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ABSTRACT: Bimetallic core−shell nanoparticles have recently emerged as a
new class of functional materials because of their potential applications in
catalysis, surface enhanced Raman scattering (SERS) substrate and photonics
etc. Here, we have synthesized Au/Ag bimetallic core−shell nanoparticles with
varying the core diameter. The red-shifting of the both plasmonic peaks of Ag
and Au confirms the core−shell structure of the nanoparticles. Transmission
electron microscopy (TEM) analysis, line scan EDS measurement and UV−vis
study confirm the formation of core−shell nanoparticles. We have examined the
catalytic activity of these core−shell nanostructures in the reaction between 4-
nitrophenol (4-NP) and NaBH4 to form 4-aminophenol (4-AP) and the
efficiency of the catalytic reaction is found to be increased with increasing the
core size of Au/Ag core−shell nanocrystals. The catalytic efficiency varies from
41.8 to 96.5% with varying core size from 10 to 100 nm of Au/Ag core−shell
nanoparticles, and the Au100/Ag bimetallic core−shell nanoparticle is found to
be 12-fold more active than that of the pure Au nanoparticles with 100 nm diameter. Thus, the catalytic properties of the metal
nanoparticles are significantly enhanced because of the Au/Ag core−shell structure, and the rate is dependent on the size of the
core of the nanoparticles.
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■ INTRODUCTION

Bimetallic nanoparticles have aroused intensive interest because
of their fascinating optical, electronic, sensing and catalytic
properties.1−4 Some unique physiochemical and surface
characteristics are evolved in bimetallic nanoparticles due to
combinational interactions between two metallic electronic
states which are different from individual metals. Properties of
monometallic nanoparticles have been extensively studied with
various morphologies, sizes and shapes.5−7 The bimetallic
nanostructures can have various architectures including alloy,
nanowires, dendrite, and core−shell etc.8−12 Among these
nanostructures, bimetallic core−shell nanostructure of gold and
silver have attracted a lot of interest for their plasmonic,
catalytic and sensor based applications.13−17 Yang et al.18 have
demonstrated Au−Ag and Ag−Au bimetallic core−shell
nanoparticles for SERS application. Physiochemical properties
of this bimetallic core−shell nanoparticles solely depends on
the dimension of core and shell and on the composition.19

There are several reports on the modification of physiochemical
properties by shell thickness variation of Au/Ag core−shell
nanoparticles. Pande et al.20 have been demonstrated the
influence of shell thickness of Au−Ag core−shell nanoparticles
on SERS. Samal et al.15 have reported the synthesis and
modulation of SERS properties of Au−Ag core−shell nano-
particles by tuning the shell thickness and the size of the Au
core. Thus, the SERS activity of the Au−Ag core−shell

nanoparticles can be tuned by the modification of core and
shell dimension.
In spite of SERS application of the bimetallic nanoparticles,

catalytic application is found to be interesting. The catalytic
properties can be tuned by tuning the size and shape of the
nanoparticles.21 Recently, Xia et al.22 have reported the
comparative catalytic activity of the Au nanoparticles, nano-
boxes, and nanocages by reduction of nitrophenols. Again, the
catalytic property can be tuned with changing the nanoparticle
composition from single component to bimetallic. Meng et al.1

have demonstrated the Au/Ag bimetallic dendrite nano-
structurs for efficient catalytic applications. Lei et al.23 have
reported the enhanced catalytic activity of Au−Ag nanoplates
for the reduction of nitrophenols. Among the different
morphologies, the core−shell type nanoparticles are most
interesting as the core diameter and the shell thickness might
play important role on the catalytic activity. Recently, Tsao et
al.21 have demonstrated the shape dependent catalytic activity
of the Au−Ag core−shell nanocrystals. Thus, the catalytic and
other physiochemical activities of the core−shell materials can
be tuned by changing the size of the core in core−shell
structures. To the best of our knowledge, little attention has
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been paid on the influence of core size on the catalytic activity
of the core−shell bimetallic nanoparticles.
In the present study, we have prepared Au/Ag core−shell

nanomaterials by a simple method. We have tuned the diameter
of the core material with a fixed shell thickness. Finally, we have
evaluated the catalytic properties of Au/Ag based nanostruc-
tures (including bimetallic and monometallic nanoparticles)
using a model reaction based on the reduction of 4-nitrophenol
to aminophenol by NaBH4.

