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The synthesis of polyvinylpyrrolidone seed mediated Ag/Pd allied nanobimetallic particles was success-
fully carried out by the simultaneous reduction of the metal ions in ethylene glycol, diethylene glycol,
glycerol, pentaerythritol and sodium borohydride solution. The optical measurement revealed the exis-
tence of peak broadening that causes diffusion processes of the metal sols to decrease making it possible
to monitor the changes spectrophotometrically. This, together with X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), transmission electron microscopy (TEM) and high resolution TEM
measurements strongly support the conclusion that intimately alloyed clusters were formed and the
particle growth anisotropy is diffusion limited. Finally, the catalytic potential of the nanocomposites
was investigated using 4-nitrophenol in the presence of sodium borohydride at 299 K; a good linear

fitting of In(A/Ap) versus the reaction time was obtained, indicating pseudo-first-order kinetics.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Metal nanoparticles composed of two (or more) different metal
elements are of interest because of their importance in the
improvement of catalysts properties. Bimetallic (or multimetallic)
catalysts have long been valuable for in-depth investigations of
the relationship between catalytic activity and catalyst particle
structure [1,2]. Bimetallic nanoparticles can have the crystal struc-
ture which is similar to that of the bulk alloy. In addition, they can
adopt another type of structure, in which the distribution of each
metal element is not found in the bulk. Such structures, defined
by the distribution modes of the two elements, include a random
alloy, alloy with an intermetallic compound type, cluster-in cluster,
and a core-shell structure of bimetallic nanoparticles [3].

Chia-Cheng et al. [4] synthesised Ag/Pd nanoparticles with a
reactive alcohol-type surfactant, sodium dodecyl sulfate (SDS),
without the presence of an external reducing agent. Both the
UV-Vis absorption spectra and X-ray diffraction (XRD) patterns
for the bimetallic and physical mixtures of individual nanoparticles
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revealed the formation of a bimetallic structure. Furthermore, the
Ag/Pd nanoparticles exhibited distinct catalytic ability for electro-
less copper deposition [5]. Likewise, dispersed silver/palladium
(Ag/Pd) nano platelets were altogether prepared by delivering ali-
quots of mixed metal nitrates and r-ascorbic acid into a nitric acid
solution containing Arabic gum. The shape and size of bimetallic
nanoparticles varied with the silver/palladium weight ratio and
the concentration of nitric acid. The study concluded that both
parameters played a critical role in the nucleation and growth of
the Ag/Pd particles [5,6].

Felora et al. also prepared Ag/Pd NPs via a water-in-oil micro-
emulsion system of water/dioctyl sulfosuccinate sodium salt (aer-
0s0l-0OT, AOT)/isooctane at 25 °C, this system was used to produce
nanocatalysts for the Heck reactions [7]. Meanwhile, bimetallic Ag/
Pd nanoparticles with various concentration ratios of additional
silver ions to palladium ions were prepared by a self-regulated
reduction method. The size of the bimetallic nanoparticles, was
dependent on the molar ratio of Ag* to Pd?*. Additionally, the sur-
face plasmon resonance spectra confirmed that the prepared bime-
tallic nanoparticles were Pd shell-enriched structures [8]. Ag/Pd
bimetallic nanoparticles were also prepared from an aqueous solu-
tion by the co-reduction of AgNOs and (NH4),PdClg in an aqueous
solution with TritonX-100. The electrochemical results showed
that the Ag-Pd bimetallic nanoalloys possessed a much higher
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electrocatalytic activity and better long-term performance than the
Ag nanoparticles [9]. Other methods to synthesise Pd/Ag bimetallic
nanoparticles include a microwave polyol reduction method
[10,11]. The polyols effectively act as bidentate chelating agents
for the solvated metal cations and in some cases also serve as
reducing and/or stabilising agents once the metal nanoparticles
are precipitated.

