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Abstract Au-Ag bimetallic nanoparticles have been
fabricated by one-step simple electrochemical deposition
method using ionic liquid as green electrolyte (1-butyl-3-
methylimidazolium tetrafluoro borate). Fabricated Au-Ag
bimetallic nanoparticles have been characterized using
cyclic voltammetry (CV), FE-SEM, UV-vis spectroscopy,
and X-ray diffraction (XRD) studies. The electrodeposited
Au-Ag bimetallic nanoparticles were found in the size
range of 16-30 nm, respectively. This type of Au-Ag
bimetallic nanoparticles could be directly applied for the
optoelectronic and biosensing applications.

Keywords Green synthesis - Bimetallic nanoparticles -
Ionic liquid - Electro deposition - Cyclic voltammetry

1 Introduction

Shape-controlled nanomaterial fabrications have been
found as imperative research in optical, electronic, and
biosensor applications [1, 2]. Especially, utilization of ionic
liquids (ILs) as green electrolytes for the fabrication of
nanomaterials is found as new one in green chemistry
[3, 4]. For example, ILs employed green synthesis of gold
[5, 6]; silver [7]; nickel [8]; palladium [9]; Cr, Mo, and W
nanoparticles [10]; Ag—Au alloy nano structures [11, 12];
TiO, nano tubulars [13]; cobalt nano wires [14]; and alu-
minum nanorods [15] has been reported. The development
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of two-dimensional (2D) metal nanostructures [16-29];
triangular Au core—Ag shell nanoparticles [30], and multi-
shell bimetallic AuAg nanoparticles [31]; synthesis, char-
acterization, and SERS activity of Au—Ag nanorods [32];
Au-Ag alloy nanoparticles with Au/Ag compositional
control in SiO, film matrix [33]; photo-induced self-
assembly of Au-Ag-Hg trimetallic nanoparticles from
glycine solution [34]; and cyanobacteria assisted synthesis
of Au, Ag, Pd, and Pt nanoparticles via an enzyme-medi-
ated route [35] has been extensively studied because of
their remarkable abilities in the wide range of applications.
All these literature surveys clearly show number of meth-
ods for the fabrication of monometallic, bimetallic
nanomaterials and suggest the green synthesis as a new
pathway for the fabrication of nanomaterials. Thus, here
we have focused on green synthesis and attempted to
fabricate the nanomaterials using the ILs as green elec-
trolytes. For the first time, we are reporting a novel and
simple one-step electrochemical deposition process using
ILs as green electrolytes for the fabrication of Au-Ag
bimetallic nanoparticles. The indium tin oxide (ITO) sur-
face has been utilized for the fabrication of Au—Ag bime-
tallic nanoparticles. Au—Ag bimetallic modified ITO has
been characterized using FE-SEM, UV-visible spectros-
copy, and X-ray diffraction analysis.

2 Experimental

2.1 Chemicals

AgClO4 (97%) and KAuCly-3H,O were purchased from
Sigma—Aldrich and Strem chemicals (USA). Room

temperature IL (1-butyl-3-methylimidazolium tetrafluoro
borate) (97%) was purchased from Fluka (Sigma—Aldrich,
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Switzerland) and used without further purification.
ITO-coated transparent conducting glass plates (3 x 1 cm)
with the resistivity of 80 Q cm™' were used as working
electrodes. ITO glass surfaces were washed with a solution
of Triton X-100 and sonicated with deionized water and
ethanol for 10 min. Other chemicals (Merck) used in this
investigation were of analytical grade. Double distilled
deionized water was obtained from a Millipore Alpha-Q
Lotun ultrapure water system. All the experimental results
have been obtained at room temperature. A phosphate
buffer solution (PBS) (0.1 M, pH 7) was prepared using
NaH,P0,~Na,HPO,. Pure nitrogen was passed through all
the experimental solutions.

2.2 Apparatus

Electrochemical experiments were performed using
CHI1205a, electrochemical workstation (CH Instruments,
Austin, USA). A conventional three-electrode system was
used for the electrochemical deposition process which con-
sists of ITO glass plate as working and Ag wire filled with
(1-butyl-3-methylimidazolium tetrafluoro borate) Ag/IL as a
reference and platinum wire as counter electrode. Remaining
electrochemical experiments have been done using Ag/AgCl
reference electrode (3 mol L™' KCI). All the experiments
have been conducted at room temperature. FE-SEM images
were obtained using JEOL JSM-6700F (JEOL Ltd, Japan).
UV-visible spectra were obtained using Hitachi U-3300
spectrophotometer (Japan). The XRD experiment was done
using XPERT-PRO (PANalytical B.V., The Netherlands)
diffractometer using Cu Ko radiation (1 = 1.54 A). The
samples were scanned in the range of 10-80° (26).