■ EXPERIMENTAL PROCEDURE
Materials. Chloroauric acid (HAuCl4.3H2O, 99.9%), silver nitrate

(99.99%), β-cyclodextrin (β-CD; Fluka), cysteine (Lobachemie),
polyvinylpyrrolidone (PVP), trisodium citrate, 4-nitrophenol, and
sodium borohydride (NaBH4) were purchased from Merck India Ltd.
All of the reagents were used without further purification. Deionized
(DI) water (18 MΩ) was used in all the experiments.
Synthesis of Different-Sized Au Nanoparticles. Gold nano-

particles of 10, 20, 40, 60, 80, and 100 nm diameter were synthesized
by a reported method with some modifications.24 Typically, a solution
of 1.25 mL of 10 mM chloroauric acid (HAuCl4, 3H2O) in Milli-Q
water (46.25 mL) was heated with a heating mantle in a (100 mL)
two-necked round-bottomed flask for 30 min under vigorous stirring.
A condenser was utilized to prevent the evaporation of the solvent.
After that, a solution of 2.5 mL of trisodium citrate (1%) was injected.
The color of the solution has changed from yellow to bluish gray and
then to soft pink in 10 min. For this particular procedure, the Au
nanoparticles were about 10−12 nm in diameter. For sake of
simplicity, the gold concentration was expressed with reference to its
chloroauric acid precursor, which was assumed to be converted
completely into Au nanoparticles during the NP synthesis. The
resulting particles (∼10 nm, ∼1.2 × 1012 NPs/mL) are coated with
negatively charged citrate ions and hence are well suspended in H2O.
This gold seeds were used for the preparation of larger size 20, 40, 60,
80, and 100 nm Au nanoparticles by seeded growth method,
respectively. These nanoparticle solutions were centrifuged and
washed several times and then redispersed in required volume of
deionized water. These stock solutions were further used for the Au/
Ag core−shell nanoparticle preparation.
Synthesis of Au/Ag Bimetallic Core−Shell Nanoparticles.

Au/Ag bimetallic core−shell nanoparticles were synthesized using
PVP, cystein and cyclodextrin. Several experiments and control
synthesis were preliminary performed to optimize the conditions for
the synthesis of Au/Ag bimetallic core−shell nanocrystal. Details of
these experiments are given in the Supporting Information. Water-
soluble and stable Au/Ag core−shell nanostructures were fabricated by
a simple colloidal approach. In brief, 0.65 mL of 0.1% polyvinylpyrro-
lidone (PVP) was mixed with 7 mL of the prepared Au NP stock
solutions with vigorous stirring for 20 min to modify the gold
nanoparticle surfaces and stabilization of the nanoparticles. Now, an
appropriate amount of β-cyclodextrin (1.5 mL, 0.05 mM) and cysteine
(1.5 mL, 0.05 mM) were mixed to above solution and the solution was
stirred for few minutes to mix completely. The pH of the solution was
adjusted to ∼10 by adding NaOH solution and the solution was
allowed to incubate for 15 min.

