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Pd containing trimetallic nanoparticles (Pdtnp) are synthesized using chemical method with
cetyltrimethylammonium bromide (CTAB) as the capping agent. The particle sizes are characterized by
HRTEM, and XRD measurements. The catalytic activities of Pdtnp are tested using Suzuki C-C coupling
reaction. The product yield, reaction time and recyclability of the recovered catalysts are studied. The
effects of solvent medium, nature of base and the reaction temperature for Pdtnp catalysts are optimized.
Pdtnp exhibited better Suzuki reaction catalysis than Pdnp.
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1. Introduction

Metallic nanoparticles of definite size are synthesized via a
“bottoms-up” approach and surface modified with special func-
tional groups. The nanoscale particles are generally motivated by
the change in physical and chemical properties as compared to
bulk materials [1,2]. They are expected to be useful in various
ways, like as catalysts [3-7], magnetic materials [8-11], semicon-
ductors [12], electro-optic materials [13], drug delivery materials
[14] and so on, and thus should be attractive to many researchers.
The large surface-to-volume ratio of metallic nanoparticles makes
them very attractive to use as catalysts for chemical reactions com-
pared to other bulk catalytic materials [ 15]. This attractive property
of metallic nanoparticles results in the surface atoms being very
active. The surface atoms are so active that they result in changes in
the size or shape of the nanoparticles during their catalytic function.

In the core-shell-structured bimetallic nanoparticles thus pre-
pared, the catalytic activity of shell atoms can be electronically
affected by the core atoms [16]. Based on the concept of electronic
effect in bimetallic nanoparticles having a core-shell structure, a
“triple core-shell structure,” in which one element form a core,
the second element covers the core, forming an interlayer, and
the third element covers the interlayer, forming a shell, has been
proposed. A successive electronic effect is expected in this triple
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core-shell-structured trimetallic nanoparticle. However, only few
reports have been published on trimetallic nanoparticles having a
triple core-shell structure [17-20].

Recent studies indicate that Palladium based nanostructures
are also attractive for a number of catalytic applications and have
been demonstrated in a variety of reactions that include Heck cou-
pling [21-24], Suzuki coupling [25-28] and hydrogenation [29,30],
etc. In particular, bimetallic systems have been shown to exhibit
enhanced catalytic activity for multiple reactions including the C-C
coupling reaction [31-35], and previously reported the present of
Au-Ag-Pd trimetallic nanoparticles, as well as their catalytic activ-
ities towards Heck C-C coupling reaction [36]. Interestingly, the
catalytic activity strongly depended on the composition. Only the
trimetallic nanoparticles with strictly designed composition had
very high activity, which suggests that the triple core-shell struc-
ture was spontaneously produced at the specific composition.

In the present work, the synthesis of trimetallic nanoparticles
having an Au-core structure by a combination of the preparation
of bimetallic nanoparticles by co-reduction with the formation of
core/shell-structured bimetallic nanoparticles by self-organization
in physical mixture. The formation of trimetallic nanoparticles has
been characterized by UV-vis spectral change, HRTEM images,
FT-IR spectra, XRD spectra, SEM-EDX and catalytic studies. The
catalytic Suzukireaction between phenylboronic acid and iodoben-
zene in aqueous solution is investigated in order to provide a
mechanistic understanding of surface atoms in the catalysis of
this reaction. The catalytic activity of trimetallic nanoparticles was
higher than the corresponding mono- and bimetallic nanoparticles.
This high catalytic activity can be understood by sequential elec-
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tronic charge transfer from surface Pd atoms to interlayered Ag
atoms and then to core Au atoms.

2. Experimental
2.1. Materials

Hydro tetrachloroauric acid (HAuCly) and silver nitrate
(AgNO3), Palladium Chloride (PdCl,) from Ranbaxy Lab. Ltd. India,
cetyltrimethylammonium bromide (CTAB), sodium borohydride
(NaBHy4), ethanol, aryl halides and phenylboronic acids from
Aldrich Chemicals with 99% purity are used as such. IR grade KBr
was supplied by Sigma. Triple distilled water was used for making
solutions.