2.3 Fabrication of Au—Ag bimetallic nanoparticles

Surface-cleaned ITO glass plates have been placed in 1 mL
1-butyl-3-methylimidazolium tetrafluoro borate containing
1 mM KAuCl,-3H,0 and AgClO,4. Here, cyclic voltam-
metry (CV) technique has been employed for the electro-
chemical deposition process. Au-Ag  bimetallic
nanoparticles were directly deposited on ITO surface by
applying a repetitive potential scan between 1.0 and
—1.0 V (vs. Ag/IL) at the scan rate of 0.05 V s~ ! for five
cycles. Further, the Au—-Ag bimetallic nanoparticle-modi-
fied ITO was carefully washed with distilled water and
completely dried and employed for the further detailed
analysis.

3 Results and discussion

Figure 1 shows the characteristic CVs of Au—Ag nano-
particles electro deposition process which starts at the
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positive potential 1.0 V and ends in the negative potential
—1.0 V at the scan rate of 0.05 V s~ ' (vs. Ag/IL) for five
cycles. Here, the reduction of Au occurs at peak 1(a) at the
potential of —0.17 V and extends up to —0.82 V [peak
2(a)], where the peak current is higher in the first scanning.
This shows that at initial, the nucleation of Au(I) occurs
and requires over potential (—0.82 V) for the electro
deposition of Au (0). In the following cycles, this peak
current decreases and initiates at —0.81 V [peak 3(a)].
During the continuous cycling process, the growth of
reduction peaks at —0.17, —0.81, and —0.50 V [peak 1(b)]
confirms the electro deposition of Au-Ag bimetallic
nanoparticles on the ITO glass surface. Further, the oxi-
dation peaks around 0.12 and 0.58 V indicate the oxidation
of chloride to chlorine [36, 37]. Based on previous litera-
ture reports, the expected mechanism for the formation of
Au (0) and Ag (0) electrodeposition processes are as fol-
lows [36-38]:

[AuCly]” + 2~ — [AuCly]” + 2C1~ (1)
[AuCl]” + e~ — Au(0) + 2CI- (2)
AgClO, — Ag" + CIO; (3)
Agt + e — Ag 4)

Next, the Au—Ag nanoparticle-modified ITO was
immersed in pH 7.0 PBS for the further electrochemical
studies. Here, the cyclic voltammogram (inset of Fig. 1)
clearly shows the two reduction peaks of Au and Ag at
around 0.48 and 0.07 V, respectively. The oxidation peak
of Ag exhibits at around 0.31 V. This result clearly
resembles the presence of electrodeposited Au—Ag nano-
particles on the ITO surface. In the next step, the Au—-Ag
bimetallic nanoparticle-modified ITO glass surface has
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Fig. 1 Consecutive cyclic voltammograms of Au-Ag bimetallic
nanoparticles electrodeposition on ITO glass surface [1 mM
KAuCly;-:3H,O and AgClO, dissolved in ionic liquid (1-butyl-3-
methylimidazolium tetrafluoro borate)] at the scan rate of 0.05 V s~
for five cycles. Inset show the cyclic voltammogram of the
electrodeposited Au—Ag on ITO (in pH 7.0 PBS)
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been employed for the FE-SEM analysis. Figure 2a shows

SEF i SOBo0 T00ems= e 7 S the large scale view [20,000x (5 KV)] of electrodeposited

Au-Ag bimetallic nanoparticles on ITO. Figure 2b and ¢
show the magnified views (50,000x and 150,000x) of the
electrodeposited Au—Ag bimetallic nanoparticles. Based on
¢ x150,000 (5 KV) Fig. 2b and c, we can clearly see that the electrodeposited

Fig. 2 FE-SEM images of Au—Ag bimetallic nanoparticles modified
ITO. Magnification: a %x20,000 (5 KV), b x50,000 (5 KV) and

Table 1 Comparison table for bimetallic nanoparticles synthesis utilizing ionic liquids

