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Abstract

UV-photoactivation of aqueous PdCl2 evolves palladium nanoparticles with narrow size distribution (∼5 nm) in TX-100 [poly(oxyethyl-
ene)isooctyl phenyl ether] micelles. Here, TX-100 molecules serve as a stabilizer as well as a reducing agent. The layered core–shell
bimetallic palladium–gold and palladium–silver colloids in the size range 10–30 nm have been prepared through successive ion loading
by seed-mediated method where Pd particles act as seeds. By varying the seed to gold or silver ion ratios, palladium seeds are successfully
covered by gold or silver shells of various compositions of Pd:Au and Pd:Ag. Thus, core–shell nanoparticles of various sizes are generated
having tunable thickness of the shells. Optical plasmon absorption bands, transmission electron micrographs (TEM) and energy dispersive
X-ray (EDX) studies characterize the particles.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Since recent past, many studies have been carried out on
the materials in the nanoregime (especially the nanoparti-
cles of noble metals) due to the achievement of unusual
physicochemical properties, which are different from their
bulk states. Because of their extremely small size and large
specific surface area, metal nanoparticles show unusual be-
havior compare to the bulk metals. These particles are found
to have potential applications in optoelectronics[1,2], drug
delivery [3], catalysis[4–6], magnetostatics[7,8], etc.

Now a days bimetallic colloids, in which two kinds of
metals are assembled in one entity and have become an
attractive target to the researchers because of interesting sci-
entific and technological applications. These colloids have
well-different catalytic, electronic and optical properties
[9] distinct from those of the corresponding monometal-
lic particles. The catalytic activity, selectivity in catalytic
reactions, physical and chemical stability of the bimetallic
nanoparticles differs widely from that of their components
[10,11]. Not only catalytic properties but also the electronic
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structures of such nanoscopic materials can be tailored
by the changes in their compositions and structures. Re-
searchers are getting interest from monometallic to bimetal-
lic particles because of the change in the surface plasmon
band energy relative to the separate metals[12]. Two main
types of bimetallic nanoparticles exist, alloyed and layered
(core–shell) nanoparticles. Depending on the content of the
shell especially when it comes to Au or Ag those might be
exploited in fluorescence, surface enhanced Raman scatter-
ing, catalysis, etc. Bimetallic colloids can be prepared by
simultaneous co-reduction of two kinds of metal ions with
or without protective agent (usually polymer or surfactant)
or by successive reduction of one metal over the nuclei of
another. Several methods for the preparation of bimetallic
nanoparticles have been reported so far; such as (i) alcohol
reduction [13–15], (ii) citrate reduction[16], (iii) polyol
reduction[17,18], (iv) sonochemical method[19], (v) pho-
tolytic reduction[20], (vi) laser ablation method[21,22],
(vii) �-radiolysis technique[23], (viii) wet chemical method
[24], etc. Their stability and sizes are controlled by the
addition of protective agents such as soluble polymers,
surfactants, organic ligands, etc. The size, structure and
composition distribution of the resultant particles are all
affected by the preparation conditions. Recently, we have
demonstrated a new methodology to fabricate Aucore–Agshell
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nanoparticles of various sizes using UV-irradiation tech-
nique [25]. To extend this technique, other binary systems
like Pd/Au and Pd/Ag were targeted. It is worthy to un-
derstand whether or not the formation of any composite
particle shares a common transition process with the mor-
phological transformation as observed in the Aucore–Agshell
bimetallics. Because of high catalytic activity of Pd[26],
bimetallic colloids of gold and silver in combination with
Pd are eminent member in the family of catalysts[27,28]. In
these systems, incorporation of a second metal permits large
changes in the catalytic properties of the active metal com-
ponent[10]. The combination of gold and palladium is one
of the most popular examples of bimetallic particles because
they are miscible at any ratio as can be seen in their phase
diagram. So it is easy to prepare Au/Pd alloyed bimetal-
lic rather the core–shell one. In case of Ag/Pd particles,
alloyed particles are mostly reported. The alloyed Ag/Pd
particles are prepared via chemical[29,30], photochemi-
cal [31] and radiolytic reductions[32]. Au/Pd bimetallic
nanoparticles in various molar ratios are prepared in reverse
micelles by the co-reduction of HAuCl4 and H2PdCl4 with
hydrazine[33]. The formation of Au/Pd bimetallic particles
having a Pd-rich shell by the alcoholic reduction method
is reported recently[34]. In other studies both chemically
[35] and sonochemically Au/Pd bimetallic particles leading
to a Aucore–Pdshell structure are reported[36,37]. Regard-
ing Au/Pd, in maximum cases, Aucore–Pdshell particles are
formed. In most of these systems, segregation occurs during
the reduction so that the more noble metal constitutes the
core and the less noble metal the shell of a bilayered cluster.
Henglein [38] reported the reduction of aqueous solution
of PdCl42− by hydrogen to obtain palladium seed particles
in the presence of sodium citrate as stabilizer and then
used radiolytic methods to prepare bimetallic Pdcore–Aushell
and trimetallic Pdcore–Aushell–Agshell particles. This com-
munication reports for the first time a photochemical ap-
proach (here, UV-irradiation technique) that offers a simple
and powerful method to synthesize monodisperse Au/Pd
and Ag/Pd nanocolloids in micelle leading to the forma-
tion of Pdcore–Aushell and Pdcore–Agshell structures. In our
seed-mediated method, we used photochemically generated
preformed Pd(0) particles as seed onto which the added
metal ions like Au(III) or Ag(I) were adsorbed and subse-
quently reduced. Thus, keeping the Pd(0) in the core we
can tune the shell structures (here Au or Ag as shell) of the
bimetallic particles just optimizing the synthetic conditions.

