View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Missouri University of Science and Technology (Missouri S&T): Scholars' Mine

MISSOURI
Missouri University of Science and Technology
& Scholars' Mine
Chemistry Faculty Research & Creative Works Chemistry
19 Apr 2005

Bimetallic Pt-Ag and Pd-Ag Nanoparticles

Frank D. Blum
Missouri University of Science and Technology

Akira Tokuhiro
Missouri University of Science and Technology

Massimo F. Bertino
Missouri University of Science and Technology

Carmen M. Doudna

Follow this and additional works at: https://scholarsmine.mst.edu/chem_facwork

b Part of the Chemistry Commons

Recommended Citation

F. D. Blum et al., "Bimetallic Pt-Ag and Pd-Ag Nanoparticles," Journal of Applied Physics, American
Institute of Physics (AIP), Apr 2005.

The definitive version is available at https://doi.org/10.1063/1.1888043

This Article - Journal is brought to you for free and open access by Scholars' Mine. It has been accepted for
inclusion in Chemistry Faculty Research & Creative Works by an authorized administrator of Scholars' Mine. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.


https://core.ac.uk/display/229232675?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.mst.edu/
http://www.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/chem_facwork
https://scholarsmine.mst.edu/chem
https://scholarsmine.mst.edu/chem_facwork?utm_source=scholarsmine.mst.edu%2Fchem_facwork%2F2359&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=scholarsmine.mst.edu%2Fchem_facwork%2F2359&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1063/1.1888043
mailto:scholarsmine@mst.edu

HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS7, 094304(2005

Bimetallic Pt—-Ag and Pd—Ag nanoparticles

Debdutta Lahiri, Bruce Bunker,? and Bhoopesh Mishra
Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556

Zhenyuan Zhang and Dan Meisel
Radiation Laboratory and Department of Chemistry and Biochemistry, University of Notre Dame,
Notre Dame, Indiana 46556

C. M. Doudna, M. F. Bertino, Frank D. Blum, and A. T. Tokuhiro
Departments of Physics, Chemistry and Nuclear Engineering, University of Missouri—Rolla, Missouri 65409

Soma Chattopadhyay, Tomohiro Shibata, and Jeff Terry
Department of Biological, Chemical, and Physical Sciences (BCPS), lllinois Institute of Technology,
Chicago, lllinois 60616

(Received 23 June 2004; accepted 17 February 2005; published online 19 April 2005

We report studies of bimetallic nanoparticles with 15%-16% atomic crystal parameters size
mismatch. The degree of alloying was probed in a 2-nm Pt (mrallest attainable core sjzef

Pt—Ag nanoparticledcompletely immiscible in bulk and 20-nm-diameter Pd—Ag nanowires
(completely miscible in bulk Particles were synthesized radiolytically, and depending on the initial
parameters, they assume spherical or cylindrinahowirg morphologies. In all cases, the metals

are seen to follow their bulk alloying characteristics. Pt and Ag segregate in both spherical and wire
forms, which indicates that strain due to crystallographic mismatch overcomes the excess surface
free energy in the small particles. The Pd-Ag nanowires alloy similar to previously reported
spherical Pd—-Ag particles of similar diameter and compositior2@5 American Institute of
Physics [DOI: 10.1063/1.1888043