After that the mixture was kept on a water bath at 85 °C. Then,
AgNO3 solution (3 mL, 0.1 mM) was added dropwise to this mixture
with constant stirring. With each addition, the pink color of gold NPs
changes and finally leads to a bright yellow color of silver NPs after 30
min, indicating the formation of Ag shell on the Au particles. Similarly,
we have synthesized bimetallic core−shell nanoparticles with 20 nm,
40 nm, 60 nm, and 80 and 100 nm Au nanoparticles. We have
maintained the same shell thickness (∼10 nm) for all the core−shell
nanoparticles. There are two ways to fix the shell thickness of a core/
shell with different core sizes, either by increasing the concentration of
shell materials keeping particle concentration same, or by decreasing
the particle concentration of bigger size core materials. In our case, we
have decreased the seed particle concentration for the larger seed sizes
maintaining the equal volume of silver nitrate solution, to maintain the
∼10 nm shell thickness of Ag in the Au/Ag core−shell nanoparticles.
The details condition used in the synthesis are summarized in Table 1
and also a flowchart for the synthesis of core−shell is given in the
Supporting Information.

Characterization. Absorption spectra of the as synthesized
metallic nanoparticles and bimetallic core−shell nanocrystals, were
taken at room temperature with a Shimadzu UV-2450 UV−vis
spectrometer. High-resolution transmission electron microscope (HR-
TEM) images were taken using JEOL, JEM-2100F at an operating
voltage of 200 kV. STEM-Dark Field images were taken by JEOL,
JEM-2100F. EDS spectrum and High Resolution Real-time Line Scan
data were collected with the help of Oxford INCA x-sight X-ray
analyzer attached to UHR FEG-TEM (JEOL, JEM-2100F).

Catalytic Measurements. Two hundred microliters of 0.015 M 4-
nitrophenol solution was added to 30 mL of DI H2O (18MΩ). Then,
1 mL of 0.01 M NaBH4 solution was added, resulting in the change of
the solution’s color from color-less to bright yellow. Finally, ∼1.5 mL
containing 6.3 × 108 Au nanoparticles or Au/Ag nanostructures was
added from stock solutions and the mixture was stirred for a few
seconds (we have maintained the same particle concentration of the
catalyst core−shell NPs during the catalytic reaction to compare all the
catalytic experiments using different core−shell NPs). Absorption
measurements were conducted by taking 1 mL aliquots from the
solution and recording their absorption spectrum between 200 and
600 nm. Time difference between the absorption measurements were
1 min.

■ RESULTS AND DISCUSSION
The shell thickness of the bimetallic core−shell nanoparticles
can be controlled by simply adjusting a few synthesis
parameters. Our synthetic strategy relies on combining two
key concepts, first, the use of Au nanoparticles as the core seeds
for Ag coating; second, a suitable temporal variation of the
surfactant composition in the reaction mixture during the
synthesis. Citrate capped Au nanoparticles with spherical shape
were first prepared by using modified literature protocols.24

The formation of heterostructures is achieved by keeping the
PVP: cysteine: Au molar ratio from 1:1:5 to 1:1:14 (while the
Ag concentration was fixed). The alkalinity of the gold colloidal
solution helps to induce the slow chemical reduction of Ag (I)
ions and their deposition on the gold particles. Slower rate of
reduction by β-cyclodextrin is preferred because it prevents the

Table 1. Detail Conditions for the Synthesis of Different Sized Au/Ag Bimetallic Core−Shell Nanoparticles

volume (mL)

size of Au seeds (nm) concentration of Au NP (NPs/mL) AgNO3 (0.1 mM) β-CD (0.05 mM) PVP (0.1%) cysteine (0.05 mM) pH T (°C)

∼10 1.2 × 1012 3 1.5 0.65 1.5 ∼10 85−90
∼20 5.5 × 1011 3 1.5 0.65 1.5 ∼10 85−90
∼40 1.8 × 1011 3 1.5 0.65 1.5 ∼10 85−90
∼60 9.6 × 1010 3 1.5 0.65 1.5 ∼10 85−90
∼80 5.7 × 1010 3 1.5 0.65 1.5 ∼10 85−90
∼100 4.3 × 1010 3 1.5 0.65 1.5 ∼10 85−90
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formation of pure Ag aggregates and produces a uniform silver
shell over Au seeds.25 The pink color of gold NPs changes
gradually with the addition of AgNO3 solution and finally
produces bright yellow color of silver NPs. Several controlled
experiment were performed for the standardization of the
synthesis which are discussed in the Supporting Information in
detail (Figures S1 and S2). The growth of silver shell was
monitored recording UV−vis spectrum. Figure 1 shows the

