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Abstract

Nanobimetallic particles consisting of Au–Pd, Au–Ag, and Au–Pt have been synthesized in a single step by a sol–gel process
lized in liquid and solid matrices. Organically modified silicates (Ormosils) that play a dual role of a matrix and of a stabilizer have b
to obtain very stable dispersions in the form of sols, gels, and monoliths. The simultaneous reduction of metal ions leads to eithe
enriched with one component or an alloy type of structure depending on the bimetal combination. The nanometallic dispersions a
terized by absorbance, TEM, XRD, IR, XPS, and CO adsorption studies. The stabilized nanoparticles are found to be good elect
and the preliminary results on the electrochemical reduction of oxygen are reported.
Keywords:Bimetallic nanoparticles; Sol–gel; Au; Ag; Pd; Pt; Aminosilane
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1. Introduction

Bimetallic nanoparticles are of wide interest since th
lead to many interesting size-dependent electrical, che
cal, and optical properties. They are particularly importan
the field of catalysis since they often exhibit better catal
properties than their monometallic counterparts[1–5]. Gold
is very useful as an alloying metal due to its relatively low
activity. It has been used in conjunction with metals such
palladium[2,3,6–18]and platinum[5,9,14,19–23]for var-
ious catalytic reactions. The structure of bimetallic com
nations depends mainly on the preparation conditions
the miscibility of the two components. Combinations such
Au–Pd and Au–Pt have been reported to exhibit a core–s
structure while Au–Ag forms either a core–shell[24–26]or
an alloy[23,27–39]phase depending on the preparation c
ditions.
* Corresponding author.
E-mail address:sampath@ipc.iisc.ernet.in(S. Sampath).
Among the bimetallics, Au–Pd is one of the combinatio
that has been extensively studied in terms of prepara
stabilization, and catalytic activity. Turkevich and Kim ha
studied the morphology of Au–Pd bimetallic particles, p
pared by using hydroxylamine hydrochloride as a reduc
agent[6]. Preparation of core–shell type nanostructures
been demonstrated by the successive formation of bime
Au–Pd colloids in which a core of one metal is encapsula
by a shell of another[9,11,12]. In certain cases, successi
reductions yielded a cluster-in-cluster structure or mixtu
of monometallic components[13]. Simultaneous reductio
of the metal ions[14–16]using polymers as stabilizers pr
duced Au core–Pd shell structured particles. Liu and
workers have reported the formation of Au-core–Pd-ri
shell type structures by a simultaneous alcohol reduc
method[17]. Guczi and co-workers prepared 4–7 nm siz
Au–Pd bimetallic particles in aqueous media by the sim
taneous addition of a mixture of trisodium citrate (reduc

agent) and tannin (stabilizing agent) to the metal ions. This
hydrosol deposited on a TiO2 support has been shown to be
catalytically very active toward CO oxidation[18].

http://www.elsevier.com/locate/jcis
mailto:sampath@ipc.iisc.ernet.in
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As for the combination Au–Pt, Toshima and co-work
have used a strategy similar to the synthesis of Au
bimetallic particles to obtain Au core–Pt shell type str
tures [5,14]. The polymer-protected particles have be
used as catalysts for visible-light-induced hydrogen ev
tion reaction. Flynn and Gewirth prepared Au–Pt core–s
nanoparticles by first reducing Au3+ and subsequently re
ducing tetrachloroplatinate ion on the gold particles[19].
The bimetallic sol has been used as substrates for sur
enhanced Raman scattering (SERS) studies[19,20]. Liz-
Marzan and Philipse have used optically transparent imo
lite fibers to stabilize Au–Pt, Au–Ag, and Ag–Pt bimetal
hydrosols. The reduction carried out using NaBH4, has been
reported to yield very stable particles 2–3 nm in size[23].

Both Au and Ag have very similar lattice constan
and are completely miscible over the entire composi
range[38]. Hence, single-phase alloys can be achieve
any desired composition. The reports describing the
thesis of Au–Ag alloy clusters[23,27–39]could be cate-
gorized into two broad methods involving a top-down a
proach from a bulk alloy using an evaporation and cond
sation process[27] or reduction of metal ions in a suitab
environment[23,28–39]. Esumi and co-workers have pr
pared Au–Ag alloy phases in laponite suspensions[28]. Shi
and co-workers have reported the formation of Au–Ag
loy nanoparticles in monolithic mesoporous silica wh
amino groups are used to stabilize the alloy particles[29].
Monolayer-protected alloy clusters have been synthes
using a modified Brust’s synthesis procedure[30,31,36,
37]. A simple co-reduction of HAuCl4 and AgNO3 with
sodium citrate in aqueous solution is reported to yield
22 nm sized alloy particles[38]. We have recently prepare
mercaptopropionate-stabilized Au–Ag alloy hydrosols a
demonstrated its phase transfer from the aqueous to a
ganic phase[39].

