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Abstract: Ag—Pd bimetallic nanoparticles were prepared directly in ultrathin TiO»-gel films by a stepwise
ion-exchange/reduction approach. lon-exchange sites were created in ultrathin films using Mg?* ions as
template. Ag* ion was then incorporated by ion exchange, and converted into metallic nanoparticles by
low-temperature H, plasma, regenerating ion-exchange sites. The same procedure was then carried out
for Pd?* ion, producing Pd-on-Ag bimetallic nanoparticles, as TEM observation and plasmon resonance
absorption indicate. By contrast, reversed metal incorporation procedure appeared to give a mixture of
individual Ag and Pd nanoparticles, as confirmed by TEM, absorption spectroscopy and X-ray photoelectron
spectroscopy. For hydrogenation of methyl acrylate, the catalytic activity of the Pd-on-Ag nanoparticle is
367 times as large as that of commercial Pd black and 1.6 times as large as that of Pd monometallic
nanoparticle. The outstanding catalytic activity was explicable by the large fraction of the surface-exposed
Pd atoms. The formation process of the bimetallic nanoparticle and their general morphological feature
are discussed.

Introduction As specific examples, gotfepalladium (1:4) and platinum
. ) palladium (1:4) coreshell nanoparticles show higher catalytic

Nanop_arncles of metals and semiconductors are known_to activities than the corresponding mixture of the monometallic
have unique features, such as surface plasmon absorptionn,nonarticles for selective hydrogenation of cycloocta-1,3-diene
improved magnetic property, high reactivity and enhanced {4 cyciooctene and for hydrogenation of 4-pentenoic aéid,
catalytic activity, due to their small sizes and extremely_large respectively. A Ni-Pd nanoparticle alloy reveals a composition-
surface afea?“ These featurgs may be enhanged, moqmed O dependent catalytic activity, and the highest activity is achieved
suppressed in the case of bimetallic and multi-metallic nano- ¢, 5 pimetallic nanocluster with a molar ratio of Ni:Rd2:37
particles, because of inter-metallic interactions arising from their Very recently, dendrimer-encapsulated—ft nanoparticles
cons'.[itutional and morphological co.mbin.ations. Totally NeW \vere synthesized to give an enhanced catalytic activity for
functions may be created by overcoming disadvantages of singley, rogenation of allyl alcohol compared with physical mixtures
component nanoparticles. Unique features expected for multi- 5¢ 1 onometallic nanoparticlésAnother type of the example
metallic nanoparticles may include: (1) physical and chemical ;g monodisperse FePt nanoparticles and their assemblies
intera_lctions among differ(_ant_a'_cqms and_phases_that Iea_d to ”OVeksuperIattices) that show high room-temperature magnetic
functions; (2) altered miscibility and interactions unique t0  gysceptibility? Morphological details of these bimetallic nano-
nanometer dimension (macroscopic phase property may ”Otparticles have not been made clear.
apply); and (3) morphological variations that are related to new ~ gqh of the simultaneous and successive procedures have been
properties. used for preparation of bimetallic nanoparticles that are protected
by surfactants or polymers in solutihln practical applications,
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metal nanoparticles
in TiO; thin film

it is often required to immobilize these nanoparticles on solid

room temperature for 10 min, followed by rinsing with toluene for 1

supports. Several fabrication techniques have been reported foimin to remove the physisorbed species, drying wittaNd hydrolysis

monometallic nanoparticles embedded in solid matrixes, includ-

ing ion implantationt! sputteringt? sol-gel process/spin-
coating®® and alternate layer-by-layer assembly> However,
convenient, in-situ preparation in solid matrixes is not known
in the case of bimetallic nanoparticles.

