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Abstract: In this report, we describe a general methodology to determine the extent of alloying or atomic
distribution quantitatively in bimetallic nanoparticles (NPs) by X-ray absorption spectroscopy (XAS). The
structural parameters determined in these studies serve as a quantitative index and provide a general
route to determine the structural aspects of the bimetallic NPs. We have derived various types of possible
structural models based on the extent of alloying and coordination number parameters of bimetallic NPs.
We also discussed the nature of homo- and heterometallic interactions in bimetallic NPs based on the
extent of alloying. Herein, we use carbon-supported platinum—ruthenium bimetallic nanoparticles to
demonstrate the proposed methodology, and this can be extended further to get more insights into the
alloying extent or atomic distribution of other bimetallic systems. The results demonstrated in this paper
open up methods to determine the atomic distribution of bimetallic NPs, which is an extremely important
parameter that strongly influences the physicochemical properties of NPs and their applications.

1. Introduction the structure and shape of the particles; and (iv) the extent of
alloying or atomic distribution in bimetallic NPs.

It has been fairly observed that our knowledge of the catalytic
reaction mechanisms will be improved if we can relate the
catalytic activity to the structural aspects of the matelfals
because most of the catalytic reactions are structure sensitive,
and hence methods to get more insights into structural aspects
are highly needed. Of interest is to control the homogeneity,
dispersion, alloying extent, and structure as they have profound
influence on the surface properties which affect the catalytic
activity, selectivity, and stability of the bimetallic nanoparticles.
Even though alloying is a well-known phenomenon, detailed
* National Taiwan University of Science and Technology. studies on quantitative assessment of alloying extent or atomic
*National Synchrotron Radiation Research Center, Hsinchu 300, Taiwan. distribution in bimetallic NPs have been lacking so far. Hence,

@ t?(',r,‘]f;'tE;](X(';n'?\}l”gﬁ%"r'gp%\"}‘\t,ﬁg’;ts,\leﬂsﬁﬂeiggfncems and Applica- it is of great interest to search for methods which can precisely