We have extended the co-precipitation method of Toshima
et al. [12-14] to produce novel Ag/Pd nanobimetallic clusters by
polymer stabilised and polyol reduction mediated reactions. The
reaction conditions were varied by controlling the mixing ratio of
the constituent metal salts and reaction temperature. Experimen-
tal evidence suggests that the overwhelming majority of precipita-
tion reactions are diffusion-limited. As a result, the concentration
gradient and temperature become the predominant factors deter-
mining growth rate as a new material is supplied to the particle
surface through mass transfer. We have also evaluated the cata-
lytic potential of as prepared Ag.,-M) bimetallic nanoparticles
through the kinetic study of the reduction of p-nitrophenol using
UV-Vis spectrometry.

2. Experimental

The seed growth or successive addition method was modified
from the literature method and used to prepare monodispersed
bimetallic Ag/Pd nanoparticles in different polyols at optimum
concentration of metal precursors and controlled temperature
[15,16]. The reactions for the formation of the bimetallic nanopar-
ticles via anisotropic nucleation and growth are shown in Schemes
1 and 2.

2.1. Materials

All inorganic salts, solvents and chemical reagents used were of
analytical grade, and were purchased from Sigma-Aldrich Corpora-
tion, UK. They are as follow: silver nitrate, palladium (II) chloride,
glycerol, ethylene glycol (EG) and diethylene glycol (DEG), pentae-
rythritol (PET), poly(vinyl pyrrolidone) (PVP), methanol (99.5% w/
w) and ethanol (99.5% w/w).

2.2. Synthesis of Ag/Pd nanoparticles

The co-precipitation of bimetallic Ag/Pd nanoparticles in the
presence of polyvinylpyrrolidone is as follows: 15 mL glycerol
(99.5% w/w) was measured in a round bottom flask containing a
magnetic stirrer with heating, PVP (0.02-0.06 mmol) was added
followed by the injection of PdCl; (0.19-0.39 mmol) into the hot
solution. The colour rapidly changed to black. The reaction is al-
lowed to proceed for a period of time facilitating the growth of
the Pd nanoparticles, which act as the seed. AgNOs; (0.15-
0.57 mmol) was injected into the colloidal mixture and the reac-
tion was continued for 4 h with continuous stirring. After the hot
injection of silver nitrate, tint black coloured Ag/Pd sol was ob-
tained and the temperature was maintained till the completion
of reaction. While hot, the Ag/Pd sol was copiously washed with
methanol several times, and centrifuged at 4400 rpm for 10-

Pd + CH;0H s Pd(COH)y + 3H" + 3¢

Pd(COH)ygs + H)O ———  pd + CO, + 3H' + 3¢

PdClyyg + Agyy ————— Pdy + Ag' + 20

Scheme 1. Redox reactions of Ag seeded AgPd nanoparticle formation.

15 min. to remove excess unreacted polymer. The Ag/Pd sol was la-
ter redispersed in ethanol.

The above procedure was repeated with ethylene glycol at
160 °C for 3 h and diethylene glycol at 200 °C for 2 h.

The route to prepare bimetallic allied Ag/Pd nanostructured
particles in aqueous medium by the seed growth or successive
addition method [17] using pentaerythritol (PET) as the capping
agent is described as follows: Milliken deionised H,O (100 mL)
was measured in a round bottom flask containing a magnetic stir-
rer with heating, PVP (0.02-0.13 mmol) and PET (24.01-
37.25 mmol) were added simultaneously. PdCl, (0.24-0.36 mmol)
was then injected into the hot solution, causing an instant colour
change to brown. After the growth of Pd nanoparticles which act
as seed, AgNO3 (0.12-0.82 mmol) was injected into the colloidal
mixture, followed by hot injection of NaBH; (10 mL, 16.50-
18.24 mM) solution. The reaction was continued for 2 h with con-
tinuous stirring. The cooled Ag/Pd sol was copiously washed with
deionised H,O several times, and centrifuged at 4400 rpm for
10-15 min to remove excess unreacted polymer. Then Ag/Pd sol
was later re-dispersed in deionised H,O.

