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is designed using gold(I) chloride and silver nitrate (AgNO,;) as precursors
and, polyethylene glycol 400 (PEG) as capping agent. The result of the struc-

showed that the synthesized nanomaterial has a good crystallinity while
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Transmission Electron Microscopy (TEM), energy dispersive X-ray spectro-

mixed Au-Ag nanoparticles with an average diameter size of around 7 nm and
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30 nm for Au and Ag respectively.
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1. Introduction

Since the intrinsic properties of the nanostructures are known to be determined
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by their size, shape and morphology, efforts have been devoted toward their de-
sign and synthesis [1] [2]. Among the various nanostructured materials, Au and
Ag nanostructures have received particular interest. These nanomaterials have
remarkable optical and antibacterial properties [3] [4] and, fascinating applica-
tions in wide areas such as sensing [5] [6] [7], catalysis [8], optical labeling [9]
[10], drug delivery [11] [12], cancer diagnosis and its treatment [12] [13].
Moreover, to increase the above properties, the combination of two or more
types of nanoparticles has been explored in different forms such as hybrid or
core-shell with different morphologies [14] [15] [16]. Under a rational design,
combining two or more metals into a single nanostructure will not only bridge
the unique properties of individual materials to leverage research both fundamen-
tally and practically, but will also improve conventional sensing, imaging and the-
rapeutic efficacies [17]. Therefore, a variety of synthesis methods with diverse cap-
ping ligands such as alkanethiols, alkylamines, and organic polymers has been
developed and is under investigation for eco-friendly and cost-effectiveness
synthesis [18].

Commonly, gold nanoparticles (Au NPs) are synthesized using gold(III)
(Au(Ill)) compounds as precursors [19]. This route using Au(III) undergoes
several processing steps including gold(I) (Au(I)) before leading to the desired
Au NPs. These different steps are the key to understand which catalyst should be
used to fasten or slow down in order to obtain the required morphology and size
for their further applications [1]. Although both Au(III) and Au(I) are common
oxidation states of gold, precursors used in Au nanostructure synthesis are rarely
based on Au(I) compounds. One of this unpopularity is related to the difficulties
to handle Au(I) compounds. Compared with Au(III) compound, the solubility
of Au(I) compound such as AuCl or AuBr, is much lower in common solvent
[20]. This low solubility prevents the Au(I) compound from being used in a
conventional solution-phase synthesis. Besides, the standard reduction potential
related to Au(I) (Au+/Au = +1.68 V) is relatively high [1]. This property gives
another difficulty to handle with common reductant in which the reactivity with
Au(I) undergoes fast reaction making difficult to control the morphology and
the size of final Au NPs. Another crucial problem is that the Au(I) species tend
to disproportionate to produce Au(0) and Au(III) species according to Equation
(D): [1] [21]

3Au(I) & 2Au(0)+ Au(1II) (1)

These difficulties put some restrictions on the utilization of Au(I) compounds
as reliable precursors for nanostructure synthesis. However, there are intrinsic
merits for using Au(I) compounds as precursors. Some of the above-mentioned
problems can be seen as huge advantages for the use of Au(I) precursor source:
synthesis needs less energy (only one electron is needed to reduce Au(I) to
Au(0)), weak reductant can be used for Au NPs synthesis, and the synthesis can
be done in short time [21]. These are a great deal to use an eco-friend catalyst.

For these reasons, it is important to explore the use of Au(I)-based precursors in
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the shape-controlled synthesis of Au/Ag nanostructures.

In this study, we have synthesized a non-toxic Au@PEG and Ag-Au@PEG
nanomaterials. The structure characterization using SAED and EDX has per-
mitted to confirm the good crystallinity and composition of Au-Ag while TEM
and DLS measurements suggested particle size of around 7 nm and 30 nm for

Au and Ag respectively.

2. Experimental Section

2.1. Reagents

All reagents were of analytical grade and were used as received without any puri-
fication. Sodium citrate dehydrate (HOC(COONa)(CH,COONa),-2H,0, 99%),
silver nitrate (AgNO;, 299%) are from Sigma-Aldrich, polyethylene glycol 400
(PEG), Sodium tetrahydridoborate (NaBH,, 298.0%) and gold chloride (AuCl,
99.9%) are from Aldrich.

All solutions were prepared with deionized water (with p 18.2 MQ cm) ob-
tained from a Mili-Q System (Millipore, USA).