Most of the reported literature on bimetallic particle
however, concerns the stabilization of metallic particles
aqueous media in the presence of surfactants or w
soluble polymers as stabilizers. It is desirable to have
flexibility of using nanoparticles both in the liquid and so
phases, preferably with the same matrix and stabilizer.
bilization in a solid matrix avoids coagulation and precipi
tion of particles. This would facilitate the studies involvin
nanoparticles on solid matrices. Additionally, the bime
lic catalysts can be recovered easily after the reaction
hence elaborate separation procedures are avoided. Le
co-workers[40] proposed the use of functionalized silica
matrices to stabilize monometallic particles such as gold
palladium. Preparation and stabilization of bimetallic/al
particles in silicate matrices have the advantages of a
gle step preparation procedure, very uniform distribution
nanometer sized particles and the versatility of making
matrix in the form of sols, gels, films and monoliths. W

have extended the method of Lev and co-workers[40] to
stabilize bimetallic systems[41]. The sol–gel processing of
materials coupled with the inherent advantages of the organi-
-

-

-

d

cally modified silicates (Ormosils) make these matrices v
attractive as supports and stabilizers for nanometallic p
cles in both liquid and solid phases. We have been ab
synthesize a range of nanobimetallic combinations suc
Au–Pd, Au–Ag, Au–Pt, and Ag–Pt. The present paper
tails the preparation and characterization of Au–Pd, Au–
and Au–Pt bimetallic particles. The sol–gel stabilized p
ticles are characterized by various techniques and the
containing these particles are used for preliminary studie
the electrocatalytic reduction of oxygen.

2. Experimental

2.1. Materials

N,N ′-[3-(trimethoxysilyl)propyl]diethylenetriamine (TP
DT) was the product of Aldrich, USA. Tetraethoxysila
(TEOS) was obtained from Chemplast, Sanmar, In
Chloroauric acid, palladium chloride, silver nitrate, chlo
platinic acid, sodium borohydride, methanol, and all ot
chemicals used were of analytical grade. Double-disti
water was used in all the experiments. Glassy carbon e
trodes polished to a mirror finish with varying grades
alumina powder were used to carry out electrochemistry
periments.

2.2. Apparatus

UV–vis spectra were recorded using a Hitachi 3000 sp
trophotometer. The samples were in the form of sols,
films, and gels. High-resolution TEM measurements w
carried out using a JEOL 3010 Model, operating at 300
Samples were prepared by placing a drop of the sol o
copper grid and allowing the solvent to evaporate. FT
experiments were carried out on a Bruker Equinox 55 sp
trophotometer. The samples for CO adsorption studies w
prepared by purging the sols containing the desired m
particles with gaseous CO for several minutes followed
equilibration. A few drops of the sol were placed on a K
pellet and allowed to dry before IR spectra were record
Powder X-ray analysis was carried out using a Philips Mo
PW 1050/37 diffractometer, operating at 40 kV and 30 m
with a step size of 0.02◦ (2θ ). Dried and powdered sample
of colloids with the stabilizer before and after heat treatm
were used for the measurements. XPS of Au–Pd, Au–
and Au–Pt bimetallic clusters were recorded on an ESC
Mark II spectrometer (VG Scientific Ltd., England) usi
AlKα radiation (1486.6 eV). The samples for XPS analy
were pellets of 8 mm diameter and were degassed init

for 5 h. The samples were then placed into an ultra-high-
vacuum (UHV) chamber at 10−9 Torr for analysis. The bind-
ing energies were calculated with respect to C(1s) at 285 eV.
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2.3. Preparation of bimetallic dispersions

The preparation of bimetallic particles was carried ou
follows: 130 µl ofN,N ′-[3-(trimethoxysilyl)propyl]diethyl-
enetriamine (TPDT) was added to 3.8 ml of methanol
lowed by 50 µl of H2O and 50 µl of 0.1 M HCl. This mixture
was shaken well for a couple of minutes. Different volum
of 0.01 M AuCl3 and 0.01 M PdCl2/AgNO3/H2PtCl6 were
then added to the silica sol and mixed well until the so
tion became homogeneous. Sodium borohydride (0.002
was then added with vigorous stirring. Instantaneous c
change ranging from deep violet of Au colloid to the bro
color of Pd and Pt or yellowish brown in the case of Ag c
loid, depending on the composition, was observed. Diffe
compositions ranging from 100:0.25 to 100:5 molar ra
of the silane precursor to the metal salt could be prep
without any precipitation. Various molar compositions of t
two metal components such as 0.25:0.75, 0.43:0.57, 0.5
0.57:0.43, 0.75:0.25, and 0.9:0.1 were prepared using
same protocol. The sols and the resulting solid monoliths
all the compositions were very stable over extended per
of several months.