Recently we developed a novel ion-exchange method for

incorporation of metal ions into nanoporous metal oxide thin
films (see Scheme ZI¥. Such noble metal ions were readily
converted to monometallic nanopatrticles in the thin film matrix

in air. Usually, 8 cycles of this procedure were repeated and the film
thickness was estimated to be ca. 20 nm from QCM mass decfease.
To remove M@" ions, the thin film was immersed in aqueous HCI of
pH 4 for 20 min, rinsed with pure water for 2 min and dried with
nitrogen gas. It was then treated with aqueous NaOH (pH 10) for 20
min, followed by rinsing in pure water for 2 min and drying with
nitrogen gas. The film on a quartz plate was then immersed in aqueous
AgNO; or PA(NQ), (10 mM) for 4 h, rinsed with pure water for 1
min and dried by flushing nitrogen gas. The prepared film was then
exposed to hiplasma. The same procedure was used for introducing

by photoreduction, by chemical reduction, or by low-temperature the second metal (Pd or Ag)..lplasma treatment was carried out on

H, plasmal’ In a separate study, the Ag nanoparticle thus

a PE-2000 Plasma Etcher (South Bay Technology, USA). A pressure

prepared was readily converted to the corresponding metal oxideregulated flow rate of 0.02 MPa was set on thegs cylinder and the
nanoparticle by @plasma, and repeated treatments by alternate plasma chamber was evacuated to ca. 80 mTorr before introduction of

H, and Q plasma resulted in monodisperse Ag and Ag oxide
nanoparticles, respectively.It is important to extend such

simple procedures to bimetallic systems, because facile prepara

tion of bimetallic and multimetallic nanoparticles is urgently

needed for new nano-electronic and nano-magnetic materials

and for high-efficiency fuel cells. In this paper, we demonstrate

H. gas. The operating pressure was regulated at ca. 180 mTorr. The
forward power was set at 10 w unless otherwise indicated, while the
reflected power was optimized.;Njas at 2.5 L/min was introduced
into the pump for safety purpose.

UV —visible absorption spectra were recorded with a quartz plate
as the reference on a Shimadzu UV-3100PC-Wis—NIR scanning
spectrophotometer. X-ray photoelectron spectroscopy (XPS) measure-

that this is in fact possible, and discuss morphology and catalytic yents were carried out on ESCALAB 250 (VG) using AK1486.6

property in the case of PdAg bimetallic nanoparticles.

Experimental Section

A mixture of Mg(O-Etp (10 mM) and Ti(OnBu)s (100 mM) in

eV) radiation. The applied power was operated at 15 kV and 20 mA.
The base pressure in the analysis chamber was less th&nP&0

Smoothing, background removal and peak fitting were carried out with
a VG analysis software package, ECLIPS. All of the peaks were

2-ethoxyethanol was used commonly for film assembly unless otherwise corrected with C 1s (285 eV) as the reference. Transmission electron
specified. A quartz plate was cleaned with concentrated sulfuric acid microscopy (TEM) observations were carried out on a JEOL JEM-

(96%), followed by treatment with 1 wt % ethanolic KOH (ethanol/
water = 3:2, v/v). After rinsing in ion-exchanged water and drying
with N; flushing, the plate was immersed in the precursor solution at

(10) Toshima, NMacromol. Symp200Q 156, 45—52.

(11) Arnold, G. W.J. Appl. Phys1975 46, 4466-4473.

(12) Tanahashi, I.; Manabe, Y.; Tohda, T.; Sasaki, S.; Nakamurd, Appl.
Phys.1996 79, 1244-1249.

(13) (a) Yazawa, T.; Kadono, K.; Tanaka, H.; Sakaguchi, T.; Tsubota, S;
Kuraoka, K.; Miya, M.J. Non-Cryst. Solidsl994 170, 105-108; (b)
Innocenzi, P.; Brusatin, G.; Martucci, A.; Urabe, ®hin Solid Films1996
279 23-28.

(14) Yonezawa, T.; Matsune, H.; Kunitake, CThem. Mater1999 11, 33—35.

(15) Joly, S.; Kane, R.; Radzilowski, L.; Wang, T.; Wu, A.; Cohen, R. E,;
Thomas, E. L.; Rubner, M. RLangmuir2000 16, 1354-1359.

(16) He, J.; Ichinose, I.; Fujikawa, S.; Kunitake, T.; Nakao,Gkhem. Mater.
2002 14, 3493-3500.

(17) He, J.; Ichinose, I.; Kunitake, T.; Nakao, Bangmuir2002 18, 10 005~
10010

(18) He, J.;'Ichinose, I.; Fujikawa, S.; Kunitake, T.; NakaoChem. Commun.
2002 1910-1911.