INTRODUCTION Binary phase diagrams for bulk metals are a well-
established, commonly utilized tobHowever, it is doubtful
There has been a great deal of interest in the size depethat they can be extended to the nanometer size regime be-
dence of electronic and thermodynamic properties of metaleause of the presence of the large bimetallic interface, the
lic nanoparticles because of their potential use in many aptarge surface area, and the possible presence of defects at the
plications from catalysis to electronic devices. The electronidnterface. A significant fraction of the total atoms present in
structure of a metallic nanoparticle undergoes major deviathe nanoparticles resides at the surface and contributes to the
tion from that of bulk*? Crystallographic parameters in excess Gibbs free energy, thereby modifying the bulk binary
these large clusters might be significantly different fromphase diagrai’® Similarly, a large fraction of the atoms
those of the bulk, partially because of increased surface erpccupies the bimetallic interface thereby affecting the misci-
ergy and partially because of capping agents that are alwaysility of the metals in one another. Other factors that contrib-
present when the particles are generated from suspensionsiige to the modified alloying characteristics of the two metals
solution® A significant impetus to study metallic nanopar- are the depression of the melting point in clusttéand the
ticles comes from their ability to store excess electfbns. presence of defects at the bimetallic interface of the particles
These stored electrons can reduce substrates in solution Miaat enhances the interdiffusion of the metdlBoth of these
multielectron-transfer processes, e.g., produce hydrogefactors lead to an enhanced diffusion rate within the small
from water. Bimetallic nanoparticles, composed of two dif- particles, as much as nine orders of magnitude faster than in
ferent metal elements, are of greater interest since they offehe bulk!* Size-dependent alloying in Au—Ag core-shell
a method to control the energy of the plasmon absorptiomanoparticles, at room temperature, had been reported by our
band of the metallic mixture, which becomes a versatile toobroup earliet® At 2-nm Au core and variable thickness Ag
in biosensing. They may also improve the catalytic activity shell, rapid random alloying has been observed at ambient
of the particles, sometimes creating new catalysts unknowgemperature. However, for Au nanoparticles>8-nm core
in the bulk size® Furthermore, structural changes can be cresjze a distinct interface between the core and the Ag shell
ated in small bimetallic nanoparticles as a result of alloyingwas maintained. In this context it should be noted that Au
of the component metals, even though they remain segremd Ag are bulk miscible at every ratio at elevated tempera-
gated in bulk dimensions at ambient temperature. This mayres and they have essentially identical lattice parameters.
affect the electronic properties of the composite and may | the present report we explore the mixing behavior of
enhance or inhibit Fermi-level equilibration in such pt_ag and Pd—Ag nanoparticles. In these systems the atomic

systems. sizes of the components differ by 15% and 16%, respec-
tively, and the melting points of Pt and Pd are higher than

¥Electronic mail: bunker.1@nd.edu that of the previously studied Au. In the bulk such a mis-
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match results in a pronounced distortion of the alloy lattice e T
and it might be expected that the solubility of one in the =7 -
other will be difficult even in the nanoscale. It has been R D FTe
postulated that in order to obtain a primary solid solution the °- T
atomic radii should not differ by more than about 12%. iy :
However, the large surface area, the increased surface free ’ f":’—' > - s
energy, and the reduced cohesive energy in the nanoparticles SR LAY g e .
may partially relieve the mismatch-induced strain and in- e e
crease the miscibility of the two metals. This competition 5
between excess surface free energy and elastic relaxation has . - = . . Y P et
been analyzed in detail by Vanderbilt and co-workér¥. s e L ST
Such theoretical studies have motivated us to explore such >
lattice-mismatched bimetallic systems. e o
To study the alloying of the two metals the x-ray- > e ¥ T Bt
absorption fine structur€XAFS) technique was utilizedf TS = ’
The analysis is based. On. fitting the (_:omplex Foquer. transl-:IG. 1. TEM image of the 2-nm Pt nanoparticles. The particles were syn-
form of the XAFS oscillations, revea“ng quantitative infor- thesized radiolytically and were used as core for the Pt—Ag particles.
mation about coordination numbe¢bl), bond lengths(r),
and bond-length distributiotDebye—Waller factor (o) of
the neighboring atoms. Unlike diffraction, XAFS does notaerated by bubbling Ar for 10 min and then irradiated in a
require a high degree of crystallinity or long-range ordering®®Co-y source for 21 min at a dose rate of X&0? krad/h.
in the sample to obtain high-quality data. Hence, the techhrradiation was done in a 100-ml glass vessel that carried a
nique is particularly useful to extract structural information sidearm cuvette made of high-purity quartz, so absorption
from disordered systems, such as powders or suspensions gfectra could be measured in complete isolation from air.
nanoparticles. The part of the XAFS spectrum around thé\fter irradiation, 7-ml 0.2-M polyvinyl alcoholPVA, M,,
edge energy, called x-ray appearance near-edge structus® 000—85 000, Aldrichwas added to stabilize the Pt sol.
(XANES), can be used to determine the oxidation state of thé\pproximately 1 g of ion-exchange mixed-bed regfm-
absorbing atom. A change in the oxidation state is reflecte@erlite MB-150, Sigmawas added to decrease the concen-
in a shift in the edge energfrom the pure metallic valye tration of free ions that remains from the various parent com-
and “whiteline” features® As mentioned above, we consider ponents and the solution was shaken overnight. The solution
two systems, Pt—-Ag and Pd-Ag; the bimetallic Pt—Ag is bulkwas separated from the resin, and 1.4-ml 0.1-M sodium cit-
immiscible, but it has been reported that deposition of Ag orrate added to stabilize the Pt particles and the solution was
Pt (112) leads to a monolayer-confined mixing>* The bi- filtered. This treatment with the ion-exchange resin was re-
metallic Pd-Ag is bulk miscibfé and it has already been peated and the absorption spectrum of the sol was measured
shown that Pd-Ag spherical nanoparticles are miscible aafter each treatment. The final concentration of Pt was about
well.?® In the present report we examine cylindrical-shapeds x 1074 M. All manipulations of the sol were carried out in
Pd-Ag nanoparticlegnanowireg to examine the effect of a glove box under Ar atmosphere. The size of the roughly
morphology on alloying. Both systems were synthesized usspherical Pt particles thus obtained was determined by TEM

