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A facile and fast microwave irradiation (MWI) method has been developed to prepare a wide
variety of pure metallic and bimetallic alloy nanoparticles with controlled size and shape. The
important advantage of microwave dielectric heating over convective heating is that the reactants can
be added at room temperature (or slightly higher temperatures) without the need for high-
temperature injection. The method allows the passivation of the nanocrystals by using a mixture
of olyel amine and oleic acid as a solvent, a reducing agent, and a capping material. We investigate the
controlled synthesis of nanoalloys among the nanocrystals of Au, Ag, Pt, Pd, Ru, Rh, Cu, and Ni by
studying the changes in the structural and optical properties of the resulting nanoalloys with respect
to the individual metals. Using the same method, we also report the synthesis of selected nanoalloys
supported on ceria nanoparticles as nanocatalysts for CO oxidation. The catalytic activities for CO
oxidation are presented and discussed. High activity and thermal stability have been observed for
the nanoalloys according to the order CuPd > CuRh > AuPd > AuRh > PtRh > PdRh > AuPt.
The method could be applied for the synthesis of multimetallic nanoalloys with novel properties

resulting from the different metallic properties coupled together in a single nanoalloy.

Introduction

Considerable research interest has been focused on the
study of bimetallic nanoalloys due to the additional new
properties that may arise from the combination of different
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compositions of metals on the nanoscale.' 7 At a funda-
mental level, information on the evolution of the electronic
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structures of bimetallic nanoparticles as a function of size,
composition, and shape and the associated changes in the
optical, catalytic, and magnetic properties continues to be
a major goal of research in nanostructured materials. On a
practical level, the unique properties of metallic and bime-
tallic nanoparticles are exploited for a variety of appli-
cations including nanocatalysis particularly for efficient
selective catalysts, sensors, optical markers, and filters, fuel
and oil additives for energy enhancement and surface
modifications, and many other applications. The applica-
tions of nanoparticle alloys are thus expected to enhance
many fields of advanced materials and relevant technology
particularly in the areas of catalysis, chemical and biologi-
cal sensors, optoelectronics, drug delivery, and media
storage.

Several methods based on physical and chemical appro-
aches have been developed for the synthesis of controlled
size and shape nanostructures including nanoalloys. Exam-
ples of these approaches include solvothermal methods,
template-assisted, kinetic growth control, sonochemical re-
actions, and thermolysis of single-source precursors in
ligating solvents.*® %" Most of the reported methods involve
high temperature (~300 °C) decomposition of the metal
precursor and require rigorous inert environments. The
requirements of high temperature and inert atmosphere
limit the large-scale production of the nanoalloys, and there
is a need to develop general and simple synthetic methods
operative at near room temperature in air and applicable to
a wide range of nanoalloy systems.

Recently, we developed a new approach based on micro-
wave irradiation (MWI) for the synthesis of a variety of
high quality, nearly monodisperse nanoparticles at low
temperatures.*~** The MWI approach provides simple
and fast routes to the synthesis of nanomaterials since no
high temperature or high pressure is needed. Furthermore,
MWI is particularly useful for a controlled large-scale
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synthesis that minimizes the thermal gradient effects.* %

As a result of the difference in the solvent and reactant
dielectric constants, selective dielectric heating can provide
significant enhancement in reaction rates. The rapid trans-
fer of energy directly to the reactants (faster than they are
able to relax) causes an instantancous internal temperature
rise. By using metal precursors that have large microwave
absorption cross sections relative to the solvent, very high
effective reaction temperatures can be achieved. This
allows the rapid decomposition of the precursors thus
creating highly supersaturated solutions where nucleation
and growth can take place to produce the desired nano-
crystalline products. These conditions lead to the forma-
tion of very small nanocrystals since the higher the
supersaturation the smaller the critical size required for
nucleation.*® For the formation of nanoalloys, the experi-
mental conditions must be chosen to yield binary nuclea-
tion events where the initial nuclei contain both metals with
compositions that reflect the compositions of the two metal
precursors. This requires careful choice of the two metal
precursors with almost identical decomposition profiles to
ensure the occurrence of binary nucleation events. These
conditions are different from those involved in the forma-
tion of core—shell nanoparticles, where the shell atoms
heterogeneously nucleate on the pre-existing core nuclei.
Following the nucleation events, the growth of the nano-
alloy nanocrystals can be effectively inhibited by the
adsorption of ligating organic surfactants that bind
strongly to the nanocrystals, thus stabilizing and passivating
the surface. In nanoalloys, depending on the surface com-
position of the binary nanocrystal faces, selective adsorption
of the capping agents can result in controlling the final shape
of the grown nanocrystal. Since in MWI it is possible to
quench the reaction very early on (~10 s), this provides the
opportunity of controlling the nanostructures from small
spherical nuclei to short rods to extended assemblies of
nanowires by varying the MWI reaction time, the composi-
tion of the nanoalloy, and the type and concentration of
different capping agents that exhibit variable binding
strengths to the metals in the nanocrystal.*