2000EX transmission electron microscope. Histogram, mean diameter
and standard deviation were obtained by sampling 100 metal nano-
particles in TEM images of & 10° magnification, followed by analyses
using a commercial statistic software.

The catalytic activity of Ag-Pd bimetallic nanoparticles in TiO
thin film was evaluated by the rate of hydrogenation of methyl acrylate
in ethanol at 3C°C under 1 atm of hydrogen. The AdPd bimetallic
nanoparticle (2.0< 10-7 mol of palladium) and ethanol (19 mL) were
placed in a flask, the atmosphere of which had been replaced in advance
with hydrogen of one atmospheric pressure. The mixture was stirred
for 2 h at 30°C to activate the catalyst. Then, an ethanol solution (1
mL) containing 0.5 mmol of methyl acrylate was added to the mixture,
keeping the total pressure at 1 atm. The reaction was traced by hydrogen
uptake with a temperature-controlled gas buret. The rate of hydrogena-
tion was calculated from the initial slope of the hydrogen uptaker
comparison, Pd monometallic nanoparticles embedded in a thi®

J. AM. CHEM. SOC. = VOL. 125, NO. 36, 2003 11035
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0,02 . particles decreases with increasing Pd/Au ratio and that the band
’ completely disappears at the Pd fraction over 60%ery
.00 recently, it was found that physical mixing of polymer-protected
" 300 400 500 600 700 800 Ag and R_h mon_ometallic n_anopartick_as re_sulted in Ag-core/
2/ Rh-shell bimetallic nanoparticles, causing disappearance of the

surface plasmon band of the silver nanopartiél&Ve can
conclude that Pd-on-Ag bimetallic nanoparticles are formed in
the current procedure, from the observed variation of the surface
plasmon peak.

Formation of the coreshell bimetallic structure was, in fact,
confirmed by X-ray photoelectron spectroscopy (XPS) and TEM
film were also prepared. The catalytic activities of these films and Observation. The specimen of Figure 1d was cleaved into two
commercial Pd black (Wako Pure Chem) were evaluated in the samepieces, one for XPS measurements and the other for TEM
way. observation. As shown in Figure 2, XPS peaks were observed
at 459.2 eV (Ti 2pp, matrix), 368 eV (Ag 3d), and 335.8 eV
(Pd 3d/,). The Auger peak of Ag metal was found at 1129.3

Preparation of Pd-on-Ag Bimetallic Nanoparticles in eV (Figure 2, insert). The Ag kinetic energy (MNN) was
TiO2-Gel Films. The combination of silver and palladium was estimated to be 356.9 eV. The modified Auger parameter
selected as the first bimetallic example, because of the ease ofo. = Ex(MNN) + Ep(3ds;2)) was then calculated to be
characterization. Nanosized metallic silver shows strong surface725.3 eV, in agreement with the reported value of metallic silver
plasmon absorption, whereas nanosized palladium metal only(o. = Ex(MNN) (357.9 eV)+ Eg(3ds) (368.2 eV)= 726.1
shows a broad absorption tail in the same region. This differenceeV).20 Therefore, silver exists in its metallic state in the thin

Figure 1. Preparation of Pd-on-Ag coreshell bimetallic nanoparticles in
TiO thin film by sequential incorporation/reduction of Agnd Pd" ions
(up) and corresponding UWisible spectra of the thin film (below) (a)
after 4 h immersion in agueous AgN®10 mM); (b) after exposure to H
plasma of 10 w for 150 s; (c) aftd h immersion in aqueous Pd(N)2 (10
mM); and (d) after exposure toztplasma of 10 w for 5 s.