Bimetallic nanopatrticles (NPs) are of great interest from both
a scientific and a technological perspective because the addition
of the second metal provides a method to control chemical and"
physical propertie¥? Bimetallic NPs have been widely ex-
ploited for use in catalysi%,®> optoelectronic$, information
storage,® biological labelingl® and they are prospective
substrates for surface-enhanced Raman scattering (SERS).
The physicochemical properties of nanoparticles depend on
several factors, to mention a few such as (i) the particle
homogeneity; (ii) the surface segregation of the particles; (iii)
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choosing the number of atoms used in the simulation process,absorption spectroscopy (XANES) region (conventionally from
it is hard to predict the structure and atomic distribution of NPs below the edge up te-30—50 eV) and the extended X-ray
with the so-called theoretical methods. Also, the theoretical pre- absorption fine structure (EXAFS) region (above the edg6—
diction that the bimetallic systems have reached the thermody-50 eV), either the L-edgéor the K-edgé® of transition metals,
namic equilibrium is not accessible during real-time synthesis has proved to be an invaluable tool for in situ structural
of NPs. Although it is of immense importance to control or ex- studied®3° of nanoparticles and has wide applicatighs®
amine the structure and atomic distribution of NPs, predicting  The XANES spectra provide information about the oxidation
them is too difficult from computational and thermodynamic state, fractional d-electron density, and electronic environment
aspects. Meanwhile, most of the synthesis conditions for NPs areof the absorbing atom, while the EXAFS spectra yield informa-
not at thermodynamic equilibrium. Differences in atomic dis- tion on the number, type, and distance of the backscattering
tribution, depending on the preparation conditions, even in the atom surrounding the central absorbing atom and allow inves-
case of bimetallic NPs having similar compositions, will have tigations on the short-range ordering and provide geometric
strong influence on their catalytic properties. Hence, it is of information. In recent years, XAS studies have been well
great importance to explore a method which can estimate theexplored on bimetallic nanoparticlé&s3° However, XAS studies
structure models and atomic distribution of NPs which is most focusing on estimation of atomic distributions or alloying extent
beneficial for physicochemical properties and their applications. in the NPs are limited. In this regard, herein, we attempt to
The commonly available X-ray diffraction (XRD) technique propose a general methodology to estimate the structural
to understand the alloy structure of bimetallic nanoparticles may characteristics, such as alloying extent or atomic distribution
not give real structural information. It lacks the ability to identify  in bimetallic nanoparticles, by deriving the structural parameters
short-range ordering (local environment) and only provides from XAS analysis and to demonstrate the results on two
information about the long-range ordering and periodicities commercially available carbon-supportee-Ri nanoparticles.
preferably on single crystals or polycrystals, and hence, conclu-We believe that the recipe given herein will be useful to deduce
sions about the alloy structure of nanosized particles cannot bethe structures and alloying extent or atomic distribution of other
simply drawn from XRD. For example, even though some of related NP systems.
the nanoscale P{Ru catalysts contain Pt metal, Pt hydrous
oxides, Ru hydrous oxides, and Ru metal phases, the XRD 2. Experimental Section
technique misidentifies these catalysts and shows that the ciaiysts and Sample Preparation.Two commercial P£Ru/C
catalysts contain PtRu alloy phas€d’he electron microscopy  catalysts, a 20% Pt/10% Ru supplied by E-TEK and a 20% Pt/10% Ru
techniques, such as TEXMand HRTEM:*?will provide only supplied by Johnson-Matthey, both with a Pt/Ru atomic ratio of 1:1
qualitative understanding of the structure of bimetallic nano- and with an average particle size o2 nm, were examined in this
particles. For example, the HRTEM method enables one to study. Both of the catalysts were subjected to a 30 min reduction at
distinguish core/shell structure on the basis of observing different 298 K under flowing H. The catalyst-containing sample was pressed
lattice spacing. On the other hand, TEM emphasizes the intensityinto a pellet in a stainless steel holder using a hydraulic pellet press
contrast in understanding the structure of bimetallic nanopar- @nd used to collect the X-ray absorption data.
ticles. The surface-sensitive techniques, such as X-ray photo- XAS Measurements.The X-ray absorption spectra were recorded
electron spectroscopy (XP&),Auger electron spectroscopy at the Bea_m Line BL12B2 at the Spring-8, Hyogo, Japar_l. The electron
(AES)22 and infrared spectroscopy (IR)are more suitable to storage ring was operated at 8 GeV. A double Si(111) crystal

lize th f llovina behavi d i h monochromator was employed for energy selection. Three gas-filled
realize the surtace alloying behavior and segregation p enom'ionization chambers were used in series to measure the intensities of

ena. However, these techniques are not suitable for studyingine incident beami¢), the beam transmitted by the sampi @nd the

the alloying extent that we are interested in addressing here.peam subsequently transmitted by the reference ilhe third ion
Regarding the bimetallic cluster, both anomalous wide-angle chamber was used in conjunction with the reference sample, which
X-ray scattering26 (AWAXS) and X-ray absorption spec- was a Pt foil for Pt ly-edge measurements and Ru powder for Ru
troscopy (XAS) techniques can provide information on the K-edge measurements. The stainless steel holder containing the sample
morphology of the considered species, as well as the distributionwas placed between the incident beam detector and the reference beam

of the two metals inside the species.

With the development of XAS, researchers have obtained a (27

tool which is particularly well suited for the structural investiga-
tion of bimetallic NPs. XAS studies at both the near-edge X-ray
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(22) Batista, J.; Pintar, A.; &, M. Catal. Lett 1997, 43, 79-84.

(23) Huifang, L.; Stephen, M.; Keith, J. S.; Chandler, B.JDAm. Chem. Soc.
2004 126, 12949-12956.
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detector. Prior to the XAS measurements, the catalyst sample in thenumber of B around A to the total coordination numbers, we
holder was treated with pure;igas for 30 min with a flow rate of 30 have deduced the quantitative parametéssand Jg, for the

cm® Ho/min, and then we performed the XAS scan. The sample gjloying extent in A-B bimetallic NPs, and the meaning of
preparation, control of parameters for EXAFS measurements, and datathese parameters will be described in the following paragraph.
collection modes are all done as per the guidelines set by International The quantitative extent of alloying or atomic distribution in
XAFS Society Standards and Criteria Commitee. bimetallic NPs can be evaluated by deriving the XAS structural