2.2. Preparation of trimetallic nanoparticles

The colloidal dispersions of surfactant (CTAB)-protected Au-Ag
bimetallic nanoparticles were prepared by refluxing of the aqueous
solution of HAuCl, and AgNOj3 in the presence of CTAB [37]. The
molar ratio of Au-Ag was 1/1, and the molar ratio of monomer unit
of CTAB against total metal (R) was kept 40 in the present experi-
ments. The colloidal dispersions of Pd nanoparticles are separately
prepared by refluxing a H,O/EtOH (1/1, v/v) solution of PdCl, in the
presence of CTAB [38]. The colloidal dispersion of CTAB-protected
Au-Ag (1/1) nanoparticle and that of CTAB-protected Pd nanopar-
ticles are mixed at room temperature in the designated ratio. The
mixed dispersions are kept stirring at least for a 24 h at room tem-
perature to complete the self-organization reaction.

2.3. Size characterizations

The TEM photograph was taken on a JEOL model 1200 EX instru-
ment operated in the accelerating voltage of 120 KV using Formvar
coated copper grid. Powder X-ray analysis was carried out using a
Philips PW 1050/37 model diffractometer, operating at 40 kV and
30mA. Cu Ko radiation with a wavelength of 1.54A and a step
size of 0.02° in the 20 range, 30-80° was used. SEM-EDX exper-
iments were carried out on a Hitachi S-3400 N instrument with
EDX analyzer facility at 25 °C. The samples are prepared by placing
adrop of the colloidal metal solution on a carbon coated copper grid
and allowing the solvent to evaporate. Shimadzu UV-1601 double
beam spectrometer using quartz cuvettes with 1cm path-length
was used for UV-vis spectra and FT-IR spectra are recorded using
Bruker Tensor 27 instrument in KBr pellet at 25°C.

2.4. Trimetallic nanoparticles (Pdtnp) catalyzed Suzuki coupling
reaction

The reaction mixture consisting of 0.49g of sodium acetate
(0.49¢g, 3mmol), Phenylboronic acid (0.128¢g, 1.05mmol) and
lodobenzene (0.2 g, 1 mmol) and 150 ml of DMF-water (3:1, v/v)
solvent are preheated to 100°C for 2min with stirring and in
N, atm, immediately followed by the addition of trimetallic
nanoparticles solution containing 0.1-0.5 mol% colloidal concen-
trations was added and continued the refluxing for 12 h. An aliquot
amount of reaction mixture was taken every 3 min and cooled
to room temperature the sample analysis was performed with
a high-performance liquid chromatograph (HPLC, Hitachi-4500),
equipped with a L4500A diode array detector (monitored wave-
length at 254 nm).

3. Results and discussion

3.1. UV-visible spectroscopy (UV-vis)

The completion of formation reactions of monometallic palla-
dium, bimetallic Au-Ag and trimetallic Au-Ag-Pd nanoparticles
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Fig. 1. UV-vis absorption spectra of CTAB stablized monometallic palladium
nanoparticles (Pdnp) solution at different time interval in aqueous medium at 25 °C.

were followed by UV-visible spectroscopy as a function of
time.

Fig. 1 shows the UV-vis spectral changes during the formation
of monometallic Pd nanoparticles, the absence of peaks at 440 and
325 nm characteristic of unreduced Pd2* indicates complete reduc-
tion of the metal ions. The metal ion binds well with CTAB micelle
which was added to it. To the metal salt and the micelle system,
few drops of NaBH,4 are added leading to the formation of metal
nanoparticles. A peak at 325 and 440 nm due to the ligand-to-
metal charge transfer transition of the [PdCl4]2~ ions disappears
after heating a mixture of H,PdCl4 and CTAB in water—5% EtOH for
1h, indicating that [PdCl4]2~ ions are completely reduced to ele-
ment metal in the solution. The absorption in the visible region due
to the band structure of metal nanoparticles increases, indicating
that the Pd nanoparticles are formed. The Pd nanoparticle shows
a sharp absorbance peak cannot be observed over the entire range
due to the brown colour of the solution. The absorbance behaviour
of the metal nanoparticle dispersions is found to be different from
that of the metal salt solution.

