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ABSTRACT

Bimetallic gold and silver particles, a core—shell type structure, have been prepared by a UV-photoactivation technique. The optical absorption
spectra are recorded and compared with various absorption profiles due to Au—Ag particles described in the literature. Initially Au particles
formed by UV irradiation, which act as the seed particles, catalyzed the reduction of added silver ion in the presence of UV light to yield
bimetallic (Aucore—Agshen) particles. Preferential dissolution of Au particles by cyanide and TEM images of the particles corroborates the “core—
shell” type configuration.

Metal nanoparticles, composed of two (or more) different PtCk?>~ in an aqueous gold sol by hydroxylamine; they
elements, are of interest from both technological and obtained particles consisting of an 18 nm gold core sur-
scientific points of view for improving catalytic activity and  rounded by platinum crystals of about 5 nm. In a very recent
properties. Preparation of bimetallic nanoparticles from metal study, Hengleihprepared Akbre—Plhel aNd Plore-AUshen type
salts can be divided into two groups: coreduction and colloidal nanoparticles by using-radiation from a source
successive reduction of two metal salts. Coreduction is the of 5°Co.

simple preparative method of bimetallic nanoparticles; the  This communication reports for the first time a photo-
method is used in the preparation of monometallic nanopar-chemical approach (UV irradiation) for the preparation of
ticles. The only difference is the number of metal precursor seed mediated bimetallic nanoparticles, having “eateell”
ions. Successive reduction is usually carried out to preparetype structure. It has been proved that the deposition of one
“core—shell"-structured bimetallic nanoparticles. The deposi- less noble metal (M) “shell” on a preformed nanoparticle of
tion of one metal on a preformed monometallic nanoparticle another more noble metal “core” (M*) seems to be very
of another metal seems to be very effective. For this purpose,effective by UV activation.

however, a second metal must be deposited on the surface Tyiton X-100 (chemically known as poly(oxyethylene)-
of the preformed particles, and the preformed monometallic jso-octylphenylether and abbreviated as TX-100), HACI
nanoparticles should be chemically surrounded by the ang AgNQ were purchased from Aldrich. Double-distilled

deposited element. water was used throughout the experiment. Photochemical
Ag—Au alloys were prepared in Laponite suspensi@msl reactions were carried out in 1-cm quartz cuvettes. The
in ethanol solution containing poly¢vinyl-2-pyrrolidone)? cuvette filled with solution was placed horizontally for UV
Simultaneous coreduction of AgNCand HAuCk with irradiation under a portable germicidal lamp (15 W; G 15
sodium citrate was also used for the synthesis of-Ag T8 UV—C, Phillips, Holland) at a distance of 10 cm.
alloys® UV —visible spectra were measured in Shimadzu UV-160

A bilayered Auors—Agsher Clustef was obtained by mixing  digital spectrophotometer (Kyoto, Japan) with 1-cm quartz
a solution of KAuC} and AgSO, in the presence of PVA  cuvette. Transmission electron microscopy (TEM) studies
at the dose rate of 3.8 kGy h In an another interesting  of the particles were carried out at 200 kV using a Hitachi
study, the formation of bilayered Age—Aushen Clusters is HF-2000 TEM equipped with a field emission source. An
obtained if the precursors are gold and silver cyanide, where energy-dispersive X-ray spectrometer (EDS) attached to the
gold behaves as the less noble me@thmid et al. reduced Hitachi HF-2000 TEM was used to determine the chemical
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Figure 1. (a) Absorption spectra of Au particles in solution
produced by UV radiation of deaerated solution containing TX-
100 (102 M) and HAuUC, (5.0 x 1072 M), of which the final
concentration of Au(lll) ion remains 5.2 10~* M. After 20-min
irradiation, the solution turned pink and showed a plasmon
absorption band at 520 nmifx = 520 nm), indicating the
formation of gold particles, i.e., Au(0). These particles were used
as the seed (S) for further enlargement. A plasmon band was
obtained on photoactivation of the solution containing [Au(®)]
[AgNOg). The overall particle concentration in the solution was
5.0 x 10~ M. Final concentrations of metal sol and silver ion were
adjusted to 1.6% 104 and 3.33x 10~* M, respectively, in TX-