2. Materials and methods

2.1. Instruments

UV-photoactivation was carried out by a photoreactor fit-
ted with germicidal lamps of wavelength 365 nm (Sankyo,
Denki, Japan). The photoreactor can produce a variable lu-
minous flux from 100 to 850 lux. UV-Vis plasmon absorp-

tion band was measured by Shimadzu UV-160 digital spec-
trophotometer taking the solution in 1 cm quartz cuvette.
Quantification of Au(III) and Ag(I) were done using ICP
(ARL, France, Model No. 3410) instrument. TEM and EDX
studies were performed using Hitachi S-4300 transmission
electron microscope. Now, 2�L of solution was spotted on
carbon coated Cu grid and solvent was evaporated in vac-
uum desiccator.

2.2. Reagents

All the reagents were of AR grade. PdCl2 and HAuCl4
were purchased from Johnson Matthey, Royston, Hest-
fordshire, UK. AgNO3 was purchased from Merck, India.
TX-100 was purchased from SRL, India. Double distilled
water was used throughout the entire course of investigation.

2.3. Procedure

At first we prepared Pd(0) seed particles in a quartz cu-
vette taking the PdCl2 (2.2 × 10−4 M) solution in TX-100
(10−2 M; CMC of TX-100 = 2 × 10−4 M) medium un-
der UV-light of 850 lux. The solution became black with
brownish tinge in 30 min. Next, two sets of solutions were
prepared: one set was with HAuCl4 and another set was
with AgNO3 solution, respectively, but both containing Pd
(5.5× 10−5 M) as seeds in TX-100 medium. Then the mix-
tures were irradiated for 30 min. Again, successively re-
quired volumes of HAuCl4 or AgNO3 were introduced for
different amount of ion loading to the respective cuvettes and
were allowed to stand for 30 min. After addition of HAuCl4
and AgNO3 aliquots each time the reaction mixtures were
irradiated for 30 min. After irradiation the black solution
turned to hazy pink for gold loading indicating the formation
of the Pd/Au bimetallic leading to Pdcore–Aushell structure
and brown indicating the formation of Pdcore–Agshell struc-
ture. Plasmon absorption band of both these sols were also
recorded.