ing the radiolytic technique developed by Henglein andio be 2+0.2 nm. The TEM image of these particles is shown
co-workers?* Using this technique and varying the experi- in Fig. 1.

mental parameters allow morphology control of the particles.
The size, shape, and composition of the samples were char-
acterized by transmission electron microscdpizM) and a
detailed analysis of the local structure was done using the
XAFS technique. The XANES was observed to ensure that
the samples did not oxidize during the measurements. The
analysis leads to the conclusion that Pt and Ag do not alloy
in the nanosize regime down to a diameter of 2 nm while
Pd—-Ag alloy even in the cylindrical rods.

1.5

1.0

Absorbance

0.5
EXPERIMENTAL SECTION

Materials and methods

L] L) L] T
. . 200 300 400 500 600
Alloying of Au—-Ag was observed at a core size of Wavelength, nm

2 nm}® hence we started at this small size for Pt core as
well. The 2-nm Pt core particles were synthesized foIIowingFl(CBi- 2. (U\)/ISpectrafof 2-nm F(I'E) «'imd 2-nm Pt pargcles ?oated V\k/)ith gﬂ)

; 24 _ ; e _ _ and 2.7(C) layers of Ag. For A[Pt{]=5X10"* M and its plasmon band is at
Henglelnetsal. A 7_0 ml solution containing 2.5 M m_etha 212 nm. For B.[PI=3.3x 10 M, [Ag]=3.3x 10" M. and [P{/[Ag]
n_0|' 2X 10 M sodium polyphosphate, >110". M sodium  =1.1 Forc[Pf=2.5% 10 M, [Pt]/[Ag]=1:3, and its fasmon band is at
citrate, and & 10* M K,PtCl, (99.99%, Aldrich was de- 361 nm. Optical path is 2 mm.

Downloaded 01 Apr 2008 to 131.151.26.116. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



094304-3 Lahiri et al.

TABLE |. Synthesis parameters for the formation of high-aspect ratio bime- 3.0
tallic nanopatrticles. (@) aPt foil
3.2.5 F bPt:Ag=1:1
PVA M, Ag and Pt Wire ‘\a cPt:Ag=1:3
(% hydrolysis  Ag/Pt molar ratio compounds formation é 201 d:iq
31 000-170 000 80/20 to 20/80 HPtCl Yes T 1.5
(87-89 and AgSO, ) 1.0
20 000(98) 100/0, or 90/10, K,PtCl, and AgNG; No g )