One of the important applications of metallic and bi-
metallic nanocrystals is in the area of nanocatalysis. Nano-
catalysis is a phenomenon of significant fundamental
research and important practical applications in a var-
iety of fields such as chemistry, physics, materials, and
environmental and atmospheric sciences in addition to
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its traditional significance in advancing the petroleum
field 59-11:12.202124.63-70

Metallic and bimetallic nanocrystals with controlled
particle size, high surface area, and more densely populated
unsaturated surface coordination sites could potentially
provide significantly improved catalytic performance over
conventional catalysts.®*~7 Highly nonstoichiometric
oxide nanoparticles such as CeO,_, provide a high oxygen
vacancy concentration and an active superoxide surface
species.®* "% These nanoparticle oxides enable catalytic
activation at significantly lower temperatures for the re-
duction of sulfur dioxide and the oxidation of carbon
monoxide.®*~7° Research in this area is motivated by the
possibility of designing nanostructured catalysts that pos-
sess novel catalytic properties such as low temperature
activity, selectivity, stability, and resistance to poisoning
and degradation.®*~7° Such catalysts are essential for tech-
nological advances in environmental protection, improv-
ing indoor air quality, and chemical synthesis and proces-
sing. The low temperature oxidation of carbon monoxide is
one of these important environmental issues since small
exposure (ppm) to this odorless invisible gas can be lethal.”!
Therefore, the discovery that Au nanoparticles between 2
and 5 nm are exceptionally active for low temperature CO
oxidation has stimulated extensive research to develop
highly active catalysts to remove even a small amount of
CO from the local environment.”*~ " There is also a strong
incentive to develop active supported catalysts that utilize
small amounts of the noble metals such as gold and
palladium. The applications of bimetallic nanoalloys as
supported catalysts could provide a wide range of activity
and possible selectivity for CO oxidation reaction.

In this paper, we establish the MWI approach as a
general procedure for the synthesis of a variety of high
quality, crystalline bimetallic nanoalloys with controlled
size and shape. The synthesis and characterization of
bimetallic alloys of Au, Pt, and Pd with Ru, Rh, Ag, Cu,
and Ni are reported. We also report the synthesis of
selected nanoalloys supported on ceria nanoparticles as
nanocatalysts for CO oxidation. This demonstrates an-
other advantage of using the MWI approach where a
supported nanoalloy catalyst can be prepared using a facile
one-pot synthesis. The catalytic activities for the CO
oxidation are presented and discussed. Our method could
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be expanded to prepare multimetallic nanoalloys with
novel properties resulting from the different metallic prop-
erties coupled together in a single nanoalloy.

Experimental Section

Chemicals and Materials. Palladium(Il) acetylacetonate
(Pd(acac);, 99%), rhodium(IIl) acetylacetonate (Rh(acac)s,
97%), copper(Il) acetylacetonate (Cu(acac),, 99.99%), ruthe-
nium(I1I) chloride (RuCl;, Ru content 45—55%), platinum(IV)
chloride (PtCly, 99.9+ %), hydrogen tetrachloroaurate(III)
(HAuCly, 30 wt % solution in dilute HCI), silver acetate (Agac,
99%), oleic acid (OAc, tech. 90%), oleylamine (OAm, tech. 70%),
and N,N-dimethylformamide (DMF, 99.8%) were purchased
from Sigma Aldrich. Nickel formate (99%) was purchased from
Alfa Aesar. All chemicals were used without any further purifica-
tion. Ethanol, dichloromethane, and toluene of analytical-reagent
grade are used for all experiments.

Synthesis Procedure. In a typical reaction, metallic precursors
of the selected alloy (1.45 x 107* mol of each metal) were
dissolved in 1 mL of DMF before being injected in an equimolar
mixture of liganding solvents of oleic acid, OA (0.114 mol), and
oleylamine, OAm (0.114 mol). The mixture was kept in an oil bath
under continuous stirring at a temperature of 110 °C using a
stirring hot plate, until a clear solution was obtained. The clear
solution was then placed in a conventional microwave set at
1000 W power and operated in 35 s cycles (on for 30 s, off and
stirring for 5 s) for a total microwaving time that varied from 1 to
15 min (until the reaction mixture turned black). After cooling
down, the bimetallic alloy nanocrystals were obtained by floccu-
lating the reaction mixture in ethanol followed by particle separa-
tion using an Eppendorf 5804 centrifuge operated at 5000 rpm for
5 min. The particles were washed at least two times with ethanol
and ethanol—toluene mixtures before being redispersed in S mL of
toluene or dichloromethane. Table 1 lists the experimental con-
ditions used in preparation of the different nanoalloys reported in
this paper. It should be noted that the size of the nanocrystals is
tuned by varying the concentration of the precursors and the
MWI times, while the shape is controlled by varying the concen-
tration and composition of the ligating solvents (oleic acid and
oleylamine) which stabilize the nanocrystals by passivating the
surfaces.