S. no. ITonic liquid/method

Type of nanoparticles Particle size range (nm) Ref
BMIMPF¢/sputter deposition technique AuAg 2-10 [11]
2. (a) BMIMPF¢/chemical synthesis PdAu 6.0 £2.9 [39]
(b) BMIMPFg (in the presence of additivel-methylimidazole) PdAu 3.0+ 0.5
3. BM/electrochemical deposition Au-Ag 16-30 This work
BMIMPFg 1,3-butylmethylimidazolium hexafluorophosphate

BMI 1-butyl-3-methylimidazolium tetrafluoro borate
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Table 2 Comparison table for AuAg nanoparticles synthesis based

on other general methods

S. no. Method Type of nanoparticles Size (nm) Ref
1. Chemical synthesis (oleic acid) AuAg 8-9 [40]
2. Sol-gel process Au-Ag alloy 1-6 [41]
3. Chemical synthesis AuAg 2-7 [42]
4. LvVCC Au-Ag alloy 10-60 [43]
5. Electrochemical co-reduction Au-Ag alloy 11 [44]
6. BMJ/electrochemical deposition Au-Ag 16-30 This work

LVCC laser vaporization controlled condensation

Au-Ag nanoparticles have been gathered together and
resemble like a flower-shaped one, respectively. Further,
the minimum and maximum size ranges of the Au-Ag
bimetallic nanoparticles have been found as 16, 24, and
30 nm. Here, the maximum size range of Au—Ag bimetallic
nanoparticles was found to be 92 nm. Finally, the FE-SEM
result clearly validates the presence of Au—Ag of bimetallic
nanoparticles on the ITO surface.

In the next step, UV-visible spectroscopy and XRD
analysis have been employed to verify and validate the Au—
Ag bimetallic nanoparticles modified ITO. Figure 3a
shows the UV-visible absorption spectra for electrode-
posited Ag, Au nano particles and Au-Ag bimetallic
nanoparticles modified ITO. For the electrodeposited Ag
particles, a strong UV absorption peak centered at 450 nm
has been noticed corresponds to the presence of Ag parti-
cles on the ITO surface. For only Au, UV absorption peak
appears at 530 nm, which validates the presence of Au
particles. At the same time, for Au—-Ag bimetallic nano-
particles deposition, the corresponding Ag and Au
absorption peaks appear at 440 and 620 nm. Therefore, the
absorption peak shift (of Ag and Au) clearly validates the
bimetallic nature of Au—Ag nanoparticles. Finally, the UV-
spectrum studies clearly represent the presence of both Ag
and Au nanoparticles and validate the bimetallic structure
of the Au—Ag nanoparticles, respectively. Further XRD has
been employed to validate the proposed Au—Ag bimetallic
nanoparticles on the ITO glass substrate. Figure 3b shows
the XRD pattern obtained for the Au—Ag nanoparticles
modified ITO. Here, five different characteristic peaks
obtained were Ag (110), Au—Ag (111), Au (331), Au (220),
and Au—-Ag (311). All these five XRD peaks clearly vali-
date the presence of Au—Ag bimetallic nanoparticles on the
ITO surface. Next, the proposed method has been com-
pared with previous literature reports. Here, Tables 1 and 2
represent IL and general method based comparison study
for the bimetallic nanoparticles synthesis process. From
these two comparison tables, we can conclude a decision
that IL-based electrochemical fabrication results in the
formation of higher size range Au—Ag bimetallic nano-
particles. However, the specific advantage of this method is
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the one step easy electrochemical fabrication of Au—-Ag
bimetallic nanoparticles. This is the most important
advantage of this method comparing with the other general
methods, respectively.

4 Conclusion

In summary, we have successfully employed one-step
simple electrochemical deposition method using IL as
green electrolyte for the fabrication of Au—Ag bimetallic
nanoparticles. Fabricated Au—Ag bimetallic nanoparticles
were well characterized using CV, FE-SEM, UV-vis
spectroscopy, and XRD analysis. The great advantage of
our method is using IL as a green electrolyte which mini-
mizes the interest of using hazardous chemicals and sol-
vents for the nanomaterials fabrication process. Also, the
user friendly, easily accessible, very simple, and a novel
one-step simple electrochemical deposition method which
can be adoptable one for all kind of researchers in easy
manner to synthesize the bimetallic nanoparticles. The
proposed Au—Ag bimetallic nanoparticles could be directly
applied for opto-electronic, biosensor, and various different
types of applications. Further, a detailed investigation on
Au-Ag bimetallic nanoparticles modified electrodes for the
electrochemical biosensor applications is currently on-
going research in our laboratory.
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