Results and Discussion

facilitates characterization of bimetallic nanopatrticles by-JVv
Vis spectroscopy.

film. The Pd 3d); peak at 335.8 eV is also attributed to metallic
palladium. However, deviation of the binding energy of Pg3d

Ultrathin films were assembled on quartz substrates from a was noticed from those of pure metallic Pd (335.2 @\4nd

mixture of Ti(OnBu); (100 mM) and Mg(OEH (10 mM) in
2-ethoxyethanol by the surface sael process. After eight

Pd in TiG, film (336.3 eV)1” The peak shift of Pd in Ti@
matrix relative to that of pure Pd metal is attributed to the

cycles of the process, the film thickness reached ca. 20 nm, aselectron withdrawing effect of the surrounding Bi@atrix. In
estimated by frequency changes of quartz crystal microbalancecontrast, the shift of the binding energy of monometallic Pd

(QCM) (USI, Fukuoka, Japan). The template ¥gons were
removed from the film by treatments with aqueous HCI (pH 4)
and aqueous NaOH (pH 10), creatingNan-exchange sites
in the film. The Ag" ion was then incorporated by immersing
in aqueous AgN@ and this Ag-doped thin film gives a UV

vis spectrum that shows an absorption tail in the range of-300

in TiO, (336.3 eV) to a lower value (335.8 eV) in the present
Pd-on-Ag bimetallic nanoparticle is attributable to an additional
electron donating effect from core Ag atom to shell Pd atom.
The atomic ratio of Pd to Ag was determined to be 2.2 from
their peak areas after correction of sensitivity factors, and this
ratio is similar to that observed in the literature for Au-core/

800 nm (Figure 1a). When it was exposed to low-temperature Pd-shell bimetallic nanoparticl&s.

H plasma, an absorption peak appeared at 462 nm, which is The subsequent TEM observation gave a more direct view
undoubtedly derived from surface plasmon resonance of Ag of the morphology of the bimetallic nanoparticle. The nano-
nanoparticles (Figure 1b). Subsequent immersion of the film in particle-containing Ti@film (Figure 1d) was scratched off from

aqueous Pd(Ng€), (10 mM) for 4 h caused complete disap-

its quartz substrate in 2-ethoxyethanol, transferred to a 200-

pearance of the surface plasmon peak, probably as a result oinesh, carbon-coated copper grid by a dispenser, allowed to dry,

Pd¢*™ adsorption on the Ag nanoparticle (Figure 1c). When this

film was again exposed toiplasma, an absorbance increase
was observed at 32800 nm (Figure 1d), in consistence with
the formation of Pd nanoparticléslt is known that the intensity
of Au plasmon band for Au-core/Pd-shell bimetallic nano-

11036 J. AM. CHEM. SOC. = VOL. 125, NO. 36, 2003

(19) Hirakawa, K.; Toshima, NChem. Lett2003 32, 78—79.

(20) Moulder, J. F.; Stickle, W. F.; Sobol, P. E.; Bomben, K. DHandbook
of X-ray Photoelectron Spectroscop@hastain, J., Ed.; Perkin-Elmer
Corpration.

(21) Lide, D. R.; EACRC Handbook of Chemistry and Physig&st Ed.; CRC
Press LLC: Boca Raton, FL,2000, pp-1203.



Nanoparticle Morphology and Catalytic Activity ARTICLES

a) b)
50
= d4.5 nm

— 40

= ol.l nm
£ 30
2 20
Z 10
TiO; film a 0

0 2 4 6 8 10

Diameter / nm

d)

Figure 3. TEM image (a), histogram (b), and magnified image (c) of Ag monometallic nanoparticles #g€@ilm, and (d) cross-section model.
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Figure 4. TEM image (a), histogram (b), and magnified image (c) of Pd-on-Ag-eshell bimetallic nanoparticles in Ti&yel film prepared by sequential
incorporation/reduction of Agand Pd*" ions, and (d) simplified cross-section model.

and then observed by TEM. The monometallic Ag nanopatrticle the atomic distribution in the Pd-on-Ag bimetallic and Ag
of 4.5 nm in diameter and 1.1 nm in standard deviation gives monometallic nanoparticles from their radii, densities, atomic
a rather uniform spherical particle as shown by a TEM image weights and atomic ratio (in the case of bimetallic nanoparticle).
of Figure 3. In contrast, a TEM image of the bimetallic As shown in Figure 5a, the following equation exists for a
nanoparticle is more irregular (Figure 4a). Both spherical and monometallic nanoparticle

elongated nanopatrticles exist in the thin Ti@atrix. Figure

4b gives a histogram of 100 nanoparticles that were sampled N = f’nR?’d/M (1)