The syntheses of the nanocatalysts and the ceria nanoparticles
support were carried out simultaneously in the same solution
under the same experimental conditions. In this case, 0.5 g of
cerium acetate was dissolved in an equimolar mixture of oleyla-
mine and oleic acid first heated to about 110 °C in an oil bath to
remove the hydrated water from the cerium acetate and obtain a
clear solution. The metal precursors of the selected nanocatalyst
alloy (equivalent to 5 wt % of the CeO,) were dissolved in the
above mixture until a clear solution was obtained (see Table 1 for
specific experimental conditions). The clear solution was then
placed in a conventional microwave set at 1000 W power and
operated in 1—2 min cycles (on for 90 s, off and stirring for 30 s)
for a total microwaving time that varied from 5 to 15 min. After
cooling down, the bimetallic alloy supported on ceria nanocrys-
tals were obtained by flocculating the reaction mixture in ethanol
followed by particles’ separation using an Eppendorf 5804 cen-
trifuge operated at 5000 rpm for 5 min. The particles were washed
at least two times with ethanol and ethanol—toluene mixtures
before being calcinated in air at 500 °C in a muffle furnace.

Characterization. The X-ray diffraction (XRD) patterns of the
powder samples were measured at room temperature with an
X’Pert Philips Materials Research diffractometer, with Cu KaR
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Table 1. Experimental Conditions for Preparing Organically Dispersible Nanoalloys
nanocrystals precursors: OAm:OA (mole ratio)/ MWI time shape average size (nm)

Pt PtCl;—OAm —OAc (1:60:30)/2 min cubes 15
Pd Pd(acac),—OAm—OAc (1:60:30)/10 min cubes 10
Rh Rh(acac);—OAm—0OAc (1:60:30)/10 min faceted particles 6
Ru RuCl;—OAm—O0Ac (1:60:30)/10 min faceted fine particles 4
PtRh PtCly—Rh(acac);—OAm—0OAc (1:1:90:30)/5 min distorted cubes 20—22
PtRu PtCl;—RuCl;—OAm—0Ac (1:1:90:30)/10 min faceted fine structures 12
PdRh Pd(acac),—Rh(acac);—OAm—OAc (1:1:90:30)/10 min rod-like structures 12
PdRu Pd(acac),—RuCl;—OAm—OAc (1:1:90:30)/10 min rod-like structures 15
Au HAuCl;—OAm—OAc (1:17:17)/1 min spherical 10
Ag Ag(ac)-OAm—OAc (1:8:8)/5 min spherical 5
Cu Cu(ac),—OAm—0Ac (1:17:17)/8 min hexagons 40—50
AuAg HAuCl,—Ag(ac)~OAm—OAc (1:1:34:34)/7 min spherical 8
AgCu Ag(ac)—Cu(ac),—OAm—OAc (1:1:8:8)/5 min spherical 12
AuCu HAuCl;—Cu(ac),—OAm—0OAc (1:2:67:42)/8 min wire-like structures 10
Ni Ni(HCO;),—OAm—0OAc (1:5:5)/15 min hexagons 25-30
PtCu PtCl;—Cu(ac),—OAm—0Ac (1:1:10:10)/3 min spherical + elongated structures 12—15
PtAg PtCly—Ag(ac)—OAm—OAc (1:1:10:10)/5 min spherical 5
AuPd HAuCl;—Pd(acac),—OAm—OAc (1:1:10:10)/10 min spherical + rod-like structures 6—8
AuPt HAuCl,—PtCl;—OAm—OAc (1:1:10:10)/10 min small hexagones 12
AuRu HAuCl;—RuCl;—OAm—OAc (1:1:10:10)/10 min spherical 10
AuRh HAuCl;—Rh(acac);—OAm—0OAc (1:1:10:10)/10 min spherical 12
PtPd PtCly—Pd(acac),—OAm—OAc (1:1:10:10)/10 spherical 12
PdAg Pd(acac),—Ag(ac)~OAm—OAc (1:1:10:10)/10 min rod-like structures 15
PdCu Pd(acac),—Cu(ac),—OAm—0OAc (1:1:10:10)/10 min spherical 5
PtNi PtCl;—Ni(HCO,),—OAm—0Ac (1:2:10:10)/15 min spherical 12
PdNi Pd(acac),—Ni(HCO,),—OAm—0Ac (1:2:10:10)/15 min spherical 12
RuNi RuCl—Ni(HCO,),—OAm—0Ac (1:2:10:10)/15 min faceted 15

radiation. The optical absorption and the photoluminescence
spectra for the toluene-dispersed core/shell nanocrystals were
measured using HP-8453 spectrophotometer and Varian (CARY)
Fluoro spectrometer, respectively. Transmission electron micro-
scopy (TEM) was carried out using a Joel JEM-1230 electron
microscope operated at 120 kV equipped with a Gatan UltraScan
4000SP 4K x 4K CCD camera. Samples for TEM were prepared
by placing a droplet of colloid suspension in toluene on a Formvar
carbon-coated, 300-mesh copper grid (Ted Pella) and allowing
them to evaporate in air at room temperature. Additional TEM
analyses were performed using a Joel 2010F field-emission gun
operating at 200 kV and having an Oxford ultrathin window
EDX detector. Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX) were carried out using a
Quantum DS-130S dual stage electron microscope. The X-ray
photoelectron spectroscopy (XPS) analysis was performed on a
Thermo Fisher Scientific ESCALAB 250 using a monochromatic
Al Ka X-ray.