2.3. Isolation of Ag/Pd nanoparticles

The centrifuged sols obtained after decantation is redispersed in
double distilled ethanol and cleaned in ultrasonic bath at 50 °C for
60 min before further characterisation of the sols was carried out.

2.4. Characterisation

2.4.1. Optical characterisation

A Varian Cary 50 Conc UV-Vis spectrophotometer was used to
carry out the optical measurements and the samples were placed
in silica cuvettes (1 cm path length), using toluene as a reference
solvent. A Perkin-Elmer LS 55 Luminescence spectrometer was
used to measure the photoluminescence of the particles. The sam-
ples were placed in a quartz cuvette (1 cm path length).

2.4.2. Structural characterisation

The crystalline phase was identified by XRD, employing a scan-
ning rate of 0.05° min~' in a 26 range from 20° to 80°, using a Bru-
ker AXS D8 diffractometer equipped with nickel filtered Cu Ko
radiation (1 = 1.5418 A) at 40 kV, 40 mA and at room temperature.
The morphology and particle sizes of the samples were character-
ised by a JEOL 1010 TEM with an accelerating voltage of 100 kV,
Megaview III camera, and Soft Imaging Systems iTEM software.
The detail morphological and structural features were investigated
using HRTEM images with a JEOL 2010 TEM operated at an accel-
erating voltage of 200 kV.

The survey of surface property and high resolution spectra of
nanoparticles were collected using XPS PHI 5000 Versaprobe-
Scanning ESCA Microprobe, with 100 pum 25W 15 kV Al mono-
chromatic X-ray beams.

2.5. Kinetics of catalytic reduction of p-nitrophenol in the presence of
NaBH, solution using the prepared Ag/Pd nanoparticles

The catalytic activities of the prepared Ag/Pd nanoparticles sta-
bilised with different matrices (GLY, PET, DEG) were carried out
according to Dipak and Misra [18] by measuring NaBH, reduction
of p-nitrophenol (p-NP) in the presence of Ag/Pd NPs. In order to
study catalytic activity, 30 mL of p-nitrophenol (67.05 mM) was
mixed with freshly prepared 10.0 ml of aqueous solution of NaBH,4
(0.7 M) with constant stirring in a 250 mL conical flask, while the
temperature was maintained at 298-300 K. The prepared Ag/Pd
nanoparticles (16.4 mg) were added to the mixture separately
and the conical flask was vigorously shaken for mixing. The colour
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Scheme 2. Reaction for AgM-nanoparticles in PVP stabilising medium with glycerol as reductant.

of the solutions gradually changed from yellow to colourless as the
reaction proceeded. The progress of the reaction was monitored by
recording the UV-Vis spectra of the solution at a time interval of
120 s. The rate constant of the reduction process was determined
by measuring the change in absorbance at 400 nm as a function
of time. The controlled experiment was also carried out without
AgPd nanoparticles and no change was noticed in the absorption
spectra of p-NP. The experiment was repeated using other silver al-
lied nanobimetallic particles in different matrices as previously
mentioned.

3. Results and discussion

The polymer derived polyol stabilised nanoparticles were very
stable in both liquid and solid phases. The stability was checked
by following the absorbance spectra over extended periods of
several months. The oxo groups present in the vinylpyrrolidone
stabilised the bimetallic nanoparticles as proposed by Lev and
co-workers [19,20]. The use of sodium borohydride resulted in fast
reduction of metal ions, but glycerol was the best reducing agent
and stabilizer that also acted as a solvent.