2.4. Preparation of thin films, gels, and thick films

Films of different thickness ranging from 0.1 to 10 µ
could be cast on glass slides by a coating process. Gels
monoliths of any desired shape were obtained by allow
the solvent to evaporate. The dried material was foun
shrink considerably but slow evaporation of the solvent
to crack free monoliths. For electrochemistry experime
a mixture of TPDT and TEOS was copolymerized in the
tio 3:1 and used as a stabilizer for the metallic nanopartic
This was essential to accelerate the condensation and s
quent drying of the cast film. A drop of this sol was placed
a glassy carbon surface and the solvent was allowed to e
orate. The film was heated to 125◦C for 12 h to improve the
cross-linking and subsequently used for cyclic voltamme
experiments.

3. Results and discussion

The sol–gel derived silicates containing the nanoparti
are very stable, both in the liquid phase and solid phase.
stability is checked by following the absorbance spectra o
extended periods of several months. The gels are clea
transparent, though colored to different extent dependin
the composition of the bimetal. The amino groups presen
the silicate stabilize the bimetallic nanoparticles as propo
by Lev and co-workers for the monometals[40]. The particle

size distribution is fairly uniform as will be shown later. The
use of sodium borohydride results in a fast reduction of metal
ions.
,

d

-

-

3.1. UV–visible spectral studies

3.1.1. Au–Pd
The absorbance spectra of the sols containing var

compositions of the metal components (0.5:0.5, 0.75:0
and 0.9:0.1 molar ratios of AuCl3:PdCl2, respectively) are
given in Fig. 1. The molar ratio of silane to metal sal
is maintained constant at 100:0.5. The absorbance stu
have been carried out after ensuring complete reductio
the metal ions based on the kinetics of reduction of
dividual metal ions. Absorbance spectra correspondin
the monometallic components are also given for comp
son. The absence of peaks at 310 nm characteristic of u
duced Au(III) and at 440 and 325 nm characteristic of un
duced Pd(II) indicates complete reduction of the metal io
The spectrum of Au monometal (Fig. 1, inset, g) shows a
characteristic surface plasmon at 520 nm and the sol h
deep wine red color. The palladium sol shows broad abs
tion (Fig. 1, inset, f) over the entire range and is brown
color[15]. The absorbance behavior of the bimetallic disp
sions is found to be different from that of the monometa
components. These are similar to the spectra reported
Au–Pd bimetallic systems by Toshima and co-workers[16]
suggesting that bimetallic particles are formed in silicate
trices as well. In order to confirm the bimetallic nature
the particles, a physical mixture is prepared from the alre
prepared individual components and its absorbance is c
pared to that of the bimetallic Au–Pd colloid of the sa
composition (Fig. 1, inset, d and e). The absorbance ba
characteristic of gold that appears at 520 nm is absent in
case of the bimetal while it is present in the case of the p
ical mixture. A bimetallic sol containing less than 50%
gold does not have a characteristic absorption band du
gold clusters and the color of the sol is brown. This clea

Fig. 1. Absorbance spectra of TPDT-stabilized Au–Pd sol: (a), (b), an
correspond to Au–Pd bimetallic colloids of molar ratios 0.5:0.5, 0.75:0
and 0.9:0.1 of the Au and Pd salts, respectively. Inset: (d) 0.5:0.5 of A

sol; (e) physical mixture of same composition. Inset: (f) Pd and (g) Au sol.
The molar ratio of the silane to metal salts of Au and Pd is 100:0.5:0.5,
respectively.
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indicates that dispersions of Au–Pd bimetallic systems
not contain Au monometallic clusters but clusters with bie
mental structure. The change in the absorbance spectra
bimetallic colloid from that of the individual componen
can be primarily attributed to the change in the dielec
function with mixing of different metal atoms[42].

3.1.2. Au–Pt
The UV–vis spectra of Au–Pt sol are very similar to th

of Au–Pd sol.Fig. 2shows the comparison between the U
vis spectra of different compositions of Au and Pt (0.75:0.
0.5:0.5, and 0.25:0.75 molar ratios of HAuCl4:H2PtCl6) and
the monometals. The molar ratio of silane to metal ion
100:0.25. This is less than the corresponding ratios use
other systems. It is known that Au and Pt tend to prec
tate when mixed together at high concentrations of Pt[14].
The Pt sol is brown and shows a broad absorption band.
absence of peaks at 378 and 460 nm indicates the redu
of Pt(IV). However, a shoulder is observed close to 350
The origin of this band is not clear but it is speculated
be due to the unreduced complex. Like Au–Pd bimetals,
surface plasmon of Au gets completely suppressed whe
Pt component is higher than 50%, thus indicating the
mation of bimetallic structure. This is supported by the X
studies as will be shown later. In the case of physical m
tures, the plasmon is clearly visible for all ratios of Au a
Pt (Fig. 2, inset, f).