UV−vis spectra of the Au nanoparticles with diameter of 20, 40,
and 100 nm and the corresponding core−shell nanoparticles

with a fixed shell thickness of ∼10 nm. The red shifting of the
absorption band from 520 to 561 nm of Au is observed with
changing the Au particle size from 10 to 100 nm which is in
consistent with previous result.26 The absorption band at 520
nm corresponds to the surface plasmon resonance of Au
nanoparticles. The main dipolar resonance band is red-shifted
and broaden when the diameter of Au NP further increases. It
can be seen from the UV−vis spectra that core−shell
nanoparticles show a double peak spectral line pattern, which
is the characteristic plasmonic feature of Au/Ag core−shell
nanoparticles.27,28

As the size of the Au core increases with a fixed 10 nm Ag
shell, the absorption peak corresponding to the Au plasmon is
gradually red-shifted from the pure Au peaks. This red shifting
of the Au plasmon because of core−shell formation is in
consistent with the previous reports.27 The plasmon peak
corresponding to Ag is also red-shifted with the increase of core
diameter though the thickness of the Ag shell is same for all the
samples. This red shifting may be attributed to the increase of
number of Ag atoms in each core−shell to maintain the fixed
shell thickness with increasing core diameter. Thus, the double
peak spectral line pattern in the UV−vis spectra and the red
shifting of both the Au and Ag band in the Au/Ag
heterostructure indicate that these heterostructures are not a
simple physical mixture of two different kinds of metal particles,
rather they depict a synergistic optical features of bimetallic
core−shell nanoparticles, which is in consistent with previous
results.25

Structural Analysis of Au/Ag Bimetallic Core−Shell
Nanoparticles. Structural analysis of the synthesized nano-
particles has been characterized by TEM measurement. The Au
nanoparticles are synthesized by seed mediated growth method.
The TEM images of the core Au nanoparticles with diameter of
20 (± 4) nm, 40 (± 5) nm and 100 (± 10) nm are shown in
the Supporting Information Figure S3. We have synthesized
Au/Ag core−shell bimetallic nanoparticles with the core
diameter varying from 10 to 100 nm and the shell thickness
is fixed at ∼10 nm. Figure 2 shows the TEM images of the
bimetallic core−shell nanoparticles of Au20/Ag, Au40/Ag, and
Au100/Ag. The core−shell nature of the nanoparticles can be
seen from the TEM images.
To get structural details of the heterostructure nanoparticles

and to confirm the core−shell type structure formation, we
performed HRTEM, EDS analysis, and elemental mapping.
Figure 3 represents the TEM, HAADF-STEM, and elemental
mapping images of the bimetallic core−shell nanoparticles of
Au100/Ag. It is seen from the TEM image (Figure 3A), that the

Figure 1. UV spectra of (A) 20, (B) 40, and (C) 100 nm Au
nanoparticles (a plots) and corresponding Au/Ag bimetallic core−
shell nanoparticles with 10 nm shell thickness (b plots) and Ag
nanoparticle of 10 nm diameter (c plot in panel C).

Figure 2. TEM images of (A) Au20/Ag, (B) Au40/Ag, and (C) Au100/Ag bimetallic core−shell nanoparticles.
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core−shell nanoparticle is in uniform orientation, indicating the
single crystalline structure of the core−shell bimetallic
nanoparticles. Similar observations have been made in case of
Pt-group metal core−shell nanoparticle derived from the
reduction of using different reducing agents,29,30 indicating
the formation of core−shell nanoparticle phase. To further
confirm the core−shell structure of Au/Ag bimetallic nano-
particles, HAADF-STEM-EDS analysis is performed (Figure
3B), which confirms the presence of both Au and Ag metals
within the nanoparticles.
To investigate the distribution of the Au and Ag metals in the