3.1. Optical properties of Ag/Pd sols

Fig. 1 shows the absorption spectra of polyol reduced Pd/Ag in
PVP matrix at various temperatures. The surface plasmon absorp-
tion for silver usually observed at 400-440 nm is not present but
a broad blue shifted absorption peak appears at 335, 378, 336
and 395 nm for pentaerythritol, diethylene glycol, ethylene glycol,
and glycerol reductants respectively. The presence of Pd in the
bimetallic nanoparticles suppresses the surface plasmon absorp-
tion even in the presence of minor quantities [21,22]. The similar-
ity in the shape of the spectra and the absence of any shift of the
maximum at all the ratios studied also exclude preferential reduc-
tion of Pd ions followed by the reduction of silver which would
have resulted in silver-coated Pd clusters. Furthermore, hydrolytic
binding of the different polyols onto the substrate (metal-stabi-
lizer) adduct intermediate takes place at different pH and redox
potential [23], that also accounts for observed difference in the
absorption property and also offers projection to explaining mor-
phological differences in the bimetallic sols. There is no evidence
of absorption due to the individual metals which suggests that
there is substantial interaction between the particles. There was
no effort to reduce the metal ions completely; therefore, there ex-
ists a possibility of electron transfer from the metal to unreduced
ions.

The effect of change in temperature on the absorption proper-
ties of PVP/DEG stabilised Ag/Pd at 200 °C and 190 °C is observed
(Fig. 2). There appears no significant difference in their inflection
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Fig. 1. UV-Vis spectra of AgPd NPs stabilised with (a) PVP/PET, 90 °C, 4 h; (b) PVP/
DEG 200 °C, 2 h; (c) PVPJEG, 160 °C, 3 h and (d) PVP/GLY, 160 °C, 2 h.

0.5 4

—— DEG,190°C, 2h
0.4 1 —— DEG, 200°C, 2h

0.3

0.25 4

Absorbance

0.2 A

0.15 4

0.1 1

0.05

240 340 440 540 640 740 840
Wavelength (nm)

Fig. 2. UV-Vis spectra of AgPd NPs stabilised with PVP/DEG at different
temperatures.



J.A. Adekoya et al./Results in Physics 4 (2014) 12-19 15

700 ~

600 -

500 A

400 ~

300 A

Fluorescence (a.u)

200 -

100 -

0 200 400 600 800 1000
Wavelength (nm)

Fig. 3. PL spectra of AgPd NPs stabilised with PVP/EG, 1600C, 3 h at excitation
wavelengths of (a) 232 nm and (b) 325 nm.

and surface plasmon resonance band which is attributed to the ra-
tio of metal sources, Ag and Pd. In Fig. 3, we observe the congruent
nature of the PL emission spectra of Ag/Pd sols prepared in PVP/EG
at 160 °C for 3 h: for excitations at 232 and 325 nm, the emission
maximum is approximately 382 nm. This agrees with Kasha rule
[24] that the emission spectra are usually independent of excita-
tion wavelength, which is an indication of the monodispersity of
the nanoparticles [25].

The PL spectra of as prepared polyol reduced composite sols of
Ag/Pd stabilised by PVP are shown in Fig. 4. The single S;-So emis-
sion band occurring at 382, 393, 345 and 326 nm for ethylene gly-
col, pentaerythritol, diethylene glycol and glycerol reductant
systems respectively is evidence of the fluorescence property of
the nanosols. However, it is observed in Fig. 4 that the stabilizers
PVP/GLY and PVP/PET might be responsible for quenching the fluo-
rescence of the nanocomposite resulting in the reduction of the
peak intensity in the spectra. We therefore suggest that collisional
quenching may possibly result in such observation and formation
of excimers at singlet excited states often accounts for this effect
[26]. The Pd/Ag sols stabilised by PVP/EG and PVP/GLY have their
emission maxima at 385 and 375 nm respectively.

A mirror image relationship in the optical absorbance of Ag/Pd
nanosols stabilised with PVP/DEG is observed in Fig. 5. The PL
emission maximum is observed at 346 nm, a red shift in relation
to the absorption band edge at 383 nm. This is the characteristic
Stoke’s shift [27,28] showing that the PL emission of the Ag/Pd
nanocomposites is actually independent of absorption of light. Fur-
ther investigation of the optical property led to the estimation of
the band gaps of the bimetallic nanoparticles using the direct band
gap method [29] which were found to be 3.04 eV (408 nm, t =2 h),
3.07eV (404 nm, t=2h), 3.00eV (414 nm, t=3h) and 3.47 eV
(357 nm, t = 4 h) for PVP/GLY, PVP/DEG, PVP/EG and PVP/PET stabi-
lised AgPd nanoparticles respectively. The absorption edges are
red-shifted from that of Ag and Pd bulk crystals given as 3.99 eV
and 7.6 eV, respectively [30].