3.1.3. Au–Ag
The UV–vis spectra of Au–Ag bimetals are quite diffe

ent from Au–Pd and Au–Pt bimetals. This combination
known to form alloys when reduced simultaneously.Fig. 3A
shows the absorption spectra of different composition
Au and Ag (0.57:0.43, 0.43:0.57, and 0.25:0.75 molar ra

Fig. 2. Absorbance spectra of TPDT-stabilized Au–Pt sol: (a) and (b) c
spond to Au and Pt colloids; (c), (d), and (e) correspond to Au–Pt bimet
colloids of molar ratios 0.75:0.25, 0.5:0.5, and 0.25:0.75 of the Au an

salts, respectively. Inset: (f) physical mixture of molar ratio 0.5:0.5. The
molar ratio of the silane to metal salts of Au and Pt is 100:0.25:0.25, re-
spectively.
e

n

of HAuCl4:AgNO3) along with the monometals. The mol
ratio of silane to metal is 100:0.5. Alloy formation is co
firmed by the optical absorption spectra that show only
surface plasmon peak and the position of theλmax depends
on the composition. The plasmon band blue-shifts with
creasing amount of silver and is similar to the observati
reported earlier[38]. The absorption spectra of Au, Ag, an
Au–Ag alloy nanoparticles of varying mole fractions sho
a linear relationship between theλmax and Au mole frac-
tion (Fig. 3B). A physical mixture of the individual colloids
however, shows two surface plasmon peaks correspon
to the monometallic counterparts (Fig. 3, inset, f). The sta-
bility of the silver colloids in the silicate matrix, however,
very low. This could be attributed in part to the low stabil
constant of the Ag–amine complex[40,43,44]. This is sub-
sequently revealed in the relative instability of Au–Ag allo
where the Ag content is higher than 50%.

(A)

(B)

Fig. 3. (A) Absorbance spectra of TPDT-stabilized Au–Ag sol: (a) and
correspond to Au and Ag colloids; (c), (d), and (e) correspond to Au
bimetallic colloids of molar ratios 0.57:0.43, 0.43:0.57, and 0.25:0.7
the Au and Ag salts, respectively. Inset: (f) physical mixture of molar

tio 0.5:0.5. The molar ratio of the silane to metal salts of Au and Ag is
100:0.5:0.5, respectively. (B) Variation of surface plasmon band with the
alloy composition.
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The formation of bimetallic dispersions depends on
kinetics and thermodynamics of reduction of individu
components. The complete reduction of Au(III), Ag(
Pd(II), and Pt(IV) under the present conditions requires
5, 10, and 25 min, respectively. The stability constants
sociated with the Ag(en), Pd(en), and Pt(en) complexes
107.4, 1026.9, and 1036.5, respectively[40,43,44]. The value
for Au(en) is expected to be close to that of silver ba
on the ease of reduction as observed in the time requ
for complete formation of the metallic colloid. Hence, it
expected that Pd and Pt may form a shell, while Au m
form the core of the bimetal in the case of Au–Pd a
Au–Pt bimetallic structures. However, from the XPS st
ies and CO adsorption measurements, it is observed
both the metals are present with an enrichment of Pt
Pd on the surface. In the case of Au–Ag bimetal, sil
enrichment is observed. It is reported that planar Au–
alloys formed by high-temperature method exhibit an
richment of Ag on the surface, due to the lower heat
sublimation of Ag than Au[45]. However, in the case o
preparation of nanoparticles under ambient conditions,
borohydride reduction and the metal atom deposition ch
istry may also play a role in determining the surface enr
ment.

The stability of the bimetallic particles in the TPDT m
trix is primarily attributed to the presence of both Si–OH a
–NH2 groups. It is found that the use of only tetraethoxy
lane or methyltrimethoxysilane or trimethylamine as
stabilizer results in the precipitation of the particles. T
suggests a dual role for the aminosilanes as stabilize
nanobimetallic particles. It is possible that the amino gro
stabilize the nanobimetallic particles while the –Si–O–
and Si–OH form a network surrounding the metallic p
ticles. Additionally, the use of long-alkyl-chain-containin
matrices is expected to help in the stabilization of
nanoparticles by keeping them far apart and thereby prev
ing coagulation. The formation of silica shell around me
particle where silanes are used for stabilization is alre
known in the literature. Mulvaney and co-workers[46] have
reported the formation of silica shells around gold nanop
ticles prepared using silanes. Lev and co-workers[40] pos-
tulated that silanes form a network around the nanomet
particles of gold, silver, platinum, and palladium.

The stability of the mono- as well as the bimetallic c
loidal dispersions is found to be very good and the part
size does not change with time. Absorbance of the so
well as the dry gel is found to be indistinguishable imme
ately after preparation and after several months of stor
The particle size distribution is retained in both solid a
liquid phases. It is observed that the absorbance spectra
silicate film (3-µm thickness) containing nanobimetallic p
ticles of composition 1:1 molar ratio of the salts is nearly
same as that of the sol. In this case, the film is formed f

a mixture of TPDT and TEOS. The addition of TEOS to the
sol decreases the cross-linking time but does not change the
absorbance spectra.
t

.