as evenly as possible in the whole area of the TEM picture. A 3 Na

symmetrical size distribution is noted with mean diameter of ] ) o

4.5 nm and standard deviation of 1.2 nm. When the nanoparticleWhere N is the number of atoms in the nanopartick,is

is observed at an enhanced magnification, dot-like structures'tS radius,d is the metal bulk density (10.5 g/énfor silver),

of 1.0-1.5 nm are noticed on the surface of the bimetallic AW iS the metal atomic weighty, is the Avogadro constant.
nanoparticle (Figure 4c). The outer shell layer appears not 1NUS, there are ca. 3.3 10° Ag atoms in the 4.5 nmR) Ag
uniform in thickness, and Pd clusters may be formed on top of Nanoparticle. _ _ _ _

the Pd shell, as schematically illustrated in Figure 4d. Such a N the case of the bimetallic nanoparticle (Figure 5b), the
morphology is expected to have a very high Pd surface areasShell (metal 1) to core (metal 2) atomic rath(N,) is expressed

and, correspondingly, extremely high catalytic activifieé® as follows
Assuming that the nanoparticle is spherical and consists of N AW AW
the ideal core-shell structure, we can make rough estimates of Wl = (gﬂ(Ri - Rg)dl/N_l)/(g'ﬂRgdz/ N 2) 2)
2 A A

(22) Nishihata, Y.; Mizuki, J.; Akao, T.; Tanaka, H.; Uenishi, M.; Kimura, M.;
(23) 32??253’ Ts';-H;;?: d?z' -mTﬁé%zO%Z lillll'a J%)?:r‘:ség?'B F G- sankar. . WhereRiandR; are the radii of bimetallic nanoparticle and its

Gleeson, DAngew. Chem., Int. Ed. Eng2001, 40, 1211-1215. core,d; andd, are the bulk densities of shell and core metals,

J. AM. CHEM. SOC. = VOL. 125, NO. 36, 2003 11037



ARTICLES He et al.

(@ (b) y D
P& pgt pd PdTPAYp plasma " PY 1 ® ®
Y —

P P pdt P&

et N o
1
T, 3, '.
4 ! layer 2 l’\b
2N\ PV YY) e o
ayer Ag' Ag A
W H, plasma A."\Sg ¢ @ Az (]

R, R, AL ] D — @ ag oAy B agAr
substrate

t=Ri-R,
0.05
monometallic metal 2-core/metal 1-shell
nanoparticle bimetallic nanoparticle
Figure 5. lllustration of ideal monometallic (a) and cershell bimetallic 0.04 1
(b) nanopartclesR, R;, and R, are radii of monometallic nanoparticle,
bimetallic nanoparticle and its corg; is atomic radius of shell metal. 8 003 4
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£
AW, and AW are the atomic weights of shell and core metals, 2 0.02 4
respectively. For the Pd-on-Ag nanopartide(Pd) andd, (Ag) =
are 12.0 and 10.5 g/cinrespectively, andNypdyNaag) is 2.2
(from XPS data). Therefore, we can calculate from eq 2 the 0011
diameter of the interior core R) as 3.2 nm, and this gives
0.00

9.7 x 1% Ag atoms from eq 1. Thus, the exterior shell has a
thickness {= Ry — Ry) of 0.7 nm and contains 2.% 10° Pd .
atoms. From the Pd atomic radiug)(of 0.14 nm, the thickness Afnm

. . _ Figure 6. Preparation of nanoparticles in TiGhin film by sequential
of each atomic layer is Ca/§r1 = 0.24 nm, and, therefore, the incorporation/reduction of Pd and Ag" ions (up) and corresponding UV

shell roughly consists of 3 Pd atomic layers (Figure 5b). It is vis spectra of the thin film (below) (a) afte! h immersion in aqueous
clear from the TEM image that the bimetallic nanoparticle does Pd(NQy)2 (10 mM); (b) after exposure to +hlasma of 10 w for 5 s; (c)
not assume an idealized cershell morphology. A more after 4 h immersion in aqueous AgN@®10 mM); and (d) after exposure to

realistic model is given as Figure 4d. This model is represented Hz plasma of 10 w for 450 s.