3.2. Morphology of the Ag/Pd sols

The representative images in Figs. 6-8 show the TEM and
HRTEM micrographs of specific particles of the Pd/Ag nanoclusters
stabilised with various capping groups. We observed different
shapes peculiar to Pd and Ag metals i.e. spheres (Fig. 6a), cubes
(Fig. 7b and Fig. 8d), octahedra (Fig. 8b) and multiply twinned
(Fig. 8c) with various degrees of edge and corner truncation. The
morphology of the PVP/PET formed bimetallic Ag/Pd clusters as
shown in Fig. 6a, has a mean particle size of 11.64 + 2.30 nm. The
particle shape is quasi-spherical and the structural elucidation
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Fig. 4. PL spectra of AgPd NPs stabilised with (a) PVP/EG, 160 °C, 3 h; (b) PVP/PET,
90 °C, 4 h; (c) PVP/DEG, 200 °C, 2 h and (d) PVP/GLY 160 °C, 2 h.

based on the HRTEM image (Fig. 6a) reveals the formation of
core-shell AgPd nanoclusters.

In Fig. 7, the mean sizes for both large and smaller conjugate
particles of PVP/DEG stabilised clusters at 200 °C for 2 h were
found to be 31.47 +7.79 and 9.58 + 3.09 nm respectively, forming
bimetallic nanoalloys nearly monodispersed with coarse particle
size distribution. The average size of PVP/EG stabilised particles
at 160 °C for 3 h (Fig. 7c) is 16.42 £ 6.13 nm, with clear evidence
of particle agglomeration leading to the formation of alloy nano-
cages which is kinetically favoured by diffusion limited growth
[31]. The HRTEM image (Fig. 8a) shows a contrast in density. This
is observed for the Ag/Pd nanoparticles passivated with PVP/GLY
(Fig. 8b-d) which confirms the alloy formation whereby the Ag
metals appear as dark spots while Pd metals are seen as the bright-
er conjugates measuring 15.05+4.68 and 5.37+1.53 nm,
respectively.

The crystallinity of the as prepared nanoparticles was investi-
gated by powder X-ray diffraction (p-XRD). The PVP/GLY stabilised
Ag/Pd NPs at 160 °C for 2 h show characteristic reflections which
appear at 20 = 38.51°, 40.33°, 44.49°, 46.55°, 67.68° and 76.92° in-
dexed to {111}Ag, {111}Pd, {200}Ag, {002}Pd {220}Pd and
{311}Ag crystallographic planes of the fcc structure of Ag/Pd
respectively (Fig. 9). Similar planes indexed for both Ag and Pd
are observed for PVP/DEG and PVP/EG stabilised Ag/Pd
nanoparticles.

This study reveals two factors that are essential in the forma-
tion of Ag/Pd alloy cube and polyhedron structures amongst oth-
ers. The first is the ability of palladium atoms to promote
anisotropic growth by inducing structural defects in the silver lat-
tice [32]. The second is the strongly oxidative environment of the
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Fig. 5. Combined (a) UV-Vis and (b) PL spectra of Ag/Pd PVP/DEG at 200 °C, 2 h.
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Fig. 6. (a) HRTEM image of AgPd NPs capped by PVP/PET at 90 °C, 4 h, (b) inset: showing core-shell nanosphere of AgPd and (c) TEM image of AgPd NPs capped by PVP/PET at
90°C, 4 h.