In Fig. 2 the colloidal mixtures exhibited two prominent
absorbance maxima at 428 and 545 nm. Both absorption bands
are attributed to the characteristic Ag (428 nm) and Au (545 nm)
spr bands. Note that Pd colloids do not have a distinct visible
absorbance. The absorption spectra of the mixtures changed as
the duration time was increased, the spr bands moved closer to
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Fig. 2. UV-vis absorption spectra of CTAB stabilized trimetallic Au-Ag-Pd colloidal

nanoparticles at different time intervals intermediates sample, the molar ratio of
the surfactant to metal salts 100:0.5, respectively, in aqueous medium at 25°C.
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Fig. 3. Transmission electron microphotographs (HRTEM) picture of the CTAB stabilized (A) monometallic Pdnp, (C) bimetallic Au-Ag and (E) trimetallic Au-Ag-Pd colloidal

nanoparticles solution. HRTEM image, bar indicates 10 nm, (B, D and F) particle size distribution and (G) electron diffraction pattern of tnp spectra in aqueous medium at
25°C.
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Fig. 4. X-ray diffraction (XRD) spectra of the CTAB stabilized mono-, bi- and
trimetallic colloidal nanoparticles at 25 °C.

one another and merged into a single peak over the course of
the time intervals. The bimetallic Au-Ag nanoparticles as con-
formed after 45 min, further increased the time duration resulted
in a continuous decrease in the absorption band until, eventually,
no absorption peak was apparent after 60 min exposure. As the
duration of the time was increased up to 24 h (overnight), there
is no distinct change occurred in the shape or magnitude of the
absorbance. Finally the color of the colloidal nanoparticles is dark
brown.

Successive reduction strategies are an effective method to
prepare core-shell structure bi and multi-metallic nanoparticles.
One of the metal salts is reduced first to form the core, and
then a second metal is deposited on the surface of pre-formed
monometallic nanoparticles to form the shell. The formation of bi
and multi-metallic core-shell nanoparticles dispersions depends
on the kinetic and thermodynamics of the reduction of indi-
vidual components. The complete reduction of Au (IlI), Ag (1),
and Pd (II) metals requires 3, 5, and 10 min, respectively, as
reported [39-41].

3.2. Transmission electron microscopy (HRTEM)

TEM images of typical CTAB stabilized monometallic palladium,
bimetallic Au-Ag and trimetallic Au-Ag-Pd nanoparticles and their
corresponding size distribution histograms are shown in Fig. 3(A,
C and E). The images show that all three colloidal nanoparticles
are well distributed and have ‘near monodisperse’ size distribu-
tions. The histogram of the particle sizes distribution is shown in
Fig. 3(B, D and F) and Fig. 3G shows the electron diffraction pattern
of tnp spectra. The uniform distribution of these particles com-
bined with their small size leads to a good catalyst formation as
exemplified in the use of these materials for the catalysis of organic
reaction.

3.3. X- ray diffraction measurements (XRD)

Powder XRD analysis has been carried out to ascertain the nature
of metallic particles. The diffractograms are carried out using dried
powder. The XRD patterns showed that the metallic particles are
crystalline in nature. The observed reflection positions correspond
to (111) and (2 00) surfaces for different metal combinations as
given in Fig. 4. The reflections of the trimetallic nanoparticles are
different from the mono- and bimetallic components. The compari-
son of particle size between TEM and XRD data, the values obtained
by XRD are slightly larger than the particle size deduced from TEM
images.
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Fig. 5. Scanning electron microscopy EDX spectra of CTAB stabilized trimetallic
Au-Ag-Pd nanoparticles at 25°C.

3.4. Scanning electron microscopy (SEM-EDX)

Elemental mapping by EDX for a single particle of metallic
nanoparticles revealed indeed that surfactants are present on the
metal clusters. EDX analysis was done on several nanoparticles
and obtained same results. EDX analysis results for Au-Ag-Pd
trimetallic clusters (1:1:1) have been given in Fig. 5. This
result showed the presence of all the three elements of metal
nanoparticles.

3.5. Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra of the CTAB, Pdnp and Pd containing tnp
(Au-Ag-Pd, 1:1:1) prepared with CTAB as the capping agent and
different mole ratios of trimetallic clusters, are presented in Fig. 6.
In the spectral region 3550-2500cm~!, the C-H symmetric and
antisymmetric stretching vibration frequency bands at 2850 and
2920 cm~! seen for pure CTAB appear at 2862 and 2940cm~! for
Pdnp-CTAB while at 2872 and 2958 cm~! for Pdtnp—CTAB nanopar-
ticles, respectively. The doublet at 1462 and 1472cm™! for pure
CTAB may be attributed to the CH,-scissoring mode of vibration,
which are broad with lesser intensity and are shifted to lower wave
numbers. These data clearly indicate that the binding of CTAB to Pd-
shell in Pdtnp is analogous to the CTAB binding on to monometallic
Pdnp. This ensures the presence of Pd in the shell region of tnp,
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Fig. 6. FT-IR spectra of (a) cetyltrimethylammonium bromide (CTAB), (b) palladium
nanoparticles (Pdnp) and (c) trimetallic nanoparticles (tnp), in KBr pellet at 25°C.
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Fig. 7. HPLC spectra of the Suzuki reaction using Pdtnp solution (A) 0 min, (B) 3 min, (C) 6 min, (D) 9 min, and (E) 12 min interval collected samples.