a

3.2. TEM studies

3.2.1. Au–Pd
TEM images indicate that the particles are nearly sph

cal (Fig. 4a) and the average particle size ranges betwe
and 7.5 nm with the maximum close to 3.5 nm. This is sho
in the histogram of particle size distribution (Fig. 4c). The
uniform distribution of these particles combined with th
small size leads to a good catalyst as exemplified in the
of these materials for the electrocatalysis of oxygen red
tion. The (111) lattice (Fig. 4b) spacing is determined to b
2.34± 0.01 Å. Bulk Au and Pd have lattice spacings of 2.
(JCPDS 4-0784) and 2.25 (JCPDS 5-0681), respectively

3.2.2. Au–Pt
The size of Au–Pt bimetallic particle varies between

and 6 nm (Figs. 5a, 5c). Fig. 5b shows the HRTEM of the
bimetallic particles. The lattice is quite well-resolved a
equally spaced showing the single crystalline nature of
nanoparticle. The lattice spacing is 2.30± 0.01 Å. Bulk Pt
has a lattice spacing of 2.27 Å (JCPDS 4-0802). Assum
Vegard’s law behavior, the observed lattice spacing will yi
a nominal composition of 1:2 Au/Pt for a starting compo
tion of 5:1 Au/Pt. This value should be treated with so
caution since even a small variation in the measuremen
the lattice spacing could lead to a large error in the final c
position.

3.2.3. Au–Ag
Au–Ag alloy particle size ranges from 1 to 6 nm (Fig. 6a)

with the maximum close to 2.5 nm as can be seen from
histogram inFig. 6c. The lattice spacing obtained from th
HRTEM (Fig. 6b) is 2.30± 0.01 Å. There is no lattice mis
match observed since the Au and Ag have very similar lat
parameters (JCPDS 4-0783, JCPDS 4-0784).

3.3. XRD studies

The diffractograms of the bimetallic combinations ge
erally show broad bands while their monometallic coun
parts exhibit fairly sharp bands. The particle sizes of
bimetallic combinations determined from the XRD spec
correlate well with the sizes obtained from TEM measu
ments. The particle size is calculated based on the Sch
equation:

(1)t = 0.9λ

B cosθ
,

where t corresponds to the particle size in Å,λ is the X-
ray wavelength,θ is the Bragg angle, andB corresponds to
the full width at half maximum (fwhm, in radians) of th
peak under consideration. When the samples are heat
200◦C for 3 h, the peaks become well-defined and sharp

to increased crystallinity (not shown). On heat treatment the
particle size increases threefold for all bimetallic combina-
tions.
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Fig. 4. TEM picture of the TPDT-stabilized Au–Pd bimetallic colloid. Th
image, bar indicates 1 nm; (c) particle size distribution.

3.3.1. Au–Pd
The XRD spectra of the monometals as well as

bimetal of different compositions have been recorded for
as-prepared samples in the form of dry powders (Fig. 7A,
a–c). The molar ratio of silane to metal salt is maintain
at 100:5. As for the monometals, it is observed that P
more crystalline than the gold nanoclusters in silicate ma
ces. The peak that appears at around 38◦ (2θ ) corresponds
to the (111) crystallographic plane and the peak at aro
45◦ (2θ ) corresponds to the (200) plane (JCPDS 4-0784
0681). The diffractograms show that (111) crystallograp
surface is marked for gold clusters (2θ = 38.46◦) and is
broad, while the (200) plane is less distinct (2θ = 44.41◦)
(Fig. 7A, a). Two additional broad bands are observed
64.48◦ (2θ ) and 77.71◦ (2θ ) and they correspond to the (22
and (311) planes of Au, respectively.

In the case of Pd, there is a strong band at 56.33◦ (2θ ),
which closely matches the (222) plane of PdO (JCPDS
1211). This is not surprising since it is known that Pd g

oxidized fairly fast when under ambient conditions. Another
strong band is seen at 45.37◦ (2θ ), which corresponds to the
(200) plane of Pd.
lar ratios of silane to metal salts is 100:5:5. (a) Bar indicates 20 nm; (b)RTEM

The observed reflections for the bimetal clusters
slightly different from that of the monometallic componen
The (111) plane is observed at 38.62◦ (2θ ) and the (200)
plane occurs at a value of 45.25◦ (2θ ) for the bimetal of mo-
lar ratio 1:1 (Fig. 7A, b). These values lie in between th
values reported for monometallic clusters. The particle
has been calculated (using Eq.(1)) to be 4± 1 nm based on
the (111) peak. These values are close to the values ded
from TEM measurements. A fairly strong band is seen
66.2◦ (2θ ), which lies close to the (400) reflection of Pd
Two sharp bands are seen at 75.34◦ (2θ ) and 75.15◦ (2θ ) in
Au–Pd bimetal and Pd, respectively. This most likely cor
sponds to the (420) plane of the oxide.

3.3.2. Au–Pt
The molar ratio of silane to metal salt is maintained

100:5, while the ratio of Au/Pt is maintained at 5:1 in o
der to avoid precipitation. Pt, like Pd is more crystalline th
gold nanoclusters in silicate matrices (Fig. 7B, e). The (200)

◦
band is very sharp and is observed at 45.44(2θ ) (JCPDS 4-
0802). A strong band is observed at 56.47◦ (2θ ) that appears
to be due to the (102) reflection of PtO2 (JCPDS 38-1355).
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Fig. 5. TEM picture of the TPDT-stabilized Au–Pt bimetallic colloid. Th
image, bar indicates 1 nm; (c) particle size distribution.

