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Monodisperse PtRu Nanoalloy on Carbon as a alloy with a narrow size distribution in a surfactargrganic
High-Performance DMFC Catalyst solvent system. The colloidal nanoparticles that are soluble
in organic solvents are especially convenient for impregna-
Young Hwan Le€, Gaehang Leé,Jae Ha Shin, tion on support materials. Furthermore, we found that the
Seongpil Hwand, Juhyoun Kwak, Kwangyeol Le€, carbon-supported PtRu colloidal nanoalloy can be activated
Hyunjoon Songd,and Joon T. Park* by a simple acid treatment under mild conditions. The

Department of Chemistry and School of Molecular Science prepared carbon-supported PtRu catalyst exhibits a remark-
(BK 21), Korea Adanced Institute of Science and able enhancement of catalytic activity for methanol oxidation

Technology, Daejeon 305-701, Korea, and Department of @ compared to that of the commercially available PtRu
Chemistry and Center for Electro- and Photo-Respaomsi catalyst.
Molecules, Korea Uniersity, Seoul 136-701, Korea  \ye prepared colloidal PtRu nanoalloy from the co-
Receied December 30, 2005 reduction of Pt(acagand Ru(acag)acac= acetylacetonate)
Revised Manuscript Receéd May 2, 2006 by 1,2-hexadecanediol as a reducing agent in octyl ether in
the presence of oleylamine and oleic acid as surfactants.

energy technology alternative to conventional energy- Similar gpproaches have recently been applied for the
generating devices, because of its high energy—conversionpremraltlon of FePf, FePd> MnFeO,* and MnPt
efficiency. low ol t, t emissi thanol fuel i1abilit systems. The size and composition of the alloy particles were

cy, 'ow pofiLitant émission, methanol L€l avaliabiity, analyzed by transmission electron microscopy (TEM) and
easy distribution, and high energy density of the ffel. point-resolved energy-dispersive X-ray spectrometry (EDX)
Although notable developments are being reported for the

reparation of new carbon-based catalvst-support matafials measurements. Figure 1a shows a typical TEM image of the
preparal W X yst-supp AETAIS,  colloidal PtRu nanoalloy, which shows remarkably uniform
the metal catalysts should be independently investigated to

optimize DMFC performance, which calls for careful studies and well-dispersed nanoparticles. The average diameter of
P P ' 2.4 nm was accompanied by a relatively narrow particle size

O e o isuton (ange- 1929 i, D= 0.19 i (%)

to be the most );;romigiag rﬁaterial for the ar?/ode where The particles are nearly spherical in shape. It is noted that

methanol is catalytically oxidizet® It is well-known ,that most of the PtRu nanppartl'cles for D MFC catalyst repqrted

the catalytic activity is strongly dep.endent on the shape, size thu§ far_showed a wide s1ze dlstrlbu_non up to 40% in a
T . . : ’ 'similar size (-2 nm)1¢ The high-resolution TEM (HRTEM)

and size distribution of catalytic particle§/arious synthetic image (the inset in Figure 1a) demonstrates the highly

zf[(r)a;]tseglses;ésuchrgls ;h:ozor:?ﬂ:i%gat:lT?;gg‘%ﬁehrgu; crystalline nature of the nanoparticles. Figure 1b exhibits the
bleen ,err? Ig gg 'n)é)rld('ar 0 rel ar;vb'\:maltall'cl PItR ,ca}[/al ots selected area electron diffraction (SAED) pattern of the
ployeadt prep : ' u YSIS: oo lloidal nanopatrticles; diffractions of the (111), (200), (220),

?nuotr o:;g ha\llteisn?;er;;?g'rzed rsgeequl:saitti t(é) Ogg\?élgf rpea}irztals:z and (311) lattice planes are consistent with the face-centered
P 9y- ' » prereq P cubic (fcc) structure of PtRu binary alloy. EDX analysis

?{;the;lcnmm?tis tlo rrlonicrflsrp\elzrsteﬁ stom;h:orr:etrlrcfalrli/nu?llform reveals that the atomic composition of Pt:Ru is 0.49:0.51,
U hanoparticies to improve the catalyst periormance. i is close to 1:1 stoichiometry. Prior to electrochemical

In thi r, we report a simple, reliable preparation : :
methodi‘or:angﬁr;odiz eerrs)(e) hasse puer,e StRB ioﬁoeig:l ia?m measurements of the catalysts, colloidal nanoparticles are
P P P deposited on a high-surface-area Vulcan carbon (Vulcan XC-
* To whom correspondence should be addressed. E-mail: joontpark@kaist.ac.kr.72R)_' As shown in the _TEM mlcrograph in _Flgure 2a, the
Fax: 82-42-869-5826. _ colloidal PtRu nanoparticles are uniformly dispersed on the
! Korea Advanced Institute of Science and Technology. Vulcan carbon, and all nanoparticles have a particle size and

* Korea University. . . - ’
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Figure 1. (a) TEM image of the colloidal PtRu nanoalloy (the inset represents the HRTEM image). (b) Selected area electron diffraction pattern. (c)
Histograms of the particle distributions for colloidal PtRu nanoalloy as measured from 180 particles in TEM micrographs. (d) Typical EDX spectrum of

colloidal PtRu nanoalloy.