For the CO catalytic oxidation the sample was placed inside
a Thermolyne 2100 programmable tube furnace reactor.?’ The
sample temperature was measured by a thermocouple placed near
the sample. In a typical experiment, a gas mixture consisting of
4 wt % CO and 20 wt % O, in helium was passed over the sample
while the temperature was ramped. The gas mixture was set to
flow over the sample at a rate of 100 cm®/min controlled via MKS
digital flow meters (Supporting Information). The conversion of
CO to CO, was monitored using an infrared gas analyzer (ACS,
Automated Custom Systems Inc.). All the catalytic activities were
measured (using a 50 mg sample) after a heat treatment of the
catalyst at 300 °C in the reactant gas mixture for 15 min to remove
moisture and adsorbed impurities.

Results and Discussion

1. Synthesis and Characterization of the Metallic and
Bimetallic Nanocrystals. The crystalline nature of the
as-synthesized metallic and bimetallic nanoparticles was
determined by X-ray diffraction measurements. The

diffraction patterns of the pure metallic Au, Ag, Pd, Pt,
Rh, Cu, and Ru nanoparticles are displayed in Figure 1.
The measured patterns can be indexed to the [111], [200],
[220], [311], and [222] planes of the face centered cubic (fcc)
crystal structures for Au, Ag, Pd, Pt, Rh, and Cu nano-
particles. However, the Ru nanoparticles show a diffrac-
tion pattern that could be indexed to the [100], [101], [110],
[103], and [201] planes of the hexagonal closed-packed
(hep) lattice, whereas the Ni nanoparticles show the pre-
sence of a major cubic crystalline phase with some traces
of particles with hexagonal crystal structures (Figure S1,
Supporting Information). The XRD results clearly indicate
the absence of peaks that can be assigned to metal oxides.
This is particularly important for the Cu and Ni nano-
particles where no oxidation by atmospheric oxygen was
observed, thus, indicating the efficient surface capping and
passivation by the oleic acid—oleyl amine mixture.

Parts a and b of Figure 2 displays the XRD patterns of
the PtAuand PtRh (a) and CuAu and CuPt (b) nanoalloys,
respectively. In comparing the XRD pattern of the nanoal-
loy to the patterns of the individual metals, it is clear that
the diffraction peaks of the nanoalloy are located in
between the corresponding peaks of the individual metals.
This suggests the formation of a solid solution correspond-
ing to the specific nanoalloy. The diffraction pattern of the
nanoalloy is not simply a sum of the patterns of the
individual components. The nanoalloy patterns also show
no evidence of any pure metallic peaks which indicates that
binary nucleation has been the major nucleation process
involved in the formation of these alloys. Therefore, the
absence of the diffraction peaks of the pure metal consti-
tuents and the appearance of new peaks located in between
those of the pure metals provide strong evidence for the
binary nucleation mechanism leading to the formation of
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Figure 1. XRD patterns of metal nanocrystals prepared by the MWI
method.
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Figure 2. Comparisons of the XRD patterns of nanoalloys (a) PtAu and
PtRh and (b) AuCu and PtCu, with the patterns of the individual metal
nanocrystals prepared by the MWI method.

the alloyed nanocrystals. Similar results have been ob-
served for other nanolloys such as RuPd, RuPt, AgAu,
and AgPt as shown in Figures S2 and S3 (Supporting
Information). It should be noted that the formation of
nanoalloys among the Au, Ag, Pd, Pt, Rh, Cu, and Ru
nanoparticles is thermodynamically favorable since these
metals have the same fcc crystal structure with similar
lattice constants. These alloys are likely to be formed by
atom substitution of one metal for the other through
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Figure 3. TEM images of metal nanocrystals prepared by the MWI
method.

diffusion processes in the supersaturated solution of the
binary metals or at the interfaces of the resulting nano-
crystals. It is interesting, however, that the same trend
of nanoalloy formation is also observed between Ru with
the hcp lattice and the fcc metals such as Cu, Ag, Au, Pd,
and Pt.