XAS Data Analysis.Standard procedures were followed to analyze t Th ters that ded to derive th tent
the XAS data. First, the raw absorption spectrum in the pre-edge region parameters. 1he parameters that are needed to derive the exten

was fitted to a straight line, and the background above the edge wasOf @lloying are represented &pserved Robserved Prandom and
fitted with a cubic spline. The EXAFS functio, was obtained by ~ Rrandom The parametePopservecan be defined as a ratio of the
subtracting the post-edge background from the overall absorption andScattering atoms B coordination number around absorbing A
then normalized with respect to the edge jump step. The normalized atoms Na-g) to the total coordination number of absorbing

x(E) was transformed from energy spacekispace, wherd is the atoms § Na—i) (Pobservee™ Na—g/> Na—i). Similarly, Ropservedcan
photoelectron wave vector. Thefk) data were multiplied by to be defined as a ratio of the scattering atoms A coordination
compensate for the damping of EXAFS oscillations in the kigégion. number around absorbing B atonMds( ) to the total coordina-

Subsequentlyk?-weightedy (k) data in thek-space ranging from 3.6 to
12.5 A1 for the Pt Ly-edge and from 3.6 to 11.6-Afor the Ru K-edge

were Fourier transformed (FT) tospace to separate the EXAFS . . : . . .
contributions from the different coordination shells. A nonlinear least- perfect alloyed bimetallic NPs if the atomic ratio of A and B is

squares algorithm was applied to the curve fitting of an EXAFS in the 1:1. This value can t_)e a_lchleved by assumiiyga = Na-g
r-space between 1.7 and 3.2 A (without phase correction) for Pt and @1dNs—s = Ns-a, which is generally true for perfect alloyed
between 1.5 and 3.3 A for Ru. The-FRu reference file was determined ~ bimetallic NPs. This methodology can be easily extended to
by a theoretical calculation. All of the computer programs were the other NP systems of interest. For example, in the case of
implemented in the UWXAFS 3.0 packdgavith the backscattering 1:2 bimetallic NPs, Ra—ao = Na—g and Ng—_g = 2Ng-a for
amplitude and the phase shift for the specific atom pairs being perfect alloyed bimetallic NPs, indicating tHtndgomandRrandom
theoretically calculated by using FEFF7 cdé&rom these analyses,  would be 0.67 and 0.33, respectively. In the case of 1:4
structural parameters, such as coordination numigrs6ond distance bimetallic NPSs, Ma_a = Na_g andNs_g = 4Ng_ for perfect

(R), the Debye-Waller factor (Acj?), and inner potential shiftAE), alloyed bimetallic NPs and, thereforBandom and Rrandom €aN
have been calculated. . . L
be taken as 0.8 and 0.2, respectively. In this contribution, we

CO Stripping Voltammetry. A CO voltammetric stripping experi- - D . .
ment was performed as follows. CO was adsorbed onto the electrodeWIII focus on the 1:1 bimetallic NP system. From the ratio of

surface at 0.1 V versus NHE by bubbling the high-purity CO gas FobservedtO Prandom W€ can evaluate the extent of alloying of
through the 0.5 M KSQ; solution for 15 min. The CO adsorption time ~ the A element in NPs, and similarly, from the ratioRfuserved
was found to be sufficient to reach the steady state. CO stripping was t0 Rrandom W€ can estimate the alloying extent of the B element
studied after flushing the cell with Nfor 15 min while still holding in NPs. The extent of alloying of element Aa) and element
the potential at 0.1 V versus NHE. Then the potential was scanned B (Jg) for 1:1 A—B bimetallic NPs can be calculated quanti-

from 0.2 to 1.2 V versus NHE at 5 mV/s to record the CO stripping tatively by using the eqgs 1 and 2, respectively.
voltammograms.

tion number of absorbing atom$ Kg—i) (Robserved= Ng—a/
> Ng—i). WhereasPrandom and Rrandgom €an be taken as 0.5 for

P
3. Results and Discussion = wdx 100% (1)