or 10/90, or0/100 § 05

To coat the Pt particles with a silver shell, the Pt sol was
mixed with AgCIQ, and the mixture was bubbled with,8
(in order to convert hydrated electrons produced in the forth-
coming irradiation to OH radicals Two samples of Pt:Ag
concentration ratios of 1:1 and 1:3 were examined. These
were irradiated in £°Co-y source for 40 minPt:Ag=1:1,
dose rate of 56.7 kradjtand 60 min(Pt: Ag=1:3,dose rate
of 2.04x 107 krad/h. Complete reduction of Ag was con-
firmed when no change in the Ag plasmon band in the UV
spectra could be observed following successive irradiations.
The UV spectra of these samples are shown in Fig. 2. As-
suming that the 2-nm Pt particles are roughly spherical and
the Ag layers that are formed around the Pt core aréfftt)

J. Appl. Phys. 97, 094304 (2005)
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FIG. 3. Bright-field TEM micrographs ofa) Pt—-Ag nanowires: A large

FIG. 4. XANES of Pt—Ag nanoparticles &) PtL; edge andb) Ag K edge.

A comparison has been made with the respective foils. The XANES of the
nanoparticles replicate the XANES of the pure metals and hence confirm
that the samples have not been oxidized.

surfaces, the number of Ag layers around Pt is calculated to
be 1.2 and 2.7 for 1:1 and 1:3 ratios, respectively. Solid
samples for XAFS measurements were prepared by allowing
the suspensions to dry in the sample holder under inert at-
mosphere in a glove box.

Pt—Ag nanorods were synthesized by radiolytic coreduc-
tion of salts of the two metals. Samples were prepared fol-
lowing the procedure of Doudnet al® This approach is
based on the observation that when a mixture of silver and

0 2 4 6 8 10 12

FIG. 5. The chi oscillations for the Pt—-Ag nanoparticles wigh Pt: Ag
=1:3, at Ptedge(b) Pt:Ag=1:1, at Ptedge,(c) Pt:Ag=1:3, at Ag edge,

particle of 20 nm and 85+5% Ag can be seen at the top of the figure. Thend (d) Pt:Ag=1:1, at Agedge. The data at Ag edge for the sample with

thin filaments of 3-nm-diameter and 50% Ag extend out of the partibje.

Pt:Ag=1:1 look noisy because of the lower concentration of Ag in the

Pd—Ag nanowires: The wirelike particles have a diameter of 20—25 nm andample. However, the quality was good enough to yield repeatable first shell

a length of up to 1.5um.

near-neighbor features.
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TABLE II. Fit parameterdcoordination numbejsfor Ag—Pt nanoparticles § @
and standards. ,é 0.03} = Ptm Pt np
[
Sample N(Pt-PI  N(Pt-Ag N (Ag-Ag) E 0.02
) 2
Pt foil 12+0.3 2 0.01
Pt nanoparticles 10.1+0.4 E
Pt:Ag 1:1 nanoparticles 10.0+0.1 1.32+ 4.65+0.05 ,§ 0.00 =
5 0 2
0.06 2 . "
. i Near neighbor distance from
Pt:Ag 1:3 nanoparticles 9.8+0.2 1.31+ 6.97+0.05 central Pt atom (A)
0.06

0.03 _;Fi‘tt:Ag=1:3 ®)
platinum salts is irradiated under reducing conditions, the /
former is reduced before the latter. The faster reduction of
Ag” is due to the more positive reduction potential of*Ag
relative to the multivalent platinuf?. Under these circum- U
stances, Ag seeds are initially formed and Pt shell is then °'°° R 2 3
deposited on them. Experimental conditions for rod-shape Near neighbor distance from
. . . . central Pt atom (A)
formation of these particles have been summarized previ-
ously and are outlined in Tablé1.The rods are composed of
two types of particles; large particles of typical diameters of
20-30 nm are joined by thin filaments of diameters of
2—5 nm. ATEM picture of the Ag—Pt nanowires is shown in
Fig. 3(a). The elemental composition of the regions centered
on the large particles and the filaments was determined using
energy dispersive spectroscofBDS), with a spatial resolu- 0.00 P 2 3
tion of 150 nm. The large particles composed of 80%—90% Near neighbor distance from
Ag, while the filaments are close to 50% each, Ag and Pt. central Pt atom (A)
The ED_S results suggest that the Iarg? Ag partlcl_es WerEIG. 7. Comparison of fit with the data at the Pt edge for samples with
formed in the early stages of the reduction, nucleation, ang:ag ratio of(a) pure Pt nanoparticléh) 1:3 and(c) 1:1.
ripening while the Ag—Pt filaments result from the reduction