100 medium. After 10-min irradiation, the pink colored solution
turned brown and the plasmon absorption band shifted to 450 nm
(Amax = 450 nm, Figure 1a; Al). Irradiation for another 15 min
shifted the absorption band to 440 nm (A2), and after prolonged
irradiation, the adsorption band was fixed at 435 nm (A3) and the
solution was golden brown, indicating of the formation of silver
particles on the gold seeds;JS(b) In another set of experiments,
final concentration of metal sol (pand silver ion were adjusted

to 5 x 107 and 4.5x 104 M, respectively, in TX-100 medium.
Overall particle concentration in this mixture, i.e.;][S [AgNO3],

was 5.0x 1074 M. With increasing irradiation time, a set of broad
plasmon adsorption bands B1, B2, B3 indicates gradual enlargemen
of the particles.
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Figure 2. Transmission electron micrograph (TEM). TX-100
(0.01M) and HAuC] (0.005M) were placed in a quartz cuvette so
that the final concentration of Au(lll) ion remained 50104 M.
After 20-min irradiation under the UV light, the solution turned
pink. TEM specimens were prepared by placing microdrops of
colloid solution on a carbon film supported by copper grids. A TEM
image showed that the gold particles have a diameter2ff nm

(A). In the second step, the final concentration of metal sol and
silver ion were adjusted to 1.6% 10 and 3.33x 10* M,
respectively, in TX-100 medium. The overall particle concentration
in this mixture, i.e., [Au(O)H [AgNO3] was 5.0x 1074 M. After
prolonged UV irradiation, the peak of plasmon adsorption band
was fixed at 435 nm and TEM images'§0 nm) (B) reflect the
formation of silver layer on the gold seeds, i.e. /t+Agshen (S1)-

In S;, a single layer of silver was on Ay For the attachment of
another layer of silver on Ade—AQshen the final concentrations

bt metal sol (9 and silver ion were adjusted to % 10~ and

4.5 x 1074 M, respectively, in TX-100 medium. Overall particle
concentration in this mixture, i.e., {5+ [AgNOg], was 5.0x 104

composition of the samples. TEM specimens were preparedM. After prolonged UV irradiation, the TEM images-£00 nm)

by placing microdrops of colloid solution on a carbon film
supported by copper grids.

For the preparation of gold seeds (S), TX-100 M)
and HAuUC} (5.0 x 1072 M) were taken in a quartz cuvette
so that the final concentration of Au(lll) ion remained
5.0 x 10* M. Then the cuvette was placed directly under
the UV light source. After 20-min irradiation, the solution

(C) reflect the formation of another layer of silver particles on
AUcore=AGshell (S2).

absorption band shifted to 440 nm (Figure 1a., A2) Prolonged
irradiation resulted in an absorption band fixed at 435 nm
(Figure 1la., A3) and a golden brown appearance of the
solution was an indication of the formation of silver particles

turned pink and showed a plasmon absorption band at 523presumably on the gold seeds, i.e., cA&Adsher With

nm (max= 523 nm, Figure l1a., S), indicating the formation

irradiation of a mixture of gold seed and Ag(l) for longer

of gold particles. These particles were used as the seed (Sjime or increasing the UV light flux density, the plasmon

for further enlargement. In the absence of gold particles
(initially), i.e., during seed formation, there existed an
induction period for the formation of the seed particles. A
TEM image showed that the particle diameter lies within
the range~20 nm (Figure 2 A).

Two sets of solutions (Sand $) were prepared by using
the following procedure. In the first step of particle enlarge-
ment for the preparation of;Sseed patrticles (S) were used
for their further growth. Final concentrations of metal sol
and silver ion were adjusted to 1.6710 4 and 3.33x 10*

M, respectively, in TX-100 medium. The overall particle
concentration in this mixture, i.e., [Au(O}t [AgNO3] was

5.0 x 10~* M. Next the solution was taken in a quartz cuvette
and placed directly under UV light source. After 10-min
irradiation, the pink colored solution turned brown and the
plasmon absorption band shifted to 450 riga. = 450 nm,

Figure 1a, Al). After irradiation for another 15 min, the
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peak shifted toward the blue region. The blue shift has been
attributed due to the progressive covering of Au particle by
silver layers. Due to the Ag covered Au, the plasmon band
was Ag dominated. TEM image showed that the average
particle size was~60 nm (Figure 2, B). It was observed
that silver ions were reduced catalytically in the presence of
gold seed particles, as it happens in photography during
incipient image formation.