Fig. 7. (a) TEM image of AgPd NPs stabilised with PVP/DEG at 2000C, 2 h; (c) TEM image of AgPd NPs stabilised with PVP/EG, 160 °C, 3 h; (b and d) HRTEM images of (a and c),
respectively.
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Fig. 8. (a) HRTEM image of AgPd NPs in PVP/EG, 160 °C, 3 h, (b) TEM image of AgPd NPs stabilised in PVP/GLY at 160 °C, 2 h, (c) HRTEM image of AgPd in PVP/GLY at 160 °C,

2 h and (d) Close up of particle seen in (c).

Intensity

34 44 54 64 74 84 94
20 (degree)

Fig. 9. XRD of AgPd nanoparticles stabilised with PVP/GLY at 160 °C, 2 h.

system, which leads to different deposition/dissolution rates for
selected crystal facets [33].

A likely source of structural defects is the difference in the
reduction Kkinetics of the two metals. Since the redox potential
(E®) of Pd?*/Pd® system is more electropositive than that of the
Ag*|Ag® pair (+1.0 V vs.+0.8 V), the nucleation event is dominated
by the former. The decrease in the length of the induction period
with increased palladium content in the metal nitrate solution con-
firmed this thermodynamic prediction [34].

3.3. XPS results

XPS characterisation for the PVP/DEG stabilised Ag/Pd at 200 °C
for 2 h was carried out to study the surface properties of the as-
prepared nanoclusters. Fig. 10 shows the high resolution scan
and Ag 3d peaks of Ag/Pd nanoparticles. Keeping in mind that
the surface was covered by C the surface atomic ratio of Pd to Ag
is 0.8:3.9, indicating enrichment of surface of the nanoparticles
by Ag.

The integration of the peaks produced a high intensity ratio of
Ag® to Pd® which give credence to the formation of nanoalloys very
rich in Ag layer, this is in agreement with TEM and HRTEM results
in which the polycrystalline nature of the allied AgPd nanocluster
revealed a prevalent {111} high index face centred cubic and cub-
octahedra structures of Pd alloyed by Ag particles [35-36].

3.4. Catalysis study

The rapid catalytic conversion of 4-nitrophenol to 4-aminophe-
nol after addition of Ag allied nanobimetallic particles Ag/Pd was
quantitatively monitored as a successive decrease in the peak
height at 400 nm (Fig. 11) and the gradual development of new
peak at 300 nm which confirmed the formation of 4-aminophenol
[37], by a corresponding change in colour of the solution from light
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Fig. 10. XPS spectrum of Ag/Pd nanoparticles stabilised with PVP/DEG at 200 °C, 2 h.
2 7 9C; /0 = —kappC; o1 In(C/Co) = In(A/Ao)
181 where C; is the concentration of 4-nitrophenol at t = t and kp;, is the
apparent rate constant, which can be obtained from the decrease of
16 1 the peak intensity at 400 nm with time.
The reaction was completed in minutes at 299 K and did not
141 0s proceed in the absence of Ag/M/PVP catalyst. A good linear fitting
of In(A/Ap) versus the reaction time (s) was also obtained and the
o == —180s pseudo-first-order kinetics was used to calculate the kinetic rate
% - ——360s constant. Fig. 12 shows a linear correlation between In(A/A) (A:
2 absorbance at fixed intervals, Ag: absorbance at time, t close to
§ 08 1 590 infinity) and the reaction time, t (s) at 299 K. The graph shows that
< —720s the reaction is a pseudo-first-order [38].
06 - — 900s
04 - 3
02 -
2.5 -
0 : : : : : : .
200 250 300 350 400 450 500 550
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Fig. 11. Change in absorbance at 400 nm as a function of time using AgPd in PVP/
GLY at 160 °C, 2 h.

yellow to yellow-green. In this experiment, the concentration of
the borohydride ion, used as reductant, largely exceeded that of
4-nitrophenol. As soon as freshly prepared NaBH4 solution was
added, the Ag/Pd nanoparticles started the catalytic reduction by
relaying electrons from the donor BH; to the acceptor 4-nitrophe-
nol after the adsorption of both onto the particle surfaces. As the
initial concentration of sodium borohydride was very high, it re-
mained essentially constant throughout the reaction.