of the Pt ions deposition on the Ag seeds. The Pd—Ag nano- The XAFS studies were performed at the MRCAT undu-
rods were synthesized similarly. Filamentlike particles, with|ator beamline 10-ID at the Advanced Photon Source, Ar-
typical diameters of 20—25 nm, and up to B long, were  gonne National Laboratory. The measurements involved the
routinely observed after irradiation. The ratio between thept L; edge(11.564 keV, the AgK edge(25.514 keV, and
two metals varied within the same particle and betweenhe PdK edge(26.500 keV. The undulator parameters were
nanoparticles, but the variation was, on average, withiptimized in the tapered mode to obtain a nearly constant
+15% of the mole ratio of the original sample. The TEM intensity within the XAFS energy range. A cryogenic double-
picture of the Pd—Ag nanowires is shown in Figbj3 crystal Si(111) monochromator was utilized for x-ray energy
selection. To eliminate unwanted higher harmonics from the
monochromator, a Rh-coated harmonic rejection mirror at
0.04 the PtL; edge was used, while a Pt-coated mirror was used
for the Pd and A& edges. The incident photon intensity was
measured by an ion chamber filled with a mixture of 80% He
and 20% N gas at the Pt edge and 100% Bt Ag and Pd
edges. At the Pt edge, x-ray fluorescence intensity was mea-
sured by a conventional three-grid “Lytle” ionization cham-
ber detector filled with Kr gas. Since the concentration of Pt
atoms in the sample was low, a thick &g x-ray filter of
nine absorption lengths was used to reduce background scat-
tering and Soller slits were used to suppress multiple refluo-
rescence from the filter. At the Ag and Pd edges, fluorescence
flux was measured with the same Lytle detector with a six
absorption-length Ru x-ray filter and Soller slits or, for some
FIG. 6. EXAFS data at Pt edge fés) 2-nm Pt core particlel) Pt foiland ~ measurements, a 13-element Ge detector. For energy calibra-

Pt core—Ag shell bir_netallics of 2-nm core siz_e with Pt:Ag ratios{(r)flzlS tion, transmission-mode XAFS was measured on Pt, Ag, and
and (d) 1:1. Simulations of a 2-nm Pt core wite) Ag monolayer coating Pd foils in parallel

and (f) with Ag alloyed into the Pt core are also shown. The relative inten- ’ . .
sity of the peak at=3 A increases with an increased fraction of Ag near The extended x-ray-absorption fine structUEXAFS)

neighbors to Pt. oscillations were isolated using standard methods. The edge

0.02

0.01

Fourier Transform Magnitude

— Pt Ae=q- (c)
0.03 | —o-FAe=11

0.02 |

0.01|

Fourier Transform Magnitude

0.03[
0.02

0.01

0.00 . . . . .
1.0 1.5 20 25 3.0 3.5

Near neighbor distance from
central Pt atom (A)

Fourier Transform Magnitude
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0.03

10 nm

0.05

0.04 0.02

0.03
0.01

0.02

Fourier Transform Magnitude

0.01 0.00

0 1 2 3

. \ > Near neighbor distance
0 2 4 6 from central Pt atom (A)
Near neighbor distance
from central Ag atom (A)