Figure 2. TEM images of (a) colloidal PtRu/Vc catalyst precursor, (b) PtRu/Vc catalyst, and (c) commercial E-TEK catalyst.

(Figure S2Y before and after treatment of the colloidal PtRu tion gave an average size of 2:40.1 nm for PtRu/Vc, which
nanoparticles with acetic acid. Figure 2b clearly reveals thatis in a very good agreement with the TEM measurements.
the surfactant-free PtRu nanoparticles were still highly  To investigate the catalytic performance of the prepared
dispersed over the entire carbon surface and the size of the”tRu nanoparticles for DMFC, we analyzed the electro-
particles was unchanged by acid treatment. Figure 2b ischemical properties of the nanoparticles in an acidic solution
sharply contrasted with Figure 2c of the commercial E-TEK using linear sweep voltammetry (LSV). The colloidal PtRu/
(30 wt %) catalyst with poor dispersion and broad particle Vc catalyst precursor showed no catalytic activity. Figure
size distribution. The inductively coupled plasma (ICP) 3a exhibits cyclic voltammograms of methanol oxidation
measurement showed a PtRu content of 26.9 wt % for PtRu/catalyzed by PtRu/Vc (26.9 wt % PtRu, solid line) and the
Vulcan carbon (abbreviated as PtRu/Vc). The EDX spectrum commercial PtRu catalyst (30 wt %, E-TEK, dashed line)
of PtRu/Vc revealed a Pt/Ru atomic ratio of 0.47/0.53, which under acidic conditions. The methanol oxidation occurs at
agrees well with the original stoichiometric ratio of 0.49/ relatively lower potential and the current peak is significantly
0.51. X-ray diffraction (XRD) patterns for PtRu/Vc matched higher for the PtRu/Vc catalyst compared to that of the
well but were slightly shifted to higherf2values compared  commercial one. The low onset potential-e®.01 V vs SCE

to those of the pure Pt fcc structure, as shown in Figur& S1. of PtRu/Vc compares with 0.02 V of the E-TEK catal§/t,
This observation is consistent with those by other grééips.  which indicates a superior electrocatalytic activity of our
The particle size calculation using a Debygcherrer equa-
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Figure 3. (a) Linear sweep voltammograms (scan rat®.010 V/s) and

(b) chronoamperometry measurements of methanol oxidatitM CH;OH

and 0.05 M HSOy solution for an electrode coated with PtRu/Vc catalyst
(solid line) and with commercial E-TEK catalyst (dashed line).
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current, on the basis of the previously reported mass activity
at the same potential of electrocatalyst prepared from
electrochemical deposition of Ru on commercial Pt nano-
particles supported on Vulcan carbon (E-TEK)The
changes in the oxidation current density with time were
recorded for both catalysts at the bias of 0.2 V, as shown in
Figure 3b by the chronoamperometric method. The currents
sharply decreased within 50 s and then decayed very slowly
to approach the limiting currents for more than 500 s. The
initial and limiting currents of PtRu/Vc are much higher than
those of the E-TEK catalyst throughout all the ranges up to
500 s. It indicates satisfactory CO tolerance of both catalysts
during methanol oxidation reaction. All of the results reveal
a remarkable enhancement of catalytic activity for our PtRu/
V¢ catalyst in methanol oxidation compared to those of the
E-TEK catalyst and earlier works.

In conclusion, monodisperse PtRu (1:1) nanopatrticles have
been synthesized by the coreduction of platinum and
ruthenium precursors in the surfactaorganic solvent
system. The PtRu/Vc catalyst was generated by impregnation
on the Vulcan carbon support, and the surfactant was
removed by acetic acid treatment. The electrochemical
experiments exhibited that our PtRu/Vc¢ catalyst had remark-
ably higher catalytic activity toward methanol oxidation
reaction compared to that of commercially available PtRu
catalysts and earlier works. The high activity of our catalyst
is obviously due to nanosize and monodispersity of the
catalyst particles and excellent dispersion of the catalysts
on the carbon support by colloidal impregnation and mild
activation of the catalyst. Details of controlled preparation
and mechanistic studies on electrochemical properties of the
PtRu catalyst are in progress.
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