and the binding with CTAB matches with that of Pd-CTAB in
Pdnp.

3.6. Surface catalytic activity of trimetallic nanoparticles (Pdtnp)
in Suzuki reaction

The similar procedure reported by Mostafa A. El-Sayed et al. was
followed in Suzuki coupling reaction the Pd colloidal solution stabi-
lized by polymer [42]. The reaction mixture monitored with HLPC.
Fig. 7 shows the HPLC analysis of a sample of the reaction mix-
ture in the first 12 min of reaction. The reaction and the product
major peaks are detected, and the peaks with retention times of 3.6,
7.8, and 9.8 min are assigned to phenylboronic acid, iodobenzene,
and biphenyl product, respectively, by comparison with standard
biphenyl samples. It can be seen clearly from Fig. 7 that the amount
of biphenyl is increased with time. At various time intervals the
product (biphenyl) formation is conformed using authentic prod-
uct.

Fig. 7 shows the initial rate of the Suzuki reaction catalyzed by
palladium containing trimetallic nanoparticles (Pdtnp). Fig. 7(A)
represents each catalytic reaction is carried out three times to
examine reproducibility. As can be seen from Fig. 7, the initial reac-
tion rate is increased with increased the product yield.

Fig. 7(A-E) shows the initial rate of the Suzuki reaction cat-
alyzed by palladium containing trimetallic nanoparticles (Pdtnp)
and conversion of the biphenyl for the test reaction. The
product yields were determined by HPLC analysis. Each spec-
tra shows every 3min time intervals using 0.5mol% Pdtnp
was sufficient to catalyze the coupling with conversion and
product yield of >95%. We have successfully fabricated the
first example of an alloy like Au-Ag-Pd trimetallic nanoparti-
cle (Pdtnp) using wet chemical method of mixtures consisting
of Au, Ag, and Pd colloids. The present Pdtnp nanoparticles
demonstrated good catalytic properties on the C-C coupling
reaction, and performing better than a traditional Pd complex
catalyst.
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Table 1

Reaction conditions, catalysts nature and effects of base, temperature, solvent nature and the product yield of the Suzuki reaction. [Phenylboronic acid]=1.05 mmol,
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[iodobenzene]=1.00 mmol 3:1 molar ratio of DMF-water .

Entry Catalyst type Amount of Base Solvent Reaction Product yield (%)?
catalysts (mol%) temperature (°C)
1 Pdnp 0.5 CH3COONa DMF-H,0 100 86.0
2 tnp (1:1:1) 0.5 CH3COONa DMF-H,0 100 99.0
3 tnp (1:1:1) 0.5 NaOH DMF-H,0 100 80.0
4 tnp (1:1:1) 0.5 K,CO3 DMF-H,0 100 92.0
5 tnp (1:1:1) 0.5 EtsN DMF-H,0 100 86.0
6 tnp (1:1:1) 0.5 CH;COONa DMF 100 94.0
7 tnp (1:1:1) 0.5 CH3COONa CH3CN 100 96.0
8 tnp (1:1:1) 0.5 CH3COONa DMF-H,0 120 96.0
9 tnp (1:1:1) 0.5 CH;COONa DMF-H,0 150 99.0
10 tnp (1:1:1) 0.6 CH3COONa DMF-H,0 100 99.0
11 tnp (1:1:1) 0.4 CH3COONa DMF-H,0 100 94.0
12 tnp (1:1:1) 0.2 CH3COONa DMF-H,0 100 90.0
13 - - CH3COONa DMF-H,0 100 36.0

" Reaction conditions: Phenylboronic acid (1.05 mmol), iodobenzene (1.00 mmol), CH;COONa (3.00 mmol), 12 h.