core−shell structure, we have carried out elemental mapping.
Figure 3C shows the STEM−dark-field image of the Au100/Ag
core−shell nanoparticles. Images D and E in Figure 3 show the
distribution of Au and Ag atoms for the Au100/Ag core−shell
nanoparticles of Figure 3C. From the distribution of Au and Ag
in the nanoparticles it can be clearly seen that the Au atoms are
mostly concentrated in the center of the nanoparticles, whereas
the Ag atoms are situated on the circumference of the
nanoparticles. This clearly indicates the formation of almost
homogeneous core−shell structure of the synthesized Au/Ag
heterostructures. To confirm the core−shell type of structure of
the nanoparticles, we have taken high-resolution real-time line
scan data (Figure 3F) across the nanoparticles as shown by the
yellow highlighted line in the STEM- Dark Field image of
Figure 3C. It is seen from line scan data that the X-ray intensity
of the Au is maximum and Ag is minimum in the core region.
At the edge of the particles, the X-ray intensity of Ag is
maximum and no X-ray intensity of the Au. Thus, the line scan
profile of the nanoparticle is in agreement with the core−shell
structures of the nanoparticles.
It is proposed that the formation of bimetallic core/shell

nanoparticle involves a slow nucleation and fast autocatalytic

reduction process.31−36 Moreover, in the presence of seed, the
formation of bimetallic core/shell nanoparticle followed a seed-
assisted growth mechanism, which follows both homogeneous
and heterogeneous nucleation of metal atoms and Ostwald
ripening growth.37 In the present work, similar type of
evolution of Au/Ag NCs was observed, which was investigated
by taking aliquots out of the reaction system at various stages to
understand the formation mechanism of Au/Ag bimetallic
core/shell nanoparticle. These are discussed in detail in the
Supporting Information (Figure S4).

Catalytic Property of Au/Ag Bimetallic Core−Shell
Nanoparticles. To monitor the effect of core size on the
physical properties, we have examined the catalytic activities of
Au/Ag core−shell nanoparticles in the reaction of 4-nitro-
phenol (4-NP) with NaBH4 to form 4-aminophenol (4-AP).
The conversion from 4-NP to 4-AP occurs via an intermediate
4-nitrophenolate ion formation.38 It is known that this reaction
does not occur in the absence of catalysts. The reduction of 4-
NP to 4-AP in aqueous NaBH4 is thermodynamically favorable
(E0 for 4-NP/4-AP = −0.76 V and H3BO3/BH4

− = −1.33 V
versus NHE).39 The large potential difference between the
donor and the acceptor molecule exhibits kinetic barrier. Metal
nanoparticles are known40 to catalyze this reaction by
facilitating electron transfer from the donor BH4

− to acceptor
4-NP. We have monitored the progress of the reaction by
measuring the absorption spectrum of 4-nitrophenol and 4-
aminophenol as a function of time. With the addition of the
catalyst bimetallic Au/Ag hybrid core−shell nanoparticles to
the reaction mixture containing 4-NP and NaBH4, a gradual
decrease in the characteristic absorption peak of 4-nitrophenol
at 400 nm and an evolution of a new peak for 4-aminophenol at
298 nm is observed. Figure 4a shows the absorption spectra of
the reaction mixture at different time intervals of the reaction. It
is seen from the spectrum that the intensity of the absorption
peak of 4-NP decreases to almost zero within 11 min. In a
control experiment, where 4-nitrophenol and NaBH4 are used
without using any catalyst, the intensity of the typical
absorption peak of 4-nitrophenol at 400 nm changes very little
(see Figure S5A in the Supporting Information), indicating that
4-nitrophenol is not reduced by only NaBH4. Also, there is no
significant change in absorption band of 4-NP in the presence
of pure 10 nm Ag nanoparticle (shown in Figure S5B in the
Supporting Information) and pure Au nanoparticles (see Figure
S5C in the Supporting Information), indicating no reduction of
4-NP. Thus, pure Au or Ag nanoparticles are unable to catalyze
the reaction. Au/Ag core−shell nanoparticles are played a
significant role in the catalysis of 4-NP to 4-AP. It is to be noted
that the efficiency of the catalytic reaction increases with
increasing the core size of Au in Au/Ag core−shell nanocryst-
als. The efficiency of the catalytic reaction are 41.8, 49.5, 61.4,
73.2, 81.7, and 96.5% for Au10/Ag, Au20/Ag, Au40/Ag, Au60/Ag,
Au80/Ag, and Au100/Ag core−shell nanoparticles, respectively.
It takes ∼11 min time to complete reduction of the 4-
nitrophenol to 4-aminophenol for Au100/Ag core−shell nano-
particles. The reduction kinetics of the experiments without any
catalyst, with 100 nm Au NP, 10 nm Ag NP and Au100/Ag
core−shell NP as catalyst are shown in Figure S6 in the
Supporting Information, which describe the ratio of the
absorption peak intensity of 4-nitrophenol at a given time to
the absorption intensity at initial stage. A sharp decrease in the
4-nitrophenol concentration can be seen when Au100/Ag
bimetallic core−shell is used as the catalyst.