The structure of bimetallic nanoparticles (NPs), which random

contains two kinds of metal elements, may possess the crystal _ Robserved 0
o . . ’ Jg=—=—— x 100% (2)
structure similar either to the bulk alloy or another type in which R andom
the distribution of each metal element is different from the bulk.
In the literature, many reports have appeared describing the It is possible to construct the structural models emphasizing
applicability of XAS to derive the structural models for the atomic distribution in the bimetallic NPs with the knowledge
bimetallic NPs3"~3944However, researchers have proposed only of the y Na—i, > Ns—i, Ja, andJg values derived from XAS. With
qualitatively the structural models of bimetallic NPs, such as the help of the extent of alloying values and structural
random alloy, alloy with an intermetallic compound type, parameters extracted from EXAFS, it is possible to predict the
cluster-in-cluster, and coreshell structuré? Literature describ-  structure models of NPs. Herein, we will discuss seven possible
ing the quantitative extent of alloying or atomic distribution of ~cases, and schematic presentation of the corresponding structural
bimetallic NPs is rather scarce. It is of interest to estimate the models are presented in Figure 1. Even though we present seven
extent of alloying or atomic distribution of elements in bimetallic cases, in fact, there are unlimited cases possible which really
NPs to get more insights into the structure, as well as their real depend on the alloying extent and will influence the behavior
applications. In this direction, we have analyzed the bimetallic of NPs, especially in catalytic applications. In case 1laif=
NPs (of types A-B) by XAS. By estimating the ratio of the 0 andJs = 0, then both A and B particles are not involved in
coordination number of A around B and also the coordination the alloying and resulted in separated cluster particles (see Figure
1, case 1). In this case, Nao—a = Np_g, this means that the
(40) See, for example, the guidelines for data collection modes for EXAFS i i i
measurementsp and user-controlled parameters at http://ixs.iit.edu/ partlcle.5|ze .Of both A and B is same, Bt > Na-s .means.
subcommittee_reports/sc/scO0report.pdf. the particle size of A is larger than that of B. It is also interesting
(41) Guidelines for errors reporting can be found at http://ixs.iit.edu/subcom- {4 discuss the extent of metallic interactions based on the alloy
mittee_reports/sc/err-rep.pdf. oo R
(42) Stern, E. A.; Newville, M.; Ravel, B.; Yacoby, Y.; Haskel, Bhysica B extent of A and B. However, only at the equilibrium state is it
1993 208-209 117-120. possible to know the nature of metallic interactions. For

(43) Zabinsky, S. I.; Rehr, J. J.; Ankudinov, A. L.; Albers, R. C.; Eller, M. J. X . X . .
Phys. Re. B 1995 52, 2995-3009. bimetallic NP systems, which have not reached the kinetic
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Case 1. J,=0, J;=0 Case 2. J,=J,=100 Case 3. J,< 100, J; < 100
Ho &Hyy>> Hoy H =Hgy=H, Hoa>Hyp>Hop
Separated structure Alloy structure Homao-philic structure

Case 4. J,> 100, J; < 100; Case 5. J,> 100, Jg> 100 Case 6.J,<50, J;< 50

Case 7. J,= 200, J, = 200

H B H ,>H H»\-Il> H-\--\[or] H.J\-II H Onion-ring structure

>H,.>H
B A AA Be~ Nan
‘B‘richmn-‘f\‘rl’c?l‘m structure Heteratomic-rich structure A

AA
B, structure

Figure 1. Schematics of bimetallic nanoparticles at various degrees of alloying.
barrier, it is not possible to assess the extent of metallic A atoms inthe NPs of case 4 is better, indicatingdkheole in
interactions. If NPs reach the equilibrium state, then we can providing the degree of atomic dispersion in NPs quantitatively,
further discuss the extent of interactions between the atoms inwhich we cannot simply obtain from the coordination numbers.

NPs. In this case, homoatomic interaction of A atomdg-(a) If Jo < 100% andJs > 100%, the situation is opposite to the
and homoatomic interaction of B atomidg_g) > bimetallic case 4, that is, the atomic distribution of B atoms is better when
(A—B) heteroatomic interaction$ig—g) and means that there  compared to that of A atoms. As a result, the structure will be
are no heteroatomic interactions in the NPs. In case 2}, i similar to that of the A rich in coreB rich in shell (model not

Js = 100%, then both the A and B atoms are involved shown in the figure). At the equilibrium state, the interactions
completely in the alloying process and resulted in perfect alloyed are in the ordeHa-a > Ha—g > Hp—g. In case 5, if]la > 100%