2 Isolated yield.

3.7. The effects of nature of base, solvent, catalyst and reaction
temperature on the Suzuki reaction

The catalytic activity of the Pdnp and Pdtnp towards the Suzuki
reaction in the light of quantitative percent yield, reaction time, and
recyclability of the catalysts are followed and presented in Table 1.
The optimization for the best yield of the product has been carried
out by investigating the effects of nature of base, solvent, catalyst
and reaction temperature on the Suzuki reaction and the same are
presented in Table 1.

The product percentage yields obtained from different reac-
tant compositions show the optimum reactant compositions for
maximum yield as those mentioned in the Suzuki reaction proce-
dure (Table 1). The results of product yields given in Table 1 are
determined by using the optimum reactant compositions only. The
Entries 1 and 2 in Table 1 refer to the inferences obtained from the
effects of catalysts nature. Among the metallic nanoparticles sys-
tem, Pdtnp catalysis shows maximum yield compared to the Pdnp
nanoparticles system.

The Entries 2-5 in Table 1 refer to the results of the effect nature
of base (3.0mmol) keeping the reaction temperature (100°C),
solvent (DMF-water 3:1 (v/v) mixture) and 0.5 mol% catalyst as
constant parameters. Maximum product yields for both Pdnp and
Pdtnp catalysts are found with Sodium acetate as the base and at
100°C. When Suzuki reaction was carried out with different sol-
vents such as DMF-water and acetonitrile (Table 1, Entries 2, 6 and
7) the product yields are found lesser for the DMF-water 3:1 mix-
ture as the solvent. The temperature effects studies show that, the
optimum reaction temperature is found at 100°C, since 120 and
150°C reaction temperatures also produced the same percentage
yield (Table 1, Entries 2, 8 and 9). In all, 3.0 mmol Sodium acetate
incorporated Suzuki reaction, when carried out in DMF-water (3:1)
solvent mixture, loaded with 0.5 mol% of the catalyst, at 100 °C pro-
duced the maximum percentage yield of the product in the least
reaction time (12 h) when the catalyst is Au-Ag-Pd, 1:1:1 Pdtnp.
Also, the Pdtnp serve as better catalysts for the Suzuki reaction,
since Pdtnp produced higher yields than the corresponding Pdnp
catalyst.

The Entries 2, 10-12 in Table 1 refer to the inferences obtained
from the effects of catalysts loading to the Suzuki reaction. Among
the various concentration of metallic nanoparticles system, Pdtnp
with 0.5 and 0.6 mol% catalysis shows maximum yield compared
to the other nanoparticles system. This reaction studied without
catalysts (Entry 13 in Table 1) gave only 36.0 percentages of the
Suzuki products.

3.8. The substitution effects of aryl halide and boronic acid
derivatives—Suzuki reaction

All reactions proceeded in 1:1.05 stoichiometric ratios of aryl
halide and boronic acid using 3 mmol aqueous sodium acetate as
base in exposure to air and trimetallic nanoparticles. The results
are summarized in Table 2. The reaction exhibits high efficiency and
functional group tolerance. The cross-coupling reaction ofiodoben-
zene (Table 2, Entries 1-3) including a rather electron-rich one
(Table 2, Entry 2) with phenylboronic acid proceeded efficiently
in metal nanoparticle catalysis and were all complete within 12 h
at 120°C. In addition, bromobenzene exhibited comparable reac-
tivity towards coupling with phenylboronic acid (Table 2, Entry 4).
Then the scope of the reaction was expanded by altering the aryl-
boronic acid partner using 4’-bromoacetophenone as aryl halide
(Table 2, Entries 5-8). The cross-coupled biaryl products can be
furnished in high yields. In particular, aryl chlorides can efficiently
react with arylboronic acids under the present condition (Table 2,
Entries 9-13). The reaction of chlorobenzene with phenylboronic
acid underwent smoothly affording biphenyl with 64% yieldin 12 h
(Table 2, Entry 9).