Figure 3. (A) TEM image, (B) EDAX spectra, (C) STEM−dark field
image, (D, E) corresponding element mapping images of Au100/Ag
bimetallic core−shell NP (scale bar in C−E is 100 nm), and (F)
EDAX line scan representing Au (cyan) and Ag (red) shown in panel
C.
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The rate of catalysis of 4-NP reduction increases gradually
with the increase of size of the pure Au nanoparticle size (see
the Supporting Information Table S1). However, the catalytic
activity of pure Au is very low compared to their corresponding
Au/Ag core−shell bimetallic nanoparticles (Table 2). Qiang Xu
et al.41 have reported that the catalytic activity of Au@Co
bimetallic core/shell is much higher than pure Au, pure Co and
AuCo alloy. In the present study, the PVP molecule is being
used for the stabilization of Au nanoparticles and Au has strong
affinity to PVP molecules.42 The significant decrease of the
catalytic efficiency of PVP-stabilized Au or Ag nanoparticles is
due to surface coverage by PVP, bulky polymer which hinders
the diffusion of reactants molecules toward the Au or Ag
nanoparticles which is consistent with previous results.43

During core−shell formation, it is believed that PVP molecules
are replaced by a complex exchange mechanism. The improved
catalytic activity of Au/Ag bimetallic core−shell can be
attributed to the electronic effect and their unique structure.
The electronic effect, also termed as “ligand effect”, can
originate from the heterometallic bonding on or near the
surface, which has been widely reported in a number of catalytic
reactions based on the bimetallic nanoparticles.44−49 To
compare the catalytic activities of Au/Ag bimetallic core−
shell nanoparticles with different sizes of Au core, we have
calculated the reaction rate constants by measuring the
absorbance (A) of absorption peak of 4-NP at 400 nm with

reaction time and plotting ln(Ao/At) versus reaction time (t).
As shown in Figure 4b, a linear relationship between ln(Ao/At)
and reaction time (t) is obtained for all the catalysts, indicating
the reaction is first-order with respect to 4-nitrophenol. The
rate constants (k) are measured from the slope of the lines and
the values are 0.054, 0.084, 0.113, 0.138, 0.166, and 0.212
min−1 for Au10/Ag, Au20/Ag, and Au40/Ag, Au60/Ag, Au80/Ag,
and Au100/Ag core−shell nanoparticles, respectively. The
activity of Au100/Ag core−shell nanoparticles is 2.5 times
higher than Au10/Ag core−shell nanoparticles. This result
demonstrates a clear dependence of activity on the core size of
the bimetallic core−shell nanoparticles (Figure 4c, d). Also the
Au/Ag core−shell nanoparticles manifest a much higher activity
than monometallic Au or Ag counterpart. It is important to
note that Au100/Ag bimetallic core−shell nanoparticles are 12-
fold more active than that of the corresponding 100 nm size of
Au nanoparticles in terms of activity per mass of catalyst (Table
2 and Table S1 in the Supporting Information). Thus, Au100/Ag
bimetallic core−shell nanoparticle exhibits a great potential in
catalytic applications. The significant enhancement in the
catalytic activity of the Au/Ag bimetallic core−shell nano-
particles can be attributed to the following reasons. First,
composition and size of bimetallic core−shell nanoparticles
may enhance the catalytic effect.50 It is known that surface area
plays an important role on catalytic property. Here, the
calculated surface area of 100 nm Au NP is 23.8 times higher