Figure 3 displays TEM images of the Au, Ag, Ru, Rh,
Pt, and Pd nanocrystals prepared under the experi-
mental conditions given in Table 1. By using a 1:1 ratio
of OAm:OA, both Ag and Au produce monodispersed
spherical nanocrystals with average diameters of 5 and
10 nm, respectively. The size of the particles can be con-
trolled by varying the MWI time, the concentration of the
metal precursor, and the OAm to OAcratio. The metalions
in our experiments are reduced by the OAm which acts as
both reducing agent and capping material as well. No
nanoparticles are formed in pure OA even after MWI for
several hours. This confirms that OAm is responsible for
the reduction of metal ions and the formation of the
metallic and bimetallic nanocrystals. However, the pre-
sence of OA clearly enhances the growth rate which could
affect the final shape of the nanocrystal depending on the
ratio of OAm:OA and MWI time. In the case of Ruand Rh,
using a 2:1 ratio of OAm:OA produces small faceted
nanocrystals with truncated prisms as the predominant
shape of the nanocrystals as shown in Figure 3. The average
particle size is 3—4 nm for Ru and 5—6 nm for Rh. Under
similar conditions, both Pt and Pd nanocrystals form cubic
shapes with an average edge of 15 and 10 nm, respectively.
Similar Pt and FePt nanocubes have been prepared using a
solvothermal method under nitrogen.'>®

Figure 4a shows TEM images of several examples of
bimetallic nanoalloys. Most of the nanoalloys produced
using a 1:1 ratio of OAm:OA show spherical particles. For
the PdCu nanoalloy, very small spherical particles with an
average diameter of less than 5 nm are formed. The
particles are well dispersed with a narrow size distribution.
For the PdAg nanoalloy, rod-like, 15—20 nm long nano-
crystals are produced. Both the AuPd and the AuAg
nanoalloys show spherical particles with an average parti-
cle size close to that of the pure Au nanocrystals. The PtRh
nanoalloy shows deformed cubic shapes which seem to be a
combination of the cubic shape Pt nanoparticles and the
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Figure 4. (a) TEM images of bimetallic nanoalloys prepared by the MWI
method. (b) Digital photographs of metallic and bimetallic nanocrystals
dispersed in toluene solutions.

faceted prism-like Rh particles. The average particle size of
20—25 nm of the PtRh nanoalloy is significantly larger than
the size of the individual metal nanoparticles. All the
nanoalloy solutions prepared by the MWI method and
dispersed in toluene are very stable and can be stored for
several months at room temperature without precipitation.
This stability is due to the strong interaction between the
OAm:OAc mixture and the surface of the bimetallic alloys
which could form covalent-type interactions in some
cases.”® Figure 4b shows digital photographs of metal-
lic nanocrystals and bimetallic nanoalloys dispersed in
toluene solutions. The different colors of the nanoalloys
as compared to the individual metals are clearly visible in
all cases.

The EDX spectra of the PtCu, PtRh, PtRu, PtPd, PdAu,
PdNi, PdRu, and PdCu nanoalloys confirm the presence of
the corresponding metals in each nanoalloy as shown in
Figure S4a—h, respectively (Supporting Information). The
EDX spectra were measured on the Quantum DS-130S
Dual Stage SEM using thin films of the prepared nanoal-
loys. The thin film was prepared by placing a few drops of
the nanocrystals dispersed in a methylene chloride solution
onto a clean aluminum holder. The holder was then placed
in a desiccator at room temperature to dry into a thin film.
The analysis of the EDX spectra reveals that the atomic
ratios of the metal components in the nanoalloys do not
change much from the starting ratios of the metal precur-
sors. For example, the EDX spectrum of the PdCu nano-
crystals indicates that the nanocrystals contain 49.4 atom
% Pd and 50.6 atom % Cu, almost identical to the 1:1 ratio
of the Pd and Cu precursors used in the synthesis. The
insets shown in Figure S4a—h (Supporting Information)
display the SEM images observed for different nanoalloys.
It is clear that the nanoalloys exhibit very different
morphologies and film porosities. The nanoalloy films of
PtCu, PtRh, PdAu, and PdNi show less porous films while
the nanoalloys of PdCu, PtRu, and PdRu show highly
porous films. It is interesting that the PdCu nanoalloy with
very small nanocrystals (5 nm) results in the formation of a
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highly porous film as shown in Figure S4h (Supporting
Information). These films could have important applica-
tions for the selective adsorption of a variety of gases.

Further support for the formation of nanoalloys has
been provided by high resolution TEM and NANO EDX
analysis with a probe beam of 0.5 nm as shown in Figure 5
for the PtAu nanoalloy nanoparticles. The high resolution
images show lattice fringes and structural defects such
as stacking faults and twins that are often observed in
nanoalloys. This can be explained by the different growth
rates of Pt on various planes of Au nanocrystals as well as
by the anisotropy of the surface energy, which favors low-
index [111] and [200] facets.* In the NANO EDX measure-
ments, the electron beam was focused on a number of
particles, as shown in the two examples given in Figure 5,
and it was found that all particles consisted of Pt—Au
alloy as evident from the corresponding EDX spectra.
The average composition Pt45Augss determined from
the NANO EDX analysis is in excellent agreement with
the SEM-EDX results and with the 1:1 atomic ratio of the
Pt and Au precursors used in the synthesis.