NPs (see Figure 1, case 2). If the bimetallic system is in the andJg > 100%, then the atomic distribution of both A and B
equilibrium state, then the interactions will b-a = Hg—g atoms is improved, and in the resulting structure, we can expect
= Ha-g, Which means that there are equal bimetallic interactions more heteroatomic interactions than homoatomic interactions
in the NPs. In case 3, fa < 100% andlz < 100%, then both (see Figure 1, case 5). At equilibrium, the interactions will be
A and B atoms are not preferred to be alloyed, and it indicates in the following order: Ho—g > Ha—a andHa—g > Hg_g. By

that a higher extent of A/B atoms prefer A/B atoms and prefer comparing the different models described above (from cases
only to a lesser extent alloying between A and B atomgglf 3—5), we can provide quantitative atomic distribution, which
> Ja, it appears that the core is rich in A atoms and the shell can be very important for NP applications. In case @laif<

is rich in B atoms (see Figure 1, case 3). Here, it is noteworthy 50% andJg < 50%, then the resultant structure A particles are

to discuss the coordination number parameters. kg will in the core and B patrticles are in the shell (see Figure 1, case
be greater than that giNg—_i. At equilibrium conditions, we 6). The total coordination numbe¥,Na—i, will be greater than
can see that the order of interactions willHg-a > Hg-g > that of Y Ng—i. At the equilibrium state, the interactions follows

Ha—g. On the contrary, ifJa > Jg, then in the resulting the ordeHa—a > Hg—g > Ha—g. If Jo < 50% andJz < 50%,
bimetallic NPs, B atoms are rich in the core and A atoms are the bimetallic NPs adopt a structure similar to that of the B
rich in the shell (model not shown in the figure). In this case, core-A shell model (model not shown in the figure). In this
>Ng—i > Y Na—i. At the equilibrium state, the interaction follows case,Y Ng—i > Y Na—i, and the interactions at equilibrium state
the ordeHg_g > Ha—-a > Ha—g. In case 4, ifJ, > 100% and are in the following order:Hg—g > Ha-a > Ha—g. In case 7,

Js < 100%, then B atoms prefer B atoms rather than A, and A if J» = 200% andJgs = 200%, then A atoms always prefer B
atoms prefer B atoms rather than A atoms. As a result, atomic atoms and vice versa, and the resulting structure looks like an
distribution of A atoms is better than that of B atoms. In other onion ring (see Figure 1, case 7), in which one layer is occupied
words, we can say that the segregation of A atoms is lessby A atoms and the other layer by B atoms.

pronounced than that of B atoms. At the equilibrium state, the By using the above-mentioned egs 1 and 2, we have derived
interactions are in the following ordeklg—g > Ha—g > Ha-a. the alloying extent quantitatively in commercial E-TEK 30 and
In this type, the bimetallic NPs adopt a structure similar to that JM30 PtRu/C nanoparticles (see Table 1). The EXAFS
of the B rich in core-A rich in shell (see Figure 1, case 4). oscillations in the background-subtracteédweighted spectra
Here, they Ng—; > Y Na—i. Even though the structures described recorded at the Pt|l-edge and at Ru K-edge (Figure S1) and
in cases 3 and 4 are similar in nature, the atomic dispersion oftheir corresponding Fourier transforms (Figure S2), EXAFS

J. AM. CHEM. SOC. = VOL. 127, NO. 31, 2005 11143
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Table 1. Structural Coordination Number Parameters and Alloying Extent for Commercial E-TEK 30 and JM 30 Pt—Ru/C NPs and for
Some Other 1:1 Bimetallic NPs Reported in the Literature

NPs Na—g Na—a Nai Na—j Pobserved Ropserved Ja (%) Js (%) structure models
JM 30
(A =Pt,B=Ru) 14 2.2 7.0 5.6 0.20 0.39 40 78 Pt dgk—Ru richsnen (Figure 2a)
E-TEK 30

(A =Pt,B=Ru) 0.9 12 7.1 4.9 0.13 0.24 26 48 Pt gl Ru richshen (Figure 2b)
Pd-Au (1:1p

(A =Pd, B=Au) 25 2.3 4.0 8.8 0.62 0.26 125 52 Au righ—Pd richyen(Figure 1, case 4)
Pd-Pt (1:1p