Bands are also observed at 65.94◦ (2θ ) and 75.22◦ (2θ ) that
correspond to the (111) and (201) planes of PtO2, respec-
tively (JCPDS 38-1355). The XPS data of the bimetal a
shows Pt in oxidized states.

The Au–Pt bimetal exhibits a broad band at 38.35◦ (2θ )
that corresponds to the (111) plane (Fig. 7B, d). There is
a broad peak at 44.58◦ (2θ ) and is attributed to the (200
plane. Two additional bands are observed at 65◦ and 77.73◦
(2θ ) that correspond to PtO2 (JCPDS 38-1355). The partic
size is calculated to be 7± 1 nm based on Eq.(1) using the
(111) peak and is close to the particle size observed by T
measurements.

3.3.3. Au–Ag
As mentioned in the Introduction, Au and Ag have ve

similar lattice constants and hence theird-values and 2θ val-
ues lie very close to each other (JCPDS 4-0783, 4-07
Fig. 7C (g and f) shows the XRD spectra corresponding

Ag and the Au–Ag alloy, respectively. The molar ratio of
silane to metal salt is maintained at 100:5, while the ra-
tio of Au:Ag is 1:1. As for the diffractogram of Ag, the
ar ratios of silane to metal salts is 100:5:1. (a) Bar indicates 20 nm; (b)RTEM

strongest band is observed at 38.14◦ (2θ ) that correspond
to the (111) plane. A broad band is observed at 44.15◦ (2θ )
that can be attributed to the (200) crystallographic pla
Two broad reflections are observed at 64.55◦ and 77.48◦
(2θ ) that correspond to the (220) and (311) planes. In
case of the Au–Ag alloy (Fig. 7C, f), all reflections are sim
ilar to monometallic Au and Ag. The particle size is c
culated to be 5± 1 nm based on Eq.(1) using the (111)
peak, which corroborates well with the data obtained fr
TEM.

3.4. XPS studies

3.4.1. Au–Pd
The as-prepared sample does not show any signa

Au(4f ) or Pd(3d) in the XPS spectra. After the sample w
etched for about 10 min peaks start to appear.Fig. 8A shows
the Au(4f7/2,5/2) region after 10 min of etching. The signa

0
appearing at 83.9 and 88.0 eV are assigned to Au. During
the course of etching, the intensity of Au(4f ) increases. An-
other broad signal appears in the region 333.0–340 eV and is
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Fig. 6. TEM picture of the TPDT-stabilized Au–Ag bimetallic colloid. Th
image, bar indicates 1 nm; (c) particle size distribution.

due to Pd(3d5/2) and Au(4d5/2) core levels that are in clos
proximity to each other. Accordingly, the spectrum could
deconvoluted into Pd(3d5/2,3/2) and Au(4d5/2) peaks. Peak
at 338.1 and 343.1 eV are attributed to Pd(3d5/2,3/2) spin–
orbit doublet peaks indicating that Pd is in a highly ion
Pd2+ state, whereas the weak Au(4d5/2) peak at 336.4 eV
corresponding to gold suggests that it is in the zerova
state.

The surface concentration ratios of Pd to Au at differ
conditions have been estimated using the relation

(2)
CPd

CAu
= IPdσAuλAuDE(Au)

IAuσPdλPdDE(Pd)
,

where C, I , σ , λ, and DE are the concentration, inten
sity, photoionization cross-section, mean escape depth
geometric factor, respectively. Integrated intensities of c
responding metal peaks have been used for the estimati
the concentrations. Photoionization cross-sections and m

escape depths are obtained from the literature[47,48]. The
CPd/CAu ratio for Au–Pd after 10 min etching is 1.2, in-
dicating Pd enrichment on the surface. But it decreases to
lar ratios of silane to metal salts is 100:5:5. (a) Bar indicates 20 nm; (b)RTEM

f
n

0.82 and 0.44 after 20 and 30 min etching time. The bind
energies of Au and Pd and theCPd/CAu ratios at different
etching periods are given inTable 1. This suggests that gol
is predominantly in the core of the bimetallic structure a
palladium is enriched on the surface. However, it should
noted that the first data point is given only after 10 min
etching.