Metallic nanoparticles exhibit unique optical properties
due to their surface plasmon resonances (SPR), which
result from the coherent collective oscillations of electrons
in the conduction band of metal nanocrystals.”””’® The
optical properties of Au, Ag, Cu, Pd, Pt, Rh, and Ru
nanoparticles dispersed in toluene have been investigated
along with their bimetallic nanoalloys. Figure 6a shows the
UV—Vis absorption spectra of Au, Ag, and AuAg nano-
crystals. The Au and Ag particles show SPR absorptions at
530 and 428 nm, respectively. These values are red-shifted
from the typical colloidal Au and Ag nanoparticles of the
6—8 nm size which have plasmon bands at about 520 and
380 nm, respectively.”” The observed red shift could reflect
the roles of OAm and OA in modifying the electronic
structures of the Au and Ag nanocrystals. It has been
shown that these capping molecules give rise to a shell of
localized charge that modifies the refractive index of the
medium surrounding the metallic core and reduces the size
where the electrons can freely oscillate.”” The optical
absorption of the AuAg nanoalloy shows an SPR peak at
474 nm with no evidence for the SPR peaks of the
individual Ag or Au nanocrystals. This SPR peak is similar
to that observed for the AugsAgy4 alloy nanoparticles
coated with oleylamine.®® This result provides further
evidence for the formation of the AuAg nanoalloy with a
composition close to the 1:1 atomic ratio of the Au and Ag
precursors used in the MWI synthesis.

Figure 6b shows the photoemissions observed from the
Au, Ag, and AuAg nanocrystals. The photoemission in
these metals is attributed to an interband recombination

(77) Hodak,J. H.; Henglein, A.; Giersig, M.; Hartland, G. V. J. Phys. Chem.
B 2000, /04, 11708-11718.

(78) Kariuki, N. N.; Luo, J.; Maye, M. M.; Hassan, S. A.; Menard, T.;
Naslund, H. R.; Lin, Y.; Wang, C.; Engelhard, M. H.; Zhong, C. J.
Langmuir 2004, 20, 11240-11246.

(79) de la Presa, P.; Multigner, M.; de la Venta, J.; Garcia, M. A.;
Ruiz-Gonzalez, M. L. J. Appl. Phys. 2006, 100, 123915/1-123915/6.

(80) Wang, C.; Yin, H.; Chan, R.; Peng, S.; Dai, S.; Sun, S. Chem. Mater.
2009, 21, 433-435.
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Figure 5. High resolution TEM images of PtAu nanoalloy and NANO EDX spectra of two different particles showing atomic percent compositions
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Figure 6. (a) UV—Vis absorption spectra of Ag, Au, and AuAg nano-
crystals in toluene. (b) Photoemission spectra of Ag, Au, and AuAg
nanocrystals.

between electrons and holes. The Ag, AgAu, and
Au nanocrystals exhibit emission peaks at 484, 529, and
598 nm, respectively. It is clear that all emission peaks are
red-shifted in comparison to the SPR peaks observed in
Figure 6a. Also the alloy nanocrystals were found to emit
between the emission wavelengths of pure Ag and Au
nanocrystals. The absorption and emission spectra show
that the AgAu alloy particles have optical properties dif-
ferent from that of Ag or Au particles and could be tuned
under an excitation or emission mode that depends on the
alloy composition. The intensity of the photoemission

(81) Mooradian, A. Phys. Rev. Lett. 1969, 22, 185-187.

peaks was found to decrease from Ag > AgAu > Au as
the Au nanocrystals have a very small quantum yield.®*

The absorption and fluorescence spectra of the PdCu,
PdAu, and AdAg nanoalloys are displayed in Figure 7a,b.
The absorption spectra (Figure 7a) show the absence of
any SPR peaks corresponding to Ag, Au, or Cu metal
indicating the absence of any pure metal nanoparticles
and hence suggesting the formation of nanoalloys. This
result is similar to that reported by other groups.® On the
other hand, the fluorescence spectra show that the emis-
sion peaks are shifted to the red as the Pd-conjugate
metal changes from Ag (473 nm) to Au (532 nm) to
Cu (558 nm).

2. CO Ocxidation on Ceria Supported Bimetallic Nano-
alloys. In this section, we investigate the catalytic activity
for CO oxidation of the metallic and bimetallic nano-
crystals supported on CeO, nanoparticles prepared using
the MWI approach. In all cases, samples of 5 wt %
nanocatalyst supported on CeO, nanoparticles were con-
sidered. In these syntheses, the shape control of the sup-
ported nanocatalysts was not clearly observed probably
because of the small concentration of the metallic and
bimetallic nanoparticles relative to the CeO, nanoparticles.
Also, because of the removal of the capping agents through
the calcination process, the metallic nanoparticles are not
expected to retain their original shapes produced by the
synthesis. The only exception among the synthesized sup-
ported nanoparticles was Pd/CeO, nanoparticles which

(82) Mohamed, M. B.; Volkov, V.; Link, S.; El-Sayed, M. A. Chem. Phys.
Lett. 2000, 317, 517-523.
(83) Toshima, N.; Yonezawa, T. New J. Chem. 1998, 22, 1179-1201.
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Figure 7. (a) UV—vis absorption spectra of PdCu, PdAu, and PdAg
nanocrystals. (b) Photoemission spectra of PdCu, PdAu ,and PdAg
nanocrystals.
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Figure 8. (a) TEM images of 5 wt % Pd/Ceria and Cu/ceria nanoparticles
prepared by the MWI method following the calcinations of the samples in
air at 500 °C. (b) Comparisons of the XRD patterns of CeO,, 5 wt %
Pd/ CeO,, and 5 wt % Cu/ CeO, prepared by the MWI method.