3. Results and discussions

UV-photoactivation of PdCl2 has been found to evolve
Pd nanoparticles with narrow size distribution in aqueous
TX-100 micelles. Here, TX-100 molecules act as a reducing
agent and stabilizer. The reduction process has been found to
occur by the surfactant molecules below and above its CMC.
Spectroscopically it was noted that Pd(II) from aqueous so-
lution was consumed during photoreduction and the second
observation was the consequence of the continuous absorp-
tion arose from interband transitions of the newly formed Pd
colloids[39]. Exploiting the photoproduced Pd particles, i.e.
seed particles, Pdcore–Aushell or Pdcore–Agshell particles were
produced again in TX-100 medium, via UV-photoactivation
technique. The shells of Au and Ag resulted onto the Pd sur-
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Fig. 1. Plasmon absorption spectrum of Pd(0) particles (S) and
Pdcore–Aushell of different composition. The molar ratio is given on the
curves. Initial Pd(0) concentration is 5.5× 10−5 M, [TX-100] = 10−2 M.

faces by the photoreduction of the added gold or silver ions
those remained adsorbed onto the seeds. The optical spec-
tra, TEM micrographs and EDX of the core–shell particles
were recorded and compared with the published results.

It is to be mentioned that Au and Ag nanoparticles could
be evolved even in the absence of Pd seed particles[40,41].
But this would be an uncatalysed evolution of particles. In
the presence of preformed seed particles, surface catalysed
growth of shell was observed. Again, the evolution of new
nucleation centers become redundant under the experimental
condition as the UV-source serves as a weak reducing agent
[42].

Fig. 1 (curve S) shows the absorption spectrum of com-
pletely reduced Pd(0) sol in 10−2 M TX-100 medium. The
solution had a black color with a brownish tinge. We used
this solution as seeds (S) to prepare Pdcore–Aushell and
Pdcore–Agshell particles.

The particles of Pd/Au and Pd/Ag combinations had
the Pdcore–Aushell and Pdcore–Agshell structures. The start-
ing material was 5.5 × 10−5 M Pd(0) colloid in TX-100.
Varying amounts of HAuCl4 solutions were loaded and
reduced along with Pd particles by the same photoactiva-
tion technique and plasmon absorption band were recorded
for different compositions of Pd:Au (Fig. 1). At a molar
ratio of 1:0.5 (Pd:Au) bimetallic particles showed no plas-
mon absorption band corresponding to gold nanoparticles.

Scheme 1. Schematic presentation of thickening of shell depending upon the population of seed upon addition of fixed amount of shell forming ions.
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Fig. 2. Plasmon absorption spectrum of (a) Pdcore–Aushell (two sets
A1 and A2) and (b) Pdcore–Agshell (two sets B1 and B2) parti-
cles varying the seed concentration but keeping the Au and Ag ion
concentration fixed. Condition for sets A1 [Pd(0)] = 2.2 × 10−4 M
and [HAuCl4] = 4.4 × 10−4 M; A2 [Pd(0)] = 1.1 × 10−4 M
and [HAuCl4] = 4.4 × 10−4 M; B1 [Pd(0)] = 2.2 × 10−4 M
and [AgNO3] = 4.4 × 10−4 M; B2 [Pd(0)] = 1.1 × 10−4 M and
[AgNO3] = 4.4 × 10−4 M; [TX-100] = 10−2 M for always.

However, with the ratio of 1:1, a band due to Au(0) ap-
peared with aλmax at 510 nm which indicated new particle
formation. With further increasing the Au(III) ion loading
the deposition of increased amount of Au(0) was observed
and interestingly theλmax of the plasmon band for gold
gradually shifted towards the red region (510 nm for 1:1,
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515 nm for 1:2, 520 nm for 1:3 and 525 nm for 1:4). How-
ever, solutions containing mixtures of preformed Pd(0) and
Au(0) in TX-100 with similar compositions always showed
a peak at∼523 nm comparable to the plasmon absorption
band of pure gold particles[43,44]. These characteristic ab-
sorption bands were compared with the published literature
[38]. Hence the formation of core–shell (Pdcore–Aushell)
structures due to Pd/Au combinations were authenticated.
Similar observation was also noticed (Pdcore–Agshell struc-
tures) for Pd/Ag combination while photoactivation was
done with Pd seeds and various amounts of AgNO3 in
TX-100.