(A =Pd, B=Pt) 3.0 1.3 5.3 6.1 0.57 0.21 113 43 Pt gglb-Pd richyen (Figure 1, case 4)
Cu—Pd (1:1¥

(A =Cu, B=Pd) 5.0 5.1 7.8 7.9 0.64 0.64 128 129 Heteroatomic-rich (Figure 1, case 5)

aSee ref 37P See ref 38¢ See ref 39.

parameters such as bond distariRg the Debye-Waller factor
(Ao, and inner potential shiftAEo) (Table S1) have been
provided in the Supporting Information. We also calculated the
quantitative extent of alloying for some of the 1:1 bimetallic
NP systems reported in the literature by using the derived
equation (See Table 1)

We have employed the derived expressions Jorand Jg
from the coordination numbers of bimetallic NPs reported in
the literaturé’—3° and compared in Table 1.

On the basis of the alloying extent, we have checked the
reliability of the structural models that are suggested for the
bimetallic NPs. It is quite interesting that, if we apply our I ;":”:‘““T“"’:’“I dedused 1 J;:;?")‘“‘"Z“:";:K 6 bt
derived expression faly andJg to calculate the alloying extent ~ ~/gure 2. Structural models geduced for &) and E-
of Au and Pd, respectively, for a 1:1 AuwPd bimetallic NP’ RUIC catalysts (b) based on XAS parameters.
we have achieved the valugg = 125 andla, = 52. It indicates 1), and RuJr, (calculated from expression 2), values for E-TEK
that Au atoms are rich in the core and Pd atoms are rich in the 30 and JM30 PtRu/C catalysts are given in Table 1. In the
shell, similar to the model shown in Figure 1, case 4. From the case of JM 30 catalyst, the coordination numbers of Pt and Ru
JrgandJa, values, we can understand that the atomic dispersion atoms around the Pt atom are found to be£.6.3 and 1.4+
of Pd is better than the atomic dispersion of Au in the-/Rd 0.1, respectively, and the total coordination nump&p.; is
bimetallic NPs. Similarly, if we apply our methodology to 7.0. The coordination numbers of Ru and Pt atoms around the
calculate the alloying extent of Pd and Pt for a 1:1-Pd Ru atom are determined to be 3#4 0.2 and 2.2+ 0.3,
bimetallic NP38 we have foundlpg = 113 andlp; = 43. These respectively, and the total coordination numbgNg.-;i is
values suggest that PdPt bimetallic NPs also have a structure calculated as 5.6. From these valuBgsserved@Nd Ropserveg@re
similar to the one shown in Figure 1, case 4, in which Pt atoms determined to be 0.20 and 0.39, respectively, dndnd Jry
are rich in the core and Pd atoms are rich in the shell, with a values are calculated to be 40 and 78%, respectively. For E-TEK
higher extent of Pd atomic dispersion in the NPs. The application 30 catalyst, we have calculated the coordination numbers of Pt
of the proposed methodology to €&d (1:1) bimetallic NP¥ and Ru atoms around the Pt atom to be £.2.3 and 0.9+
yields Jpg = 128 andJcy, = 129, indicating that NPs have an 0.1, respectively, an§ Np—i as 7.1; the coordination numbers
equal extent of Pd and Cu atomic dispersion. The structure of Ru and Pt atoms around the Ru atom are determined to be
model proposed in Figure 1, case 5, suits well for the-€d 3.7+ 0.2 and 1.2t 0.2, respectively, and thENg,—; as 4.9.
(1:1) bimetallic NPs. It is satisfactory that the structural models The other two structural parameteRypserved@Nd Ropserved iN
proposed here based on the alloying extent values agree welthe case of E-TEK 30 are calculated to be 0.13 and 0.24,
with those reported in the literature. respectively, and thép; and Jr, values are calculated as 26