appeared to retain their cubic shape even after calcination.
Figure 8a displays representative examples of TEM images
of the 5 wt % samples of the Pd/CeO, and Cu/CeO,
nanocatalysts following the calcination of the samples in
air at 500 °C. The TEM images show that the Pd and Cu
nanoparticles are well dispersed within the CeO, nanopar-
ticles with no evidence for aggregation. This is also sup-
ported by comparing the XRD pattern of pure CeO,
nanoparticles with patterns of the two nanocatalysts con-
sisting of 5 wt % Cu and 5 wt % Pd supported on CeO,
nanoparticles as shown in Figure 8b. It is clear that all the
three patterns match well with CeO, (ICCD 00-034-0394)
from the database with no evidence of Pd or Cu peaks. This
provides further support for the dispersion of the small Pd
and Cu nanoparticles within the ceria support. Volume-
weighted average crystalline size of the ceria nanoparticles
calculated from the XRD peak width using Scherrer’s
equation indicates that the average particle size is about
5 nm.* This size is smaller than that observed from TEM
due to the polycrystalline nature of the nanoparticles. Also,
because of the high contrast from the Pd or Cu nanopar-

(84) Klug, H. P.; Alexander, L. E. X-ray Diffraction Procedures for
Polycrystalline and Amorphous Materials, 2nd ed.; Wiley: New York,
1974.
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Figure 9. XPS survey spectra of 5wt % Cu, 5wt % Pd, and 5 wt % CuPd
nanoalloy supported on CeO, nanoparticles.

ticles, the individual cerium oxide nanoparticles are not
clearly shown in the TEM images shown in Figure 8a.

To characterize the surface composition of the supported
nanocatalysts, we carried out XPS measurements on seve-
ral metallic and bimetallic catalysts supported on CeO,
nanoparticles. Figure 9 displays the XPS survey scans of
the Cu/Ce0O», Pd/CeO, and CuPd/CeO, nanocatalysts. It is
clear the spectrum of the bimetallic catalyst reveals the
presence of both Cu and Pd on the surface layers of the
nanoparticles. However, the surface composition is some-
what different from the particle’s composition used in the
MWI synthesis. For example, the surface compositions of
the prepared 5 wt % Cu/CeO, and 5 wt % Pd/CeO,
nanoparticles were found to contain 10 wt % Cu and
2 wt % Pd, respectively. Similarly, the prepared 5 wt %
CuPd/CeO, nanoparticles were found to contain 6.8 wt %
Cu and 3.5 wt % Pd at the surface. The tendency for excess
surface enrichment of Cu could be related to lowering the
surface free energy of the bimetallic nanoparticle. Detailed
XPS studies of the bimetallic nanoalloys are currently
under investigation in our laboratory.

Figure 10 compares the CO conversions over different
5wt % metallic nanocatalysts supported on ceria prepared
by the MWI method. It is clear that the Pd sample exhibits
the highest activity with 50% and 96% conversions of CO
to CO, at temperatures of 63 and 91 °C, respectively
(Table 2). The performance of this catalyst is significantly
improved over the 5 wt % Pd nanoparticles supported on
ceria nanoparticles prepared previously using MWI but
without the use of OAm—OAC as the reducing and capping
agent.* In that work, the Pd/ceria catalyst was prepared in
an aqueous medium using NaOH with no capping
agents added. The resulting catalyst showed 50% and
100% conversions of CO to CO, at temperatures of 140
and 151 °C, respectively.*” In the present work, the use of
an OAm—OAc mixture resulted in the formation of cubic
shaped well-dispersed nanocrystals which remained well-
dispersed within the ceria nanoparticles even after the heat
treatment at 500 °C to remove the organic materials as
shown in the TEM of Figure 8a. The performance of the
Pd/ceria nanocatalyst shown in Figure 10 is also much
better than the Pd/ceria catalyst reported in ref 85 where the
100% CO conversion was reported to occur at ~220 °C
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Figure 10. CO oxidation on different metal/CeO, nanoparticles prepared
by the MWI method.