Fourier Transform Magnitude

0.00

FIG. 10. EXAFS data at the Pt edge for the Pt—Ag bimetallic nanowire with
60% Pt are shown.
FIG. 8. EXAFS data at the Ag edge ft@ Ag nanopatrticles of 10-nm size
and Pt—Ag_bimetaIIic nanopartic!es with) 1:_3 and(.c) 11 Pt:Ag ratios. No other atoms. The degree of alloying in bimetallic systems can
Pt near neighbor was detected in these bimetallic nanoparticles. be determined from the coordination number and/or the
bond-length information. The fraction of near-neighbor coor-
energy,E’, was determined by the point of inflection of the dination numbers for guest-guest and guest-host out of the
absorption spectrum. The preedge background was first sulptal near-neighbor atoms can indicate the degree of alloying.
tracted from the raw data and normalized by the edge stesimilarly, a systematic change of the interatomic distances in
The postedge smooth backgrouhgh(E)] was fitted to @ the host matrix, with the increased proportion of added
polynomial to minimize the least-square deviation either usguest-metal atoms, is considered to be a signature of alloy-
ing the AuToBK prograni® or manually, and then subtracted ing. Although the nearest-neighbor distances to each atomic
from the normalized datpy(E)]. The oscillations were plot- species vary only slightly with alloy composition these
ted as a function of the electron wave vectk) using the  changes can still be observed in the EXAFS parameters. On
relation k=2m(E-E’)/#2, wherem is the electron mass the other hand, if the two metals remain segregated, no sig-
andE’ is the edge energy of the photoelectron. i) was  nificant change in the interatomic distances is observed.
then Fourier transformed into space[ x(r)]. A model was
reasonably constructed and the theoretical scattering amplRESULTS AND DISCUSSIONS
tudes and phase shift for this model are generatedesy
(6.01a versiop Structural parameters for the scattering were
then determined usingerrFIT (Ref. 27 to give the best-fit The analysis is first done at the P§ edge and then at
values for bond lengthgr), coordination numbergN),  the AgK edge. Prior to fitting, the XANES from the samples
Debye-Waller factorg? (and further degrees of disorder as was observed to confirm that the metals were not oxidized.
necessary and energy origin correctiotEy) arising from  The XANES spectra at the Pt and Ag edges are shown in
changes in the electronic energy levels by the presence ®figs. 4a) and 4b), respectively. The analysis at the Pt edge
progresses in the following order:

Pt—Ag system

0.05 @ (@ Pt foil fit;
(b) Pt nanoparticle fit. Approximating the seed Pt particles
as sphericalfrom TEM) and comparing the fit results

—=Fit

004 —prAg=1:3 A

3
2
E
g
=
g 0.03 with those for the foil, determination of coordination
g 0.0z loss due to surface effects;
e 0.01 (c) Pt-Ag determination of coordination number for the
€ Pt:Ag=1:3sample; and
& 0'00 1 2 3 (d) Pt-Ag determination of coordination number for the
Near neighbor distance from central Pt:Ag=1:1 sample.
Ag atom (A)

The XAFS oscillations from these samples are shown in Fig.
:F;;Ag=1;1 A 5. They were transformed in therange of 3—11 AL, Fit in
it 2 r space was attempted between 1.4 and 3.2 A for all the

o
[~
La)

Fourier Transform Magnitude

0.02 samples. The fit parameters are listed in Table II.
The decrease in the coordination number of Pt—Pt near
0.017 neighbors in 2-nm Pt particlg40.06+0.39 from that in Pt
foil (12+0.30 is due to coordination loss at the surface.
°‘°°o 1 2 3 Because of the large fraction of surface atoms, their contri-
Near neighbor distance from central Ag bution to the EXAFS results is as significant as that from the
atom (A) core atoms. Surface atoms constitet®83% of the total num-

FIG. 9. Comparison of fit with the data at the Ag edge for samples withber of at_om_s for a 2-nm Pt particle with 10% size diStrit_)U'
Pt:Ag ratios of(a) 1:3 and(b) 1:1. tion, as indicated from TEM. From the measured coordina-
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TABLE IlIl. Fit parameters for Ag—Pd nanowires.