3.9. Recovery of trimetallic nanoparticles (tnp) catalysts

The recovery of the catalyst was also investigated. It was found
that the palladium containing trimetallic catalysts were fairly sta-
ble after the coupling reaction even exposure to air. Then the
coupling of phenylboronic acid with lodobenzene was examined in
the presence of 0.5 mol% of tnp to study the recovery of the catalyst
and solvent (Table 1). After the completion of the reaction, 0.1 M HCl
solution and 3-fold excess of dichloro methane (CH,Cl,) are added
so that, the trimetallic nanoparticles (Pdtnp) catalyst and the prod-
ucts are correspondingly separated into the pH-responsive aqueous
and organic phases, respectively. The precipitate of pH-responsive
metallic nanoparticles catalyst was collected by ultracentrifuga-
tion. The collected catalyst is dried and reused for the next cycle
of reaction. When the recovered catalyst is UV-visible spectra
recoated, the spr peaks are not as prominent as in the first cycle.
The same reaction mixture solution was used for recycling after
the addition of fresh amounts of the reactants. For recycling,
an iodobenzene (1 mmol), phenylboronic acid (1.05mmol) and
sodium acetate (3 mmol) were added without addition of any
nanoparticle. The reaction mixture was then refluxed for another
12 h to complete the second cycle.
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Table 2

Trimetallic nanoparticles (tnp) mediated Suzuki cross-coupling reaction of aryl halides with boronic acids.

x  HO.,.OH

& C
R |/\

1

trimetallic nanoparticle

Rie—= =\ R
WaYih

Rg =H, CHg. OCHg, COCH3 NOz
Rz =H, CHsz, OCHj3

CH;COONa, DMF-H,0
2
X=Cl,Br, |

Ry = H, CHa, OCH;, COCH; NO,
Rg =H, CH3, OCH3

Entry R! X R? Reaction time (h) Isolated yield (%)?
1 H I H 12 99, 94°
2 4-0OCH3 1 H 12 80
3 3,5-(CHs )2 I H 12 86
4 H Br H 12 94
5 4-Ac Br H 12 96
6 4-Ac Br 4-CHs 12 90
7 4-Ac Br 4-0OCH3 12 92
8 4-Ac Br 3,5(CHs ) 12 94
9 H Cl H 12 64

10 4-Ac Cl H 12 76

11 4-Ac Cl 4- CH3 12 72

12 4-Ac Cl 3,5-(CH3)2 12 78

13 4-NO, Cl H 12 74

“Reaction conditions: Phenylboronic acid (1.05 mmol), iodobenzene (1.00 mmol), CH;COONa (3.00 mmol), and trimetallic catalyst (0.5 mol%), DMF-H,0 (3:1).

2 Isolated yield.
b Yield after 2nd cycle.

As clearly shown in Fig. 7, the trimetallic nanoparticle showed
much better catalytic activity than monometallic nanoparticle,
which resulted from the larger number of nanoparticles derived
from the core/shell structure (an equal amount of nanoparticle
was used). The nanoparticle catalyst can be recycled and reused
at least three times without losing the catalytic activity. We
have successfully fabricated the first example of an Au-Ag-Pd
trimetallic nanoparticle using wet chemical method of mixtures
consisting of Au, Ag, and Pd colloids. Fig. 7 shows that the
present Au-Ag-Pd trimetallic nanoparticles demonstrated good
catalytic properties on the product formation test platform, per-
forming better than a traditional Pd containing monometallic
catalyst.

4. Conclusions

Temperature controlled preparation of Au-Ag-Pd trimetallic
nanoparticles with Au-core/Ag-interlayer/Pd-shell structure using
CTAB as the capping agent has been reported. Surface plasmon
peaks in UV-vis spectroscopy has been used to monitor the
sequential deposition of mono-, bi- and trimetallic nanoparticles
at the different temperature regions. FT-IR spectra conformed the
UV-visible inferences. The HRTEM photographs of Pdnp, Au-Ag and
Pdtnp showed the sizes as 6.04+0.5, 9.0+ 0.5 and 13.04+0.5 nm,
respectively. The particle size results from TEM and XRD agree
well with each other. Pdtnp catalysis of Suzuki reaction pro-
duced better results than Pdnp catalysts. Infact, presence of metal
nanoparticles as catalysts replaces enviro-deadlier catalytic strong
bases being used in Suzuki reaction. Metal nanoparticles as cata-
lysts also yielded appreciably high yield of the product, biphenyl.
The high catalytic activity of trimetallic nanoparticles is proba-
bly due to the sequential electronic effect between elements in
a particle. The preparation and characterization techniques pre-
sented here will be useful to design novel catalysts with desired
structure.
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