For the preparation of §S; was used as the seed particle,
which has silver-coated gold particles. The final concentra-
tion of metal sol and silver ion were adjusted to<510°
and 4.5x 10 M, respectively, in the TX-100 medium.
Overall particle concentration in this mixture, i.e. ][St
[AgNOg], was 5.0x 104 M. Successive irradiation resulted
in gradual thickening of the silver layer onto theffurticles.
This was reflected in the successive red-shifted (peaks
changing from 438 nm to 450 nm) UWisible spectra
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(Figure 1b). Similar red-shifted spectra were also obtained

when different but higher amounts of Ag(l) (1 10 to . SCh?me !

2.5 x 10*M) were added to a fixed amount of 8..25 x M —R;'}/'(bl)—> M
105 M) and irradiated for 10 min. Broad plasmon absorption free radical ,\1,|1 :
bands indicated further enlargement of the particles (Figure | ¢

1b, B1, B2, B3). The solution, when viewed through “:"2
transmitted light, appeared brown with a yellow tinge. It s °
appeared faint yellow when viewed perpendicularly. The N
particles were rather unstable; they were agglomerated and M 'mn wt
subsequently precipitated just after an hour of removal from Mt
the UV source. A representative TEM image for the B3 (full M*+@ .
grown particle) shows that the average particle diameter was Further reduction o M

~100 nm (Figure 2, C).

We developed a general and reproducible photochemical
technique for the preparation and growth of geiver
bimetallic nanoparticles having the configuration A+
Agshel First, we prepared smaller metal particles, then we
used them as seeds or nucleation centers for the preparatio
of desired bimetallic particles with larger dimension.

' In'th.is paper, nanosi;ed gold particlgs prgpared by UV Further confirmation of the coreshell (Atore—AJshen)
irradiation methotland with better monodispersity were used gy,ctyre was authenticated from the well-known cyanide-
as seed particles. In fthe second step, the required amount OBependent dissolution of the Ag layers under ambient
meta_l seed (Au) particles, metal salt (Ag&)()ir_ld TX-1QQ condition. The successive changes (decrease and shift) of
(playmg_roles of both reducing ager_1t and part!cle stabilizer) ihe absorbance of the plasmon band.ak ~ 435 nm (due
were mixed and kept under UV light. At this stage, the , e syrface oscillation of the electron gas, whereas discrete

preformed seeds act as nucleation centers and become larg{jecironic excitation due to interband transition occurs at
due to the reduction of the added bulk metal ions onto the g, rter wavelength for Ag in the UV as well as visible

surface of the seeds. spectra) during dissolution by cyanide also lends support to
The recommended mechanism suggests a two-step processghe core-shell structure. Repeated photoactivation of dif-
i.e., nucleation and the successive growth of the particles.ferent mixtures of gold seed particles, Au(0) and AgNO
In the first step, metal ions in solution are reduced. The atoms has been done. With the higher amounts of Ag(l) ion (10 to
thus produced agglomerate to form small clusters. The 100 times excess), gold seed particles were covered with
nanoclusters thus formed act as nucleation centers andag |ayers after 10 min of photoactivation. The peak position
catalyze the reduction process of the remaining metal ionsremained in the 435 nm region. However, 1-fold excess
present in the bulk. The result is the autocatalytic growth of amount of Ag(l) ion (in comparison to gold seed) could not
the nucleation centers addressed as “development”. Currentover the gold seed particles completely, and hence the
studies reveal further that the reduction potentials of rgétal  plasmon bands due to gold became evident-825 nm
metakom and metad/metalarice Systems become more  region along with the silver band at435 nm. The partially
negative compared to those of the corresponding bulk covered gold particles showed a double-hump, similar to the
metal?* For example, the reduction potential of the"Au  one that is obtained from a mixture of Ag and Au particles.
AUetal (aqueousSYystem is+1.5 V versus NHE. But for the  Syccessive addition of Ag(l) ion followed by photoactivation
AU"/AUatom aqueoussystem it is—1.5V and for Al aqueoud) transformed the double-hump curve of the partially covered
AUcuster System the reduction potential has an intermediate gold particles into a curve having only one pedk ~
value. This result has a great significance in understanding435 nm), due the to coteshell structure. Larger amount of
the mechanism of particle synthesis. The formation of metal Ag(l) ion (100 times excess) and a shorter time of photo-
atoms from its ions is very difficult because of the large jrradiation (1-2 min) also produced a double-hump curve
negative potential of the mekdlagueoudiMetakiom System.  (Figure 3b). The double-hump curve changed into a curve
Often impurities act as nucleation centers, as they generallywith single maxima on repetitive photoactivation (Figure 3c).
increase the reduction potential of mefakqueoudiMetakiom Apparently the curve seemed to be the silver plasmon band,
system, causing a favorable metal ion reductib@nce the  put it was nothing but the coreshell structure. This indicates
nucleation center is created, it acts as a catalyst for thethe progressive covering of seed particles. The fully covered
reduction of remaining metal ions, if present in the solution. Ay particles did not show any hump in the 525 nm region,
In this case, photoactivation did produce Au particles each jnstead the plasmon band due to the eeskell structure
time, but no Ag particles could be produced if HAUCI  obtained reflects the true Ag plasmon band as if there was
replaced AgN@in TX-100. no Au in the medium (Figure 3). The preferential gold
If metal ions (M*") of different salts are added, then they particle dissolution of the coreshell or the partially covered
are adsorbed on the surface of the metal cluster (M) and ongold particles was always observed with cyanide under
reduction of the metal ions by a suitable environment, ambient conditions. This could be best visualized for a