Sample name Edge Near-neighbor species N E, (eV) r (AY o (A?
PdyAQg g Pd Pd 9+1 -6.29+0.8 2.79+0.04 0.008+0.001
PdyAdos Pd Pd 9+5 -6.29fixed) 2.76+0.04 0.007+0.002
Pdy AT 4 Pd Pd 9+6 -6.29fixed) 2.77+0.04 0.006+0.002
Ado P 5 Ag Ag 10+1 3.55(fixed) 2.83+0.02 0.008
Ao P4 Ag Ag 9+1 3.55+0.2 2.80+0.04 0.007
Ado P s Ag Ag 12+2 3.55(fixed) 2.80+£0.01 0.006

“Note that because the Ag and Pd distances are not resolved, both are approximated by a single distance and
Debye-Waller factor.

tion number one estimates that for the Pt atoms at the surface The XAFS oscillations at the A¢ edge are shown in
approximately a third of the bonds are uncoordinat8d  Fig. 5. The data were transformed over therange of
dangling bonds 3-11 At and the fit was done in space for the range of
To determine the degree of alloying in the 2-nm Pt1.0-3.75 A and 1.0-3.68 A for Pt:Ag ratios of 1:3 and 1:1,
core-Ag shell, the EXAFS spectra for complete coating ofrespectively. The parameters for the Pt—Ag bonds were fixed
the Pt core with a layer of Ag were first simulated. Experi-at the values obtained from the P§ edge for consistency.
mental results at the Pt edge for the two Pt:Ag ratios ar@Results from the Ak edge measurements on these bimetal-
Compared W|th the Simulations in FOUrier-tranSfOmed I|C partic|es are Shown and Compared W|th pure Ag nanopar-
space in Fig. 6. The backscattering amplitude from Ag neaficles of 10-nm size in Fig. 8. The EXAFS of pure Ag nano-
neighbors, as well as the phase shift, differ from those of Ptoaticles of 10 nm resembles that of Ag foil, except for the
Correspondingly their Fourier transforms are different andgjight coordination loss and a larger Debye—Waller factor. In
the ratio of the peak heights at2 andr=3 A depends on o figure, we see that the bimetallic EXAFS merely repli-
the ratio of Pt to Ag neighboring atoms. From the simula-.,tes the pure Ag EXAFS. For alloying, one of the peaks

tions in Fig. 4 one expects the intensity of the peak at should have increased more than the other
=3 A to increase relative to that a2 A with increasing