For the evaluation of catalytic rate, it was reasonable to assume
the pseudo-first-order kinetics with respect to 4-nitrophenol. In
this regard, since the ratio of absorbance (A) of 4-nitrophenol at
t=t, to its value Ag measured at t =0 (close to infinity) must be
equal to the concentration ratio C;/Cy of 4-nitrophenol, the kinetic
equation for the reduction is given as:

y #0.0034x + 0.1427

1.5 1

In A/A

¢ In(A-Ao)

——Linear (In (A - Ao))
0.5 4

T T T 1
0 200 400 600 800
Time (s)

Fig. 12. Plots of In(A/Ao) (A: absorbance at fixed intervals, Ap: absorbance at time, t
close to infinity) and the reaction time, t at 299 K AgPd PVP/GLY, 160 °C, 2 h.
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Table 1
Summary of observed rate constant of Ag allied nanobimetallic particles.

Ag allied nanobimetallic particles Observed rate constant (s')

AgPd/PVP¢Ly, 160°C, 2 h 34 x 1073
AgPd/PVP/PETgy, 90 °C, 4 h 19 x 1073
AgPd/PVPpgg, 200 °C, 2 h 29x10°3

Table 1 shows that there is a significant relationship between
nanoparticle quantum size regime and rate kinetic. There is an in-
crease in the kinetic rate constant when bimetallic nanoparticles
are used as catalysts instead of their monometallic analogues. Con-
sidering the observed rate constants of 4-nitrophenol catalysed
reduction at 299 K, Ag/Pd/PVPg,y catalyst exhibited a rate constant
of 34x103s! which was significantly higher than
2.8 x 1073 s~ ! reported for Poly(ethylenimine)-Stabilised Ag nano-
particles, but relatively lower than 9.2 +1.7 x 1073 s~ recorded
for AuAg-HNP [39,40].

Furthermore, the rate constant of other Ag allied nanoparticles
produced by the polyol reduction route was compared to that pre-
pared in aqueous medium. For instance, the observed rate constant
for Ag/Pd/PVP/PETgy (90 °C, 4 h) catalyst precipitated from aque-
ous solution was 1.9 x 103571,

The rate constant for the Ag/Pd/PVPgry (160 °C, 2 h) clusters
with a particle size of 3.14 nm can be expressed as 3.4 x 107 3s™!
m? L per total external surface area of AgPd nanoparticles norma-
lised by unit volume at 299 K. The apparent rate constant per total
AgPd, k' (34-24x103s1), was re-calculated to give
1.989 x 107" s~ ! m? L per AgPd surface area. This value was lower
compared to 5.1 x 107! s~! m? L reported by Ballauff and co-work-
ers for the same reaction when polymer mediated Au nanoparticles
were used as a catalyst [41].

4. Conclusion

The synthesis of silver palladium nanobimetallic particles by
co-reduction and co-precipitation from non-aqueous and aqueous
solutions using molecular source precursors and polymer matrix
was achieved. Subsequently, characterisation of as prepared nano-
composites was done using optical spectroscopy, electron micros-
copy, X-ray diffraction (XRD) and X-photoelectron spectroscopy.
The derived nanoparticles were investigated for their catalytic po-
tential by reaction of 4-nitrophenol in the presence of sodium
borohydride. Stabilisation by PVP was preferred as it was free of
agglomeration. The XRD and electron microscopy studies showed
evidence for Ag/Pd alloy and core-shell structure formation. This
was further corroborated by the XPS measurements. Kinetic stud-
ies showed that for alloy formation, the diffusion coefficients need
to be many orders of magnitude larger than those of the bulk mate-
rials. The bimetallic nanoparticles also showed significant catalytic

activity by the reduction of 4-nitrophenol following pseudo first
order kinetics.
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