3.4.2. Au–Pt
The XPS of Au–Pt bimetal does not show any sig

for Au(4f ) and Pt(4f ) in the as-prepared samples. On
on etching for 10 min do the peaks become visible. T
XPS spectrum of Au(4f ) and Pt(4f ) core level regions af
ter 20 min etching are shown inFig. 8B. The Au(4f7/2,5/2)
peaks observed at 84.1 and 88.0 eV could be attribute
Au0. The Pt(4f ) peaks could be resolved into two sets
spin–orbit doublets. Accordingly, Pt(4f7/2) peaks at 72.8
and 74.2 eV indicate that Pt is present in both 2+ and 4+

2+
oxidation states. The amount of Ptis higher than that of
Pt4+. After 20 min of etching, Au(4f7/2) peaks are observed
at 83.9 eV whereas Pt(4f7/2) peaks are observed at 72.6 and
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Fig. 7. XRD spectra of TPDT-stabilized metallic colloid for the as-prep
molar ratio 0.5:0.1; (e) Pt; (f) Au–Ag of molar ratio 0.5:0.5; (g) Ag. Theo
for Au–Pt.

74.2 eV. The surface concentration ratioCPt/CAu is 1.05 af-
ter 10 min of etching, suggesting a very slight enrichmen
Pt, which decreases to 0.42 after 20 min. The binding e
gies of Au and Pt andCPt/CAu ratios for different durations
of etching are given inTable 2.

3.4.3. Au–Ag
The XPS of Au–Ag shows Au(4f ) and Ag(3d) peaks at

84.0 and 368.1 eV (Fig. 8C), respectively, showing that th
metals are in their zerovalent states. As a function of e
ing time, the Au(4f ) peak is broadened, indicating that A

is in multiple oxidation states. The Au(4f ) broadens, par-
ticularly after about 50 min of etching, and accordingly the
Au(4f ) peaks could be deconvoluted into two sets of spin–
samples. (a) Au; (b) Au–Pd bimetal of molar ratio 0.5:0.5; (c) Pd; (d)t of
tio of the silane to metal salts is 100:5:5 for Au–Pd and Au–Ag and 100:1

orbit doublets as Au(4f7/2,5/2) at 83.9 and 87.7 eV and 85
and 89.5 eV corresponding to Au0 and Au+ oxidation states
respectively. The relative intensities of Au0 and Au+ are
57.5 and 43%, respectively, after 50 min of etching. On
other hand, Ag is in the metallic state even after 75 min
etching. There is no change in the peak position of Ag d
ing etching. The XPS of core level regions of Au(4f ) and
Ag(3d) after 20 min of etching are shown inFig. 8C. The
CAg/CAu ratio in the as-prepared sample is 11.3, indicat
a large enrichment of Ag on the surface. On etching, this
tio decreases, and at etching times of 50 and 75 min, the

remains close to 1. Binding energies of Au and Ag and the
corresponding ratios ofCAg/CAu at different etching dura-
tions are given inTable 3.
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Fig. 8. (A) XPS of core level regions of Au(4f ) and Pd(3d) in silane-protected Au–Pd clusters after 30 min etching. (B) XPS of core level regions of Au(4f )
and Pt(4f ) in silane-protected Au–Pt clusters after 30 min etching. (C) XPS of core level regions of Au(4f ) and Ag(3d) in silane-protected Au–Ag clusters
after 20 min etching. The molar ratio of the silane to metal salts is 100:5:5 for Au–Pd and Au/Ag and 100:5:1 for Au–Pt.
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Table 1
Binding energies (eV) and concentration ratios of Au and Pd specie
different etching durations (min)

Duration
of etching

Binding energy
of Au(4f7/2)

Binding energy
of Pd(3d5/2)

CPd/CAu

As prepared – – –
10 83.9 338.1 1.2
20 84.0 338.1 0.82
30 83.9 338.0 0.44

Table 2
Binding energies (eV) and concentration ratios of Au and Pt species a
ferent etching durations (min)

Duration
of etching

Binding energy
of Au(4f7/2)

Binding energy
of Pt(4f7/2)

CPt/CAu

As prepared – – –
10 84.1 72.8 (46%) 1.05

74.2 (54%)

20 83.9 72.6 (70%) 0.42
74.2 (30%)

Table 3
Binding energies (eV) and concentration ratios of Au and Ag specie
different etching durations (min)

Duration
of etching

Binding energy
of Au(4f7/2)

Binding energy
of Ag(3d5/2)

CAg/CAu

As prepared 84.0 368.1 11.3
10 84.1 367.9 8.5
20 83.9 368.0 6.7
35 84.0 367.9 4.3
50 83.9 (57%) 368.0 1.2

85.5 (43%)

75 83.9 (56%) 368.1 1.1
85.5 (44%)

3.5. FT-IR studies

FT-IR studies have been carried out to follow the evo
tion of silicate matrix during the stabilization of the metal
particles. The spectra have been taken for the dried m
rial and they represent the completely polymerized silic
network encapsulating the nanoparticles (figure not sho
The IR peaks agree well with the reported literature v
ues[40] for silicate matrices. The band at 1117 cm−1 con-
firms the presence of siloxane groups [γ (Si–O–Si)] in the
polymerized material while the band at around 1659 cm−1

corresponds to the primary amine [δ(NH2)] of the silane.
The position of this band shifts to higher values as the si
is cross-linked and polymerized. The N–H stretching b
around 3500 cm−1 is broadened in the cross-linked mat
ial as compared to that of neat silane. This is attribute
the complexation of the amine groups of the silicate with
metal particles[40].