by small Pd particles (d, 1-61.5 nm) attached onto the surface  may not be surprising if we take into account the redox
of a larger (d~3.6 nm) Ag particle. The remaining surface potentials of the two elements involved. Ag has a lower redox
should also be covered with Pd atomic layers, as suggested bypotential (0.7996 V) than Pd (0.951 V), leading to the difficulty
the complete disappearance of the Ag plasmon band afterof forming an Ag-on-Pd nanoparticle. As a similar situation, a
deposition of Pd (Figure 1). A surfactant stabilized -A®d successive reduction of Ati (1.498 V) and P& (0.951 V) in
bimetallic nanoparticle with similar spectrum changes in solution was reported to give a mixture of Au and Pd individual
synthesis was confirmed by high resolution TEM to have an clusters rather than Pd-on-Au bimetallic partiG¢$EM images

300 400 500 600 700 800

Au core fully covered by a Pd shéliThe current model will of this sample show very small nanoparticles, with mean
increase the number of exposed Pd atoms, but a precise modediameter of 1.6 nm and standard deviation of 0.38 nm (Figure
building is not possible from the available data. 7). They must be composed of both of Pd and Ag metallic

Nanoparticles Prepared by the Reversed Order of Incor- nanoparticles, but they are not distinguishable by TEM. XPS

poration. It is important to confirm the composition and results showed that a large amount of Ag atom was incorpo-
morphology of the bimetallic particle for which incorporation rated: Pd/Ag ratio is 0.17. It is presumed that most of the Ag
of the two metals is reversed. Thus,2Pdon was introduced  atoms underwent aggregation among themselves. It is estimated
into a TiQx-gel film prior to Ag*™ incorporation under otherwise ~ from this ratio that the nanoparticles are composed of 85% Ag
the identical conditions. Afte4 h immersion in aqueous nanoparticles and 15% Pd nanoparticles.

Pd(NG;), (10 mM) and exposure to Hplasma, the Mg Catalytic Activity of Pd-on-Ag Bimetallic Nanoparticles.
templated thin film showed a spectral increase due to formation The catalytic activity of the Pd-on-Ag bimetallic nanoparticle
of Pd nanoparticles (Figure 6a and b). Subsequent immersionin TiO2 thin film was evaluated for hydrogenation of methyl
in aqueous AgN@(10 mM) and exposure to4plasmaresulted ~ acrylate, and compared with that of Pd monometallic nano-
in formation of metallic Ag nanoparticles, as indicated by particle (average diameter, 58 1.9 nm) in TiG film and
appearance of a Ag surface plasmon peak (Figure 6d). The pealcommercial Pd black (Wako Pure Chem). Under identical
position of the plasmon band was estimated to be at 421 nm byconditions, the catalytic activity of the commercial palladium
subtracting Figure 6b from Figure 6d. This surface plasmon peak Plack, as estimated from the initial rate, was measured to be
is blue-shifted and its intensity dramatically decreases compared0-0045 moiH, mol-Pd™* s71.2%In contrast, the catalytic activity
with that found in Figure 1b, indicating that the Ag nanoparticle ©Of the monometallic Pd nanoparticle was estimated to be 1.05
may be much smaller than those observed in Figure 3a. XPSMOlHz2 mol-Pd™* s, 233 times as large as that of the
measurements on the sample showed the BglBzhk at 336.52 commercial palladium black. In the latter, considerable ag-
eV, which is identical to that of metallic Pd in TiOnatrix. gregation of large Pd particles is observed. Thus, the higher
Thus, Pd.and Ag glements are apparently not interacting within (24) Harada M.; Asakura, K.; Toshima, N. Phys. Chem1993 97, 5103~
nanoparticles. This suggests that Ag-on-Pd nanoparticles of ™ * 5114.

core-shell type are not obtained, contrary to our expectation, (25) Toshima, N.; Shiraishi, Y.; Teranishi, T.; Miyake, M.; Tominaga, T.;

. . R . Watanabe, H.; Brijoux, W.; Bnemann, H.; Schmid, Gppl. Organomet.
i.e., isolated Pd and Ag metallic nanoparticles are formed. It Chem.2001, 15, 178-196.

11038 J. AM. CHEM. SOC. = VOL. 125, NO. 36, 2003
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Figure 8. Representative morphologies of bimetallic nanoparticles.

can conclude from these considerations that the observed higher
catalytic activity of the Pd-on-Ag nanoparticle is attributed
mainly to the large fraction of surface Pd atoms.