formation of monolayer of metal similar to thecy—M* gpe
structure (Scheme 1) may be possible. In this way, a series
of M* layers can be formed onto the seed particles by the
controlled supply and reduction of M*i.e., the sizes of
the bimetallic particles were controlled by varying the ratio
of seed to that of the added metal ions.
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Figure 3. UV—visible spectra of (a) gold seed (S), (b) partially
covered gold seed, and (c) cerghell structure in TX-100 (1GM)
medium. Conditions: (a) [gold seed] 1.25 x 10> M; (b) [gold
seed]= 1.25x 107> M and [AgNG;] = 2.5 x 1074 M, irradiation
time 2 min; (c) [gold seedE 1.25 x 1075 M and [AgNG;] =
2.5 x 1074 M, irradiation time 10 min.

solution with partially covered gold particles (double hump).
The core-shell structure dissolved in cyanide, and the
kinetics of the dissolution is discussed elsewHhéigoth the
solutions (core-shell and the partially covered gold particles)
remained stable for about 1 h.

Energy deposition throughout the solution ensures the
homogeneous distribution of photolytic radicals formed by
excitation and ionization of the solvent. However, direct
photolysis of HO is UV light source dependent.

H,0 " H' + OH"

R—OCH,CH,—0OH [R = (CH3)3CCH,C(CH;),CsH4(OCH,-
CH,)-o—] is the scavenger of thnd OH radicals. TX-100

on oxidation by WOH* yields R—~-OCH,CH—OH, which

has strong reducing property as H atoms. On the other hand
it is known that photolysis of AuGl may produce AuGH

and Cl atom in solution. The Cl atom in turn could cause
abstraction of H-atom from the scavenger @CH,CH,OH,
similarly as OH. They are, therefore, able to reduce metal
ions.

R—OCH,CH,~OH -~ R—~OCH,CH'~OH + H,0
R—OCH,CH,~OH - R—OCH,CH'~OH + H,

R—OCH,CH'—OH + M™ — M + R—OCH,CHO + H"

The atoms are formed homogeneously throughout the solu-
tion. The binding energy between two transition metal atoms
is higher than the atomsolvent bond energy.

The seeding effects described here will literally apply to

other systems also, especially when the seed is generated as
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the important but first step of the gradual growth of the
particles. It is shown how strongly the elementary processes
during the growth of small seed particles are affected by the
reducing power of reducing agents/nucleophiles. The selec-
tive shape-dependent growth of the particles during their
successive development is now a challenging task and
warrants further and extensive theoretical work. In our
previous work!® the same type of seed particle development
resulted in monometallic cubical copper, spherical silver, and
nonspherical gold particles. This seed mediated development
should be looked into from the point of surface energy of
the particular seed particles for further crystal growth. The
advantage of the photochemical method of reduction to
produce size-controlled synthesis of gold nanoparticles has
been described elsewhéreThis method has an advantage
over wet chemical methods in which excess reducing agent
may hamper the desired synthesis. Second, the rate of
reaction is well known because the number of reducing
equivalents generated by radiation is well defined and
radiation is absorbed regardless of the presence of light-
absorbing solutes and products.

In conclusion, the novelty of this two-step seed mediated
preparation of bimetallic nanoparticles lies in its simplicity
and simultaneous control of both size and shape of the
particles without any use of capping agent or template. The
seed mediated technique or its modified version may be
useful for other systems of nanoparticles for producing
particles of desired size.
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