the fraction of Ag near neighbors. From the experimental
results of Fig. 5, it is clear that the number of Pt—Ag bonds in
both samples is much lower than that suggested by the simu-
lation of an alloyed mixturé¢Fig. 6f) versus Figs. &) and
6(d)] and is independent of the amount of Ag added. This
implies that Ag does not alloy into the Pt core at ambient
temperatures on this time scale but rather remain segregated.
For both the bimetallic samples, the fit results for the 0.00
number of Et—Pt popds are seen to be equal to that fqr pure Ngar m:ighbfr dls?ance from
Pt nanoparticle within error limitgTable Il). If alloyed, this central Pd atom (A)
number would have reduced from that of the pure particle
since some of the Pt—Pt bonds would have been replaced by
Pt—Ag bonds. Furthermore, fitting yields Pt—Ag coordination
numbers of 1.32+0.06 for both the bimetallic samples. Com-
paring this Pt—Ag coordination number to Pt—Pt coordination
number(10.06, one concludes that 1.32 out of the 3.7 avail-
able bonds, i.e., on the average, only 36% of the surface is
covered with Ag in both the Pt—Ag core-shell samples, irre-
spective of the amount of Ag added. This indicates an eccen- Near neighbor distance from
tric growth of Pt and Ag nanoparticles. The Pt-Pt bond central Pd atom (A)
length in the bimetallic nanopatrticles is found to be slightly
smaller than that in bulk, viz., 2.73+0.01 fbulk value
=2.75+0.004 A, with a Debye-Waller factor o2
=0.004+0.001 A The Pt-Ag bond length in the sample
with Pt:Ag=1:3 isfound to be 2.79+0.01 A, with Debye—
Waller factoro?=0.006+0.001 & The Pt-Ag bond length
in the sample with Pt:Ag1:1 isfound to be 2.84+0.01 A, \
with Debye—Waller factow?=0.006+0.001 A A compari- o 1 2 3
son of the fits with the respective data at the Pt edgedpr Near neighbor distance from
a Pt nanoparticle of 2-nm sizéh) bimetallic particle with central Pd atom (A)
Pt:Ag=1:3, and(c) bimetallic particle with Pt:Ag1:1is  FiG. 11. Comparison of fit with the data at the Pd edge (E@r20%, (b)
shown in Fig. 7. 40%, and(c) 60% of Pd in the Pd—Ag nanowires.
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The Ag—Ag coordination numbers in the Pt:Ag 1:3 andaverage Pt—Pt bond length in this bimetallic is found to be
1:1 samples are 6.97+0.05 and 4.65+0.05, respectively. Thig.74+0.01, which is essentially the same as the interatomic
simply reflects the greater number of Ag atoms in the formedistance in the bulk. Alloy formation would have led instead
case. This further confirms the observation from the Pt edgdo an expansion of the average near-neighbor distance about
Even with the addition of thrice the amount of Ag, the Ag Pt because of the larger atomic size of Ag. From this, it can
atoms still tend to form an eccentric nanocluster rather thatve concluded that Pt and Ag do not alloy in the wire. The
diffusing into the Pt core. To summarize, from both the.Pt Pt—Ag coordination number is found to b&+0.2) and the
and AgK edge data, it is concluded that Ag and Pt do notPt-Ag interatomic distance has been found to be
alloy at ambient temperature even in particles of 2-nm PR.75£0.05A, with a Debye-Waller factor  of
core. Nearly complete alloying was reported for the Au—-Ag0.006+0.002 A. Thus in all of the Ag—Pt samples, irrespec-
system at a similar size and ambient temperatures. This ditive of their morphology, no significant signature of alloying
ference is attributed to the different atomic size and latticdS observed.
parameters for Pt—Ag system, which apparently require
larger defect concentrations at the bimetallic interface foPd—Ag system
alloying to happen. Decreasing the core size may further  pqy ang Ag are adjacent to one another in the Periodic
induce alloying due to larger defects concentrations aneapie Therefore, their backscattering amplitude and phase
higher diffusion coefficients induced by lower melting tem- gttects on the photoelectron wave are nearly identical and it
perature. However, at present, we have been limited by SYNg yery difficult to distinguish between these two near-
thesis d|ff|cult|es .and the smallest core size that could b‘?\eighbor species around the central atom. Fortunately, the
reproducibly obtained was 2 nm. A comparison between theear.neighbor distances of Pd and Ag are quite different,
fits and the respective experimental data at theAgige for  \ith the “natural” Pd—Pd bond length of 2.75 A and the
(@ bimetallic with Pt:Ag=1:3 and (b) bimetallic with  nayra) Ag-Ag bond length of 2.88 A, as seen in the pure
Pt:Ag=1:1 isshown in Fig. 9. . metals. With an increased fraction of the larger Ag atoms in

The structure of the Ag core—Pt shell nanowire was meahe npanowires, both the average nearest-neighbor bond
sured at the Pit; edge. Experimental data and simulation for jength around Pd and the Debye—Waller factor are expected
this nanowire at the Pt; edge is shown in Fig. 10. The 4 systematically increase.

Like the Pt—Ag nanoparticles, the Pd—Ag nanowires do
not show any sign of oxidation. The data quality is of the
same order as that for the Pt—-Ag nanoparticles. We consid-
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,_.3_ 0.00 0 1 2 3 FIG. 13. (a) Bond-length expansion from the Pd edge for Pd—Ag bimetallic
Near neighbor distance from nanowires of several Pd:Ag ratios. The bond length systematically expands
central Ag atom (A) upon increasing Ag content. This indicates alloyiig). Bond contraction

from the data at the Ag edge for Pd—Ag bimetallic nanowires of several
FIG. 12. Comparison of fit with the data at the Ag edge (@r20%, (b) Pd:Ag ratios. The bond lengths in the bimetallic nanoparticles show a sys-
40%, and(c) 60% of Pd in the Pd—Ag nanowires. tematic contraction from Ag—Ag bond lengths upon increasing Pd content.
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