Table 2. Temperatures for the CO Oxidation (3%, 50% and max %
conversion) over Nanocatalysts Supported on Ceria Nanoparticles
Synthesized by the MWI Method

T3% (OC) TSO% (OC) 0/0 max (T, OC)
Metals

Pd 29 63 96% (91)

Cu 52 82 95% (140)
Rh 62 113 100% (202)
Au 98 243 92% (327)
Ag 115 214 100% (266)
Pt 218 286 100% (306)

Alloys

PdCu 44 74 94% (86)

PdPt 37 78 91% (152)
CuRh 57 95 96% (158)
AuPd 63 115 93% (186)
PdAg 47 78 94% (174)
RhAg 56 107 100% (197)
RhPt 93 155 100% (217)
CuPt 76 102 92% (221)
AuPt 159 225 94% (236)
PdRh 116 178 98% (227)
AuRh 136 83 96% (230)
CuAg 66 99 100% (284)
AuCu 110 303 81% (420)

following the heat treatment of the catalyst.®® Other ceria-
supported nanocatalysts which exhibited reasonable activ-
ity for the CO oxidation are the 5 wt % Cu and Rh catalysts
as shown in Figure 10. Again, the TEM images of these
catalysts obtained after the heat treatment at 500 °C show
well-dispersed particles within the ceria support. On the
other hand, the activity of the current 5 wt % Au/ceria
catalyst is significantly lower (50% and 92% CO conver-
sions at 243 and 327 °C, respectively) than the previously
prepared

5wt % Au/ceria catalyst synthesized in aqueous medium in
the absence of capping agents (50% and 93% CO con-
versions at 67 and 211 °C, respectively).*> However, the
performance of the current Au/ceria catalyst is similar to
other Au/ceria catalysts where 50% and 90% CO conver-
sions were reported to occur at 272 and 380 °C, respectively
following the calcination of the catalyst at 500 °C.*¢

(85) Zhu, H.; Qin, Z.; Shan, W.; Shen, W.; Wang, J. Catal. Today 2007, 126,
382-386.

(86) Russo, N.; Fino, D.; Saracco, G.; Specchia, V. Catal. Today 2006, 117,
214-219.
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Figure 11. CO oxidation on different bimetallic nanoalloys supported on
CeO, nanoparticles.

This can be attributed to the aggregation of the Au
nanoparticles following the removal of the capping materi-
als by the heat treatment at 500 °C. The fact that the Pd and
Cu catalysts did not exhibit low activity following the same
heat treatment at 500 °C implies that the tendency for
aggregation of these nanoparticles is probably less than
that of Au.

It should be noted that the catalytic activity of the
present nanoparticle catalysts supported on ceria is
strongly dependent on the removal of the organic capping
materials. Incomplete removal of the organic materials
leads to poor catalytic activity and rapid deactivation of
the catalyst.

Figure 11 compares the activity of several nanoalloys
supported on ceria toward CO oxidation. The performance
of the supported bimetallic alloys is consistent with ob-
served activity of the supported metal catalysts shown in
Figure 10. For example, the highest activity is observed for
the Pd, Cu, and Rd-containing nanoalloys according to
the order CuPd > CuRh > AuPd > AuRh > PtRh >
PdRh > AuPt. Both the CuPd and CuRh supported
nanoalloys show promising results as efficient CO oxida-
tion catalysts with 50% conversions at 74 and 95 °C,
respectively. The highest conversions for these catalysts
were 94% and 96% observed at 86 and 158 °C, respectively.
For the PdAu nanoalloy supported on ceria, 50% and 93%
conversions were observed at 115 and 186 °C, respectively.
This is significantly better than the activity of bimetallic
PdAu nanoalloy supported on TiO, nanoparticles where
the 1% and 100% CO conversions were reported to occur
at 150 and 250 °C, respectively.®” The activity of the PdAu
nanoalloy supported on ceria is also much higher than that
of Ausupported on ceria (50% and 92% CO conversions at
243 and 327 °C, respectively). This indicates that the
catalytic activity of Au for CO oxidation can be enhanced
by alloying with Pd. This is also consistent with similar
findings for the alloying of Au with Ag.*® The catalytic
activity of the prepared supported nanoalloys can be
further enhanced by optimizing the MWI synthesis method
and the heat treatment of the catalysts. The main objective
of the present work was to demonstrate the one-step

(87) Scott, R. W. J.; Sivadinarayana, C.; Wilson, O. M.; Yan, Z.; Goodman,
D. W.; Crooks, R. M. J. Am. Chem. Soc. 2005, 127, 1380-1381.



2834  Chem. Mater., Vol. 21, No. 13, 2009

synthesis of supported nanoalloys and to establish their
application in nanocatalysis. Future work will focus on
tuning the size, shape and composition through the MWI
synthesis of selected promising nanoalloy catalysts such as
CuPd, CuRh, and AuPd to enhance their activities.

Conclusions

In conclusion, the microwave irradiation method is
simple, versatile, and rapid. It allows the synthesis of a
wide variety of bimetallic nanoalloys with controlled size
and shape. The important advantage of microwave di-
electric heating over convective heating is that the reactants
can be added at room temperature (or slightly higher
temperatures) without the need for high-temperature
injection. Furthermore, the same method can be used
to synthesize bimetallic nanoalloys supported on ceria
nanoparticles as nanocatalysts for CO oxidation. The
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current results reveal that the CuPd, CuRh, and AuPd
supported nanoalloys exhibit high activity for CO oxida-
tion. Optimizations of the size, composition, and shape of
these nanoalloys could provide a new family of highly
efficient bimetallic nanocatalysts for the low temperature
oxidation of CO.
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