Possible Morphologies of Bimetallic Nanoparticleslt is
Figure 7. TEM image of Pd and Ag nanoparticles in iQel film prepared appropriate at this point to summarize representative morpho-
by sequential incorporation/reduction of#cand Ag" ions. logical variations of bimetallic nanoparticles, as given in Figure
8. Although Figure 8a is the morphology of metal A particles
included in a metal B particle, Figure 8b shows that of metal A
particles attached on the surface of a metal B particle. In Figure
8c, a particle is formed as a result of aggregation of A and B

20 nm

catalytic activity of the Pd nanopatrticle is attributable at least
partially to its much smaller size and the resulting enhanced
surface area. The Tinatrix might provide an interfacial area

that could promote the catalytic activity of Pd atom, as recently sub-particles (domains). Corehell and alloy morphologies are

discussed by othef8.When the Pd-on-Ag bimetalic nano- displayed in Figure 8d and e, respectively. Separate particles
particle was tested, a linear hydrogen uptake was observed up piay g ' P y. o€p P

to ca. 14 crdin ca. 40 min, where the hydrogen uptake was of metal A and metal B (Figure 8f) are also an important
almoét saturated '-I'he satu,rated hydrogen uptake (ca. 3¢ cm member of the bimetallic nanopatrticle. Further variations are
was in reasonablé agreement with that (12.4@stimated from possible by combination or repetition of these representative
hydrogenation of the €C bond, but not of the €0 bond in structures, and by exchanging metal A and metal B in the first
methyl acrylaté’ The catalytic a(l:tivity was estimated to be 1.65 four cases. Crystallinity or the lack of it I.e ad; to an additional
mol-H, mol-Pd L sL. It is 367 times as large as that of the yarlety. Asuper coreshell structure of o_nlon-llke morphology
commercial palladium black and 1.6 times as large as that of is conceivable based on alternate layering of two metals (Figure
the monometallic Pd nanoparticle 80). In the present example, an irregular eesbell morphology

It is interesting to estimate the fraction of Pd atoms that are was formed for Pd-on-Ag particles, and this may be conceived

located on the outmost surface. Again by assuming that the Pg2S @ Mixed structure of b and d. On the other hand, separate
monometallic nanoparticle is spherical (Figure 5a), the fraction Particles (structure f) appear to be dominant for the Ag-on-Pd
of surface Pd atoms is calculated as ca. Z8%., ca. 76% Pd ~ SYStem.

atoms are located in the interior of nanoparticle and could not ~ These varied morphologies may be categorized in terms of
be directly accessed by reactants. On the other hand, Pd aton¢ontinuity of a metal phase. Thus, in the case of particle-in-
exists as 3 atomic layers on the Ag core for the Pd-on-Ag particle, the outer particle constitutes a continuous phase, and
nanoparticle. Among the latter Pd atoms, ca. 42% are locatedthe inner particles are discontinuous. The particle-on-particle,
on the particle surfac®.In a more realistic model of Figure in contrast, is made of discontinuous outer particles and a
4d, this value may be even higher. Thus, the ratio of the surface continuous inner particle. Both of the two metal phases can be
Pd atoms in the bimetallic Ag-core/Pd-shell nanoparticle and discontinuous in the aggregated bimetallic particle, whereas both
the Pd monometallic nanoparticle is 1.7. This is a striking metal phases are continuous in the eeskell structure. The
agreement with the ratio of their catalytic activities (1.6). We alloy particle, of course, provides a new phase that is different
from either of the two metal phases. The electronic property of
(26) é%écfé’éa‘ffééel”;°(§"8§é%%,18.8%?32&&’%0%‘3'%93‘ JSclencez003 the bimetallic particle would be altered extensively, depending
(27) The Boyle's law for ideal gasPV = nRT, whereP is the pressure, on size, atomic order and continuity of the metal phase. How

V is the volume,T is the temperaturen is the amount of substance in
moles,R is the gas constant. In the current experiméht 1 atm, T =

