) E433.
supported on carbon and their relationship to the electro- [22] M. Watanabe, S. Motoo, Denki igaku 41 (1973) 190 (presently Elec-
catalytic activity toward Cgy and methanol oxidation were trochemistry).

examined. HR-SEM analysis, XRD, and GOstripping [23] T. Yajima, H. Uchida, M. Watanabe, J. Phys. Chem. B 108 (2004)

. . . . 2654.
voltammetry showed that the particle size drastically in- [24] E. Ticanelli, J.G. Beery, M.T. Paffett, S. Gottesfeld, J. Electroanal.

creased with increasing pyroiggemperature for Ru/C cat- Chem. 258 (1989) 61.
alyst, in contrast to Pt/C. Analysis of the size and compo- [25] X. Ren, P. Zelenay, S. Thomas, Davey, S. Gottesfeld, J. Power
sition of individual P¢oRuso nanoparticles by STEM-EDX Sources 86 (2000) 111.

showed that 70-80% of the nanoparticles had a size of 2_[26] H.A. Gasteiger, N. Markovic, P.N. Ross Jr., E.J. Cairns, J. Phys.

» . . Chem. 98 (1994) 617.
5nmand a composition close to unity. The hlgheSt mass [27] H.A. Gasteiger, N. Markovic, P.N. Ross Jr., E.J. Cairns, J. Elec-

activity of the PtoRuso/C prepared at 200C was suggested trochem. Soc. 141 (1994) 1795,
to be a result of the suitable balance between the sintering[2s] H.A. Gasteiger, N. Markovic, P.N. Ross Jr., E.J. Cairns, Electrochim.
state, dispersion state, and alloying state. Acta 39 (1994) 1825.

[29] H.A. Gasteiger, N.M. Markae, P.N. Ross Jr., J. Phys. Chem. 99
(1995) 8290.

[30] H.A. Gasteiger, N.M. Markae, P.N. Ross Jr., J. Phys. Chem. 99
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