Fig. 3. Transmission electron micrograph (TEM) of seed (S) and different sets of Pdcore–Aushell and Pdcore–Agshell nanoparticles (A1, A2, B1, B2). Condition
for sets S [Pd(0)] = 2.2×10−4 M; A1 [Pd(0)] = 2.2×10−4 M and [HAuCl4] = 4.4×10−4 M; A2 [Pd(0)] = 1.1×10−4 M and [HAuCl4] = 4.4×10−4 M;
B1 [Pd(0)] = 2.2 × 10−4 M and [AgNO3] = 4.4 × 10−4 M; B2 [Pd(0)] = 1.1 × 10−4 M and [AgNO3] = 4.4 × 10−4 M; [TX-100] = 10−2 M.

One might argue that Au(0) particles are present indepen-
dently as separate entity along with Pd(0) particles in a mix-
ture as the colloidal suspension. To substantiate the answer
and to authenticate the evolution of core–shell structures we
performed experiments varying the seed concentration, i.e.
Pd(0) but keeping the Au(III) ion (shell forming ion) con-
centration fixed. We made two sets (A1, A2) having the
composition of Pd:Au= 1:2 ([Pd(0)] = 2.2 × 10−4 M
and [HAuCl4] = 4.4 × 10−4 M) and 1:4 ([Pd(0)] = 1.1 ×
10−4 M and [HAuCl4] = 4.4 × 10−4 M), respectively, and
recorded their plasmon absorption bands (Fig. 2(a)) after
UV-irradiation. We observed a red shifting of the plasmon



M. Mandal et al. / Journal of Photochemistry and Photobiology A: Chemistry 167 (2004) 17–22 21

absorption band from 520 to 530 nm as the seed concentra-
tion is decreased (A1–A2). This suggests the formation of
larger particles (higher shell thickness) owing to the pres-
ence of less number of Pd particles in A2 compared to A1.
Moreover, the absorbance value of the plasmon band at the
λmax for the two sets (A1 and A2) varies with seed concen-
tration (absorbance increases with seed concentration). This
suggests relatively smaller population of larger core–shell
particles for lower seed concentration. Hence, it is spelt
out that optical properties of the core–shell nanoparticle are
dominated by Au shell and the plasmon band is red shifted
as the Au shell is gradually thickened with the decrease
of Pd-seed population for a fixed amount of Au(III) ions
(Scheme 1). From this, we can reasonably infer that the re-
duction of Au-salt occurs on the surface of the preformed Pd
particles rather than the formation of new nucleation centers.
Similar result was also observed by Wang et al. and Jana
et al. in case of the formation of Aucore–Agshell type bimetal-
lic nanoparticles[45,46]. Again for Pdcore–Agshell particle
formation, similar phenomenon happened when we carried
out the experiment in similar fashion keeping the silver ion
concentration fixed but varying the seed concentration. The
plasmon absorption band for two sets of Pdcore–Agshell par-
ticles taking the ratio of Pd:Ag= 1:2 (set B1 [Pd(0)] =
2.2 × 10−4 M and [AgNO3] = 4.4 × 10−4 M) and 1:4 (set
B2 [Pd(0)] = 1.1×10−4 M and [AgNO3] = 4.4×10−4 M)
are shown inFig. 2(b). Here also plasmon absorption band
appeared with aλmax at 425 nm for set B1, which is exclu-
sively attributed to Ag-plasmon absorption band indicating
wrapping of Pd particles by Ag layers and with the decrease
of seed concentration the red shifting of plasmon absorption
from 425 to 435 nm was observed (cf. to A1 and A2 cases).
This again suggests the formation of larger particles with the
decrease in seed concentration due to deposition of higher
amount of Ag onto the less number of Pd seeds. It should
be borne in mind that smaller seed concentration implies
lower population of particles. Subsequent addition of adlay-
ers (shells) onto the particles would readily increase the size
of the bimetallics. Therefore, a solution with lower number
of seed particles would enhance the size of the particles in
comparison to those of solution containing higher number
of seed particles for addition of same amount of shell form-
ing metal ions. The TEM images of seed (S) and different
core–shell particles of Pd/Au (A1 and A2) and Pd/Ag (B1
and B2) are displayed inFig. 3. From the TEM images it
is observed that the particles are almost monodisperse with
spherical shapes. The pure Pd particles have a strong ten-
dency to form cluster, this tendency became less pronounced
for the gold and silver covered particles. From the TEM im-
ages it is evident that the core–shell type bimetallic particles
are larger in size than the seed particles and size of the par-
ticles increases as the seed concentration decreases. For the
less populated seed solution higher amounts of the Au(III)
ion was adsorbed onto the seed particles and after getting
reduced a thicker shell was formed and hence, the size of the
core–shell particles became larger and plasmon absorption