However, in the literature, the structural models proposed for and 48%, respectively. It is clear from the structural coordination
the bimetallic 1:1 Au-Pd, Pd-Pt, and Cu-Pd NPs are drawn  parameter values of both catalysts tdtp; > Y Ngry-i and
only based on the total coordination numbérisly - and) Ng—j, Jru > Jprand indicates that the catalysts adopt a Pt that is rich
and cannot disclose the different degree of atomic distribution in the core and a Ru that is rich in the shell structure, and the
precisely. Hence, we believe it is only a qualitative assessmentschematic representation of the structures of the catalysts is
of the structure and needs to consider the extent of alloying or given in Figure 2. The observed parameter relationship (i.e.,
atomic dispersion when predicting the structure of bimetallic YNa—i > YNg-i (A = Pt, B= Ru)) for IM30 and E-TEK 30
NPs. In this way, our investigations will be helpful to estimate Pt—Ru/C catalysts is consistent with the relationshg, +
quantitatively the extent of atomic distribution or alloying of Nag > Nga + Nag for a homogeneous system for which the
bimetallic NPs to get more insights into the structure. core of the cluster is composed of N atoms of A (NA) and the

Discussion of the Structural Models Proposed for JM 30 surface is made of N atoms of B (NB), the total coordination
and E-TEK 30 Pt—Ru/C Catalysts.The coordination numbers  number Naa + Nag) for the A atom, and greater than the total
and the extent of alloying of Pdp; (calculated from expression  coordination for the B atomaNga + Ngg).4>46
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Figure 3. Comparison of methanol oxidation activity of JM 30 and E-TEK 36-Ru/C catalysts: (a) CO stripping voltammograms recorded in 0.5 M
H2SOy solution (CO gas was purged for 15 min at 0.1 V and then stripped); and (b) chronoamperometric analysis at constant potential 0.5 V versus NHE
in 15% CHOH + 0.5 M HySOs.

From the quantitative extent of alloying values, we can see JM 30 can be attributed to its increased extent of alloying or
that in both the catalysts a considerable amount of Ru is better atomic distribution.
segregated on the shell layer, but the extent of segregation of )
Ru is higher in E-TEK 30 when compared to the JM 30. The Conclusions
increased value afr, in the JM 30 catalyst indicated that most We have shown that the extent of alloying or atomic
of the Ru is involved in alloying and, hence, less segregation dispersion in bimetallic nanoparticles can be determined quan-
of Ru in the shell, whereas in the case of E-TEK 30 catalyst, a titatively from the structural parameteda and Jg of A—B
lesser extent of Ru is involved in the alloying and considerable bimetallic NPs derived from XAS. From the extent of atomic
extent of segregation of Ru can be expected in the shell region.dispersion or alloying, it is possible to understand and control
The segregation of Ru in the case of E-TEK 30, in part, may the structure of bimetallic nanoparticles. We have derived
be responsible for its lower methanol oxidation activity com- various structural models based on the extent of alloying in
pared to that of JM 30. Recent infrared measurements on thebimetallic NPs. These findings are of general interest, and the
Pt—Ru alloy particle electrodes indicates two modes of adsorbed methodology is convenient for applying to bimetallic NPs
CO vibrations related to both Pt and Ru domains present on prepared under conditions which have not fully reached the
the surface and supports the surface segregation of Ru inthermodynamic equilibrium. Even though we presented discus-
commercial catalyst§. The results obtained from XAS support  sions on structural models only at some limited cases, the
the Pt-rich core and Ru-rich shell structure for commercial method can be used for an unlimited number of cases that are
carbon-supported PRu catalysts. usually encountered in real-time synthesis of NPs. With the

Increase inJp; andJgy values in JIM 30 compared to those of method presented in this paper, we can provide a quantitative
E-TEK 30 indicates that the atomic distribution of Pt and Ru index measuring the changes in the atomic distribution, even
atoms are much facilitated. Increase in atomic distribution can in the case of bimetallic NPs having similar compositions. The
be taken as a measure for enhanced homogeneity. We havehange in the atomic distribution of NPs has great influence on
performed the CO stripping voltammetry analysis and chrono- their physicochemical properties, such as the electrocatalytic
amperometric analysis on both JM 30 and E-TEK 30 catalysts, activity for direct methanol fuel cell (DMFC) applications.
and the results are shown in the panels of a and b, respectively,
of Figure 3. As can be seen from Figure 3a, CO oxidation on
JM 30 starts at lower potentials than on E-TEK 30, indicating
its superior oxidation ability. The chronoamperometric analysis
presented in Figure 3b also indicates that the highest specific
electroactivity was found with the JM 30 catalyst. As far as

our XAS analysis is concerned, the enhanced performance of - gypporting Information Available:  Thek?-weighted EXAFS
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