Figure 4. (a) Absorption spectra of 4-nitrophenol reduced by NaBH4 in the presence of Au100/Ag core−shell nanoparticles with 1 min time interval;
(b) ln(Ao/At) vs time plot for determination of rate constants of core−shell nanoparticles with core diameter (a) 10, (b) 20, (c) 40, (d) 60, (e) 80,
and (f) 100 nm; (c) plot of catalytic reaction rate constant vs core diameter; and (d) catalytic reaction efficiency of bimetallic core−shell NP with
increasing core diameter (a) 10, (b) 20, (c) 40, (d) 60, (e) 80, and (f) 100 nm.
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than 10 nm Au NP and the surface area of Au100/Ag bimetallic
core/shell NPs is 1.44 times higher than monometallic 100 nm
Au NPs. Thus, if surface area is only factor then the catalytic
activity of Au100/Ag bimetallic core/shell NPs must be
comparable with 100 nm sizes Au NP. An exact mechanism
for this interesting catalytic behavior of such bimetallic
nanoparticle is still in debate.
Another probable reason for enhancement of the catalytic

activity may be due to the increase in capacitance in the core−
shell nanoparticles. As the Fermi level for gold (−5.0 eV) is
situated at lower energy than that for silver (−4.6 eV), thus the
gold atoms in the core can have a strong electronic effect on the
surface silver atoms by electron transfer.18 Thus, an increase in
the electron density on the surface of the bimetallic Au/Ag
core−shell nanoparticles can improve the catalytic activity.49,51

This increase of electron density can be correlated with the
enhancement of charge capacitance due to core−shell structure,
because capacitance value within the heterostructure increases
with increasing the size of the core. To estimate the capacitance
(C) of the core−shell particles, we used the following equation

πε ε= +C r d r d4 ( / )( )0 (1)

where r is the radius of the Au core, d is the fixed shell thickness
of 10 nm, ε0 is the dielectric constant at vacuum, ε is the static
dielectric constant of the shell which we take 2.25,52 and the
capacitance values are 212, 565, 1696, 3391, 5652, and 8478 aF
(atto Farad) for Au10/Ag, Au20/Ag, Au40/Ag, Au60/Ag, Au80/
Ag, and Au100/Ag core−shell nanoparticles, respectively. It
indicates that more electrons are needed to raise Fermi level for
higher capacitance value. It reveals that the diameter of core of
bimetallic core−shell nanoparticles controls the charge
capacitance value. These results indicate that the catalytic

performance of Au/Ag nanoparticle could be greatly enhanced
by controlling both the core and shell structures.

■ CONCLUSION
Here, we have synthesized Au/Ag core−shell bimetallic
nanoparticles with varying core size of these nanoparticles.
Detailed TEM analysis and UV−vis study confirm the
formation of core−shell nanoparticles. In the present study,
we demonstrate the core size dependent catalytic properties of
Au/Ag core−shell nanoparticles and surface enhanced Raman
properties of Au/Ag core−shell nanoparticles. The efficiency of
the catalytic reaction varies from 41.8 to 96.5% with varying
core size from 10 to 100 nm. It reveals that the catalytic
performance is significantly enhanced by controlling core size.
Thus, Au/Ag bimetallic core−shell nanoparticles are found to
be suitable for efficient catalytic applications.
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