Table 1
Atomic composition of Pd and Au at edge and center of three different
particles of set A1

Element Atomic percentage
at edge

Atomic percentage
at center

Au 93.69 92.07 91.76 66.88 64.65 68.51
Pd 6.31 7.93 8.24 33.12 35.35 31.49

Fig. 4. Electron dispersive X-ray (EDX) pattern of Pdcore–Aushell particles
for set A1.

band shifted to red region as authenticated by others. Under
the experimental condition (30 min irradiation), complete re-
duction of the added metal ions (Au and Ag) was confirmed
from the ICP studies taking the supernatant solution of the
exposed solutions. The EDX measurements were carried out
by illuminating the electron beam on a selected particle of
interest. When an electron beam was sharpened and aimed at
the edge of the bimetallic particles, where the contrast of the
image was weaker than that at the center, the edge was found
to consist of gold. When the whole part of the particle was
exposed to a broadened electron beam, the obtained Pd:Au
ratio were approximately consistent with Pd(II):Au(III). The
results are shown inTable 1. The EDX results clearly show
that the bimetallic nanoparticles are composed of palladium
core and gold shell. The EDX pattern indicates the poly-
crystalline nature of the particles rather than single crys-
talline nature. One of the representatives EDX pattern for
Pdcore–Aushell structure is shown inFig. 4.

4. Plausible mechanism

The seed particles of Pd(0) were generated by UV-photo-
activation technique. Later individually the Au or Ag salt
was added to seed solution of Pd(0) taken in TX-100. The
ions of gold and silver are adsorbed on the seed particles and
those ions in turn get reduced to the corresponding metal
resulting out the core–shell particles of Pd/Au or Pd/Ag by
UV-photoactivation technique. So enlargement of particles
occurs. Here, the TX-100 molecules were exploited as re-
ducing agent as well as stabilizer. The TX-100 molecules
[R–OCH2CH2–OH] where [R= (CH3)3 C CH2C(CH3)2
C6H4(OCH2CH2)∼9

−] having the ‘–OH’ group help to re-
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duce the Pd(II) to Pd(0), Au(III) to Au(0) and Ag(I) to Ag(0).
At first, there is an efficient absorption of UV-light by aque-
ous solution of PdCl2. The PdCl2 then transfers the energy
to the TX-100 molecules under consideration. The alcoholic
functionality of TX-100 molecules reduces Pd(II) species to
Pd(0) and in turn, the terminal ‘–CH2OH’ functionality is
oxidized to carboxyl (–COOH) group which has been char-
acterized from IR spectra[44].

5. Conclusion

The novelty of this seed-mediated method lies in its sim-
plicity and control over the size for particle evolution only
by varying the seed to shell forming ion concentrations with-
out the use of any new capping agent or template. The tech-
nique does not increase the local concentration of the reduc-
ing agent in any stage. The seed-mediated technique or its
modified version may be useful model for other systems of
nanoparticles to produce the particles of desired size with-
out the need of any skill hand or whatever.
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