3.6. Carbon monoxide adsorption studies
Infrared spectroscopy has been widely used to study the
surface chemistry of small, adsorbed molecules[49–55].
-

The vibrational frequency of adsorbed CO changes w
the metal substrate and binding structure. Hence, IR s
troscopy of CO on the surface of bimetallic nanopartic
is expected to give information about the surface of
nanoparticle. On gold nanoparticles, however, CO is kno
to be very weakly and reversibly adsorbed[53,54]. The
adsorbed CO is generally observed only at low temp
tures[53,54]. Gold and silver have fully occupiedd-orbitals
(5d106s1, 4d105s1, respectively) and exhibit weak coord
nation ability toward CO. It is reported that only weak R
man and IR bands are observed for CO on gold and
ver surfaces[53,54]. The IR spectra corresponding to t
CO stretching region are given inFig. 9 for Au–Pd and
Au–Pt bimetallic systems. We have earlier reported the C
IR spectra for monometallic Pd and Pt particles[41,56].
This is similar to the spectra reported by Toshima and
workers[52].

3.6.1. Au–Pd
The IR spectra of CO adsorbed on nanobimetallic

Au–Pd stabilized in TPDT matrix is shown inFig. 9a.
A broad peak is seen at 2032 cm−1 and another strong ab
sorption band is observed at 1911 cm−1. The former band
can be assigned to the CO adsorbed on the Pd surface
terminal site (linear adsorption site) and the latter to CO
sorbed at the bridging site (bridging adsorption site)[52].
The relative intensities of these two peaks have been
ported to vary depending on the particle size[49].

3.6.2. Au–Pt
The IR spectrum of CO adsorbed on TPDT-stabiliz

Au–Pt particles is shown inFig. 9b. A strong band is ob
served at 2030 cm−1 and is assigned to the linearly adsorb
CO on the Pt surface[55].

Hence, in both Au–Pd and Au–Pt bimetallic particles,
enrichment of Pd and Pt is observed on the surface.

3.7. Electrocatalysis studies

The electrocatalytic activity of the nanoparticles sta
lized in silicate matrices has been followed by carrying
preliminary studies on Au–Pd and Au–Ag alloy nanopa
cles. A glassy carbon electrode is coated with the silic
stabilized nanoparticles and used for further experime
Oxygen reduction is taken as the demonstrative case. U
TEOS along with TPDT to stabilize the particles facilita
cross-linking and the resulting films are found to be v
sturdy and adherent to the substrate. Cyclic voltammetric
periments have been performed on the modified electrod
phosphate buffer pH 7.2.Fig. 10shows the cyclic voltammo
grams on the bare as well as nanometal modified electro
It is clear that the oxygen reduction potential shifts to m
positive values in presence of the metallic particles. A

tential shift of about 200 mV in the case of Au–Pd modified
classy carbon electrode (Fig. 10a) shows the catalytic nature
of the immobilized metallic particles. Similarly, the catalytic
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Fig. 9. FT-IR spectra of CO adsorbed on the TPDT-stabilized bimetallic particles. (a) Au–Pd; (b) Au–Pt bimetal. The molar ratios of silane to metats are
100:0.5:0.5 and 100:0.5:0.1, respectively.
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Fig. 10. Cyclic voltammograms of oxygen reduction on a bare- (a1, b
5 mV/s. (a) and (b) refer to the Au–Pd bimetal and Au–Ag alloy, respe

shift in the case of Au–Ag alloy nanoparticles is 150 m
at a scan rate of 5 mV/s (Fig. 10b). Detailed studies are i
progress.

4. Conclusions

The preparation of various bimetallic nanoparticles
organically modified silicates has been demonstrated.
studies on Au–Pd and Au–Pt bimetallic particles reveal
the surface consist of both metals while Au–Ag forms
loy phases. The sols remain stable for several months
can be handled and characterized easily. However X
and XPS measurements carried out on dried samples
cate the formation of oxides. This is expected since s
gel based silicates are known to be highly porous and
meable to oxygen[57]. The XRD studies also reveal th
the nanobimetallic particles predominantly assemble in

structure. It should be noted that vapor phase synthesis (sol
vated metal atom dispersion method) has been reported to
lead to nanoparticles assembling in hcp structure[58]. The
d nanometal-modified (a2, b2) glassy carbon electrode. Scan rates e
y. The molar ratio of the silane to metal salts is 100:5:5.

-

method employed for the synthesis of the particles se
to play a large role in determining the packing behavio
appears that fcc ordering in preferred by single crystal
particles while hcp packing is preferred by polycrystall
particles. XRD and TEM measurements for aminosilica
stabilized bimetallic particles indicate clear single cr
talline behavior.

The bimetallic particles prepared by the sol–gel met
have been shown to electrocatalyze the reduction of o
gen. The potential applications of these materials in s
assembly, catalysis and surface enhanced Raman
troscopy are being studied.
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