(28) 3?13 K,n =bS X f10-“rfmol, Rd= 82.0578 atm %mK-l ;rzwol-l. 2 (29) The numbers of the surface, sub- and sub, subsurface Pd atyns:
28) The number of surface Pd atomdls = 4n(R — r)? x 0.90fqr? = )2 2 = = 2 2 =
4R — r)3r2z x 0.90, the total number of Pd atom$ir = 4/3 7R® x 4Ry = 11) X}QOhri)l\lszz Ar(Ry rzl \/ér.l) x 0.904T2*, Ne,
0.74/(4137r3) = R3r3 x 0.74, whereinR is the radius of nanoparticle A7(Ry — 11— v/ 3r1 — ~/3r1)? x 0.904r,? (see Figure Sb)Ry andr, are
(2.5 nm),r is that of atom (0.14 nm), 0.90 and 0.74 are the two and the radii of the Pd-on-Ag nanoparticle (2.25 nm) and Pd atom (0.14 nm).
three-dimensional packing coefficients, respectively. Thus the Kafldy Thus, the fraction of surface atoms idls/(Ns, + Ns, + Nsj) = (Ru —
can be estimated. r)2[(Ry —r)?+ (R —ry — x/§r1)2 + (R —r1— V3 r— «/:_%rl)?].
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the quantized electronic states of the two metals interact in relying on organic ligand molecules. Oxygen atoms in the
bimetallic nanoparticles is a rich source of new physical and network must stabilize bare metal ions, in a way similar to crown
chemical properties. Multi-metallic nanoparticles would also ethers, in which coordinating oxygen atoms are juxtaposed
lead to super-active catalysts for petrochemicals and fuel cells.toward central metal ions. After reduction, such coordination
Bimetallic and multi-metallic nanoparticles of varied morphol- is insufficient to maintain isolated metal atoms in the FiO
ogies are expected to have unique properties that are quitematrix, because of their high mobility and reactivity. These metal
distinct from those of the corresponding monometallic nano- atoms tend to coalescence, forming metal nanoparticles. With
particles. the increase in particle size, the mobility and reactivity are
lowered compared with those of the metal atom, and the metal
nanoparticle will be ultimately stabilized by a strong bonding

Bimetallic and multi-metallic nanoparticles belong to a class interaction between the outmost orbitals of its surface atoms
of the highly important nanomaterials that are largely unex- and the surrounding oxygen atoms of the Ti@atrix, as
plored. Apart from their quantum size effects, possible combina- demonstrated for a Ti metal clusféfThe absence of the organic
tions of metallic elements in nanoparticles can be numerous, ligand is related to many advantages in practical applications.
and electronic and quantum interactions among componentA third feature is that metallic nanoparticles are produced
metals may produce totally new physical and chemical proper- directly in solid matrix. Many practical uses of nanoparticles
ties* Variation of particle morphology is another rich source are made possible only in solid supports. This requirement is
of tailoring their physicochemical properti&These nano- met without additional procedures in the current system. The
particles are in many cases not stable without protective organiccatalytic experiment suggests that small reacting molecules can
groups, which can again exert strong influences on their multi- penetrate to the catalytic site through the metal oxide network.
metallic properties. It is important to point out that we are dealing very thin, porous

In view of such structural complications and rich functional films where molecular diffusion cannot be rate-limiting.
possibilities, it is much desired to find a method for facile ~ These outstanding features will bring about a new stage of
preparation of multi-metallic nanoparticles. We described in the development in metallic nanoparticle research. For instance, the
present study a simple preparative method of bimetallic nano- efficient use of noble metals is indispensable for development
particles in the TiQ ultrathin film. There are several unique Of practical fuel cells for automobiles. We may adopt the flexible
features that deserve special comments. One is the generalitydesign of bimetallic nanoparticles for this purpose. More
and simplicity of this preparative method. Metallic elements elaborate, multi-metallic systems are readily available for the
are incorporated into thin films as a result of ion-exchange and purpose of examining further unexplored possibilities.
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process can readily produce bimetallic nanoparticles in the j, absorption spectroscopy (FRS, RIKEN) and Dr. Onoue
desired order of incorporation. The ambient preparative condi- (kyoritsu Chemical/Presto, JST/FRS, RIKEN) for discussion
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