2.2. Au-Ag@PEG Preparation

In Step 1 (Au@PEG synthesis), 73 mg of AuCl is dissolved in 5 mL of PEG under
vortex homogenization. After 5 min of homogenization; the mixture was centri-
fugated at 9000 rpm for another 5 min to eliminate the Au microparticles. The
obtained solution is mixed with a solution of sodium citrate (42 mg of sodium
citrate dehydrate, previously dissolved in 25 mL DI water) under stirring (the
final color is violet). The undergoing reaction is followed by recording for every
hour, the UV-vis spectrum. In Step 2 (Ag NPs synthesis), 40 mg of AgNO; is
dissolved in 15 mL of DI water, mixed with 2 mL of NaBH, (6 mg) and left for
10 min of reaction [5]. Finally, the solutions obtained in Step 1 and that of Step 2
are mixed for the preparation of Au-Ag@PEG nanomaterials and, the UV-Vis is
recorded every hour. After adding the mixture of Ag NPs, dark field is necessary
to avoid the aggregation of Ag" and CI". All these reactions were done at room

temperature (20°C).

2.3. For Crystal Structure Investigation

The optical properties were measured using Ocean Optical 4000XR1 UV-Vis
Spectrometer (USA) in the wavelength range of 200 - 1000 nm. The structure,
size, and composition of the NPs were characterized by transmission electron
microscopy (TEM), scanning TEM equipped with a high angle annular
dark-field detector (STEM-HAADF), Selected Area Electron Diffraction (SAED),
and energy-dispersive X-ray spectroscopy (EDX) elemental mapping. SAED
patterns and high-resolution TEM (HRTEM) images were acquired using a
JEOL JEM-2100 instrument operated at an accelerating voltage of 200 kV.
STEM-HAADF images and EDX elemental mapping of the NPs were obtained
using a JEOL JEM-ARM200F transmission electron microscope operating at 200
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kV. The samples for TEM measurements were prepared by placing a drop of the
aqueous colloidal suspensions involving the synthesized NPs onto a car-
bon-coated copper-grid, and drying in vacuum overnight at room temperature.
Image processing and analysis were carried out using the Image] software

(https://imagej.net/Fiji).

3. Results and Discussion

3.1. Optical Properties and Sizes of the Nanostructured
Au-Ag@PEG

To access the optical properties of the synthesized compound, the absorbance
was followed during the synthesis process (Figure 1A and Figure 1B). Figure
1A shows the UV-Vis spectra of Au@PEG while Figure 1B is related to
Au-Ag@PEG. As displayed in Figure 1A, after two hours of synthesis, an ob-
vious absorbance peak appears at around 530 nm. This peak is the typical ab-
sorbance peak of Au [22] [23]. As the reaction continues, this absorbance peak
becomes thinner, suggesting that the nanoparticles become more monodispersed.
Furthermore, its intensity steadily increases to saturation at three hours. After
three hours, all the graphs seem to overlap indicating that almost all the Au ions
have been transformed to Au NPs. Therefore five hours is selected as the time
for Au@PEG synthesis to make sure that the eventual remaining Au ions have

been transformed.
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Figure 1. UV-vis-NIR absorption spectra of (A) Au@PEG, (B) Au-Ag@PEG recorded at
different time intervals during the preparation of Au and Au-Ag@PEG NPs and (C) size
distribution of the Au-Ag NPs heterostructures using DLS technique.
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In addition, the absorbance investigation of Au-Ag@PEG synthesized at dif-
ferent incubation times (Figure 1B) exhibit two absorbance peaks (one for Ag
NPs at around 380 nm and the other for Au NPs at 530 nm). No noticeable
change is observed on the profile of the graph within 24 h of synthesis after
mixing Au@PEG and Ag NPs. This result may suggest that Au NPs and Ag NPs
individually coexist within 24 h in the mixture. Furthermore, additional experi-
ments carried out using DLS technique (Figure 1C) show two peaks indication
two different sizes with hydrodynamic diameter size ranging from 3 nm to 15
nm and from 30 nm to 130nm with maximum at 7 nm and 60 nm respectively.

This result suggests two types of size of nanoparticles.

3.2. Structure Investigation of the Nanostructured Au-Ag@PEG

The crystalline structures of synthesized materials were analyzed using SAED
pattern (Figure 2A). The bright circular rings with bright spots suggest that the
synthesized nanoparticles are highly crystalline nature [24] [25]. The observed
crystalline nature of the NPs was further confirmed by the high-resolution
transmission electron microscopy (HRTEM) lattice spacing (Figures 2B-2D),
thus indicating different lattice planes of the Au-Ag NPs.

In order to find the lattice structure of the synthesized material, the deter-
mination of d-spacing has been done using HRTEM images and SAED results.
The different results indicate that both Ag NPs and Au NPs have fcc lattice. To
provide further insights into the morphology and the elemental composition of
the synthesized NPs, STEM-HAADF and EDX measurements were carried
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»(200)

* (111)
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(

Figure 2. (A) SAED pattern, (B) TEM overview image of the synthesized NPs, displaying
two types of NPs, (C) HRTEM image of the small size NPs and (D) HRTEM image of the
larger size NPs, showing the inter-planar spacing (inset).
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out respectively (Figure 3). As can be seen in Figure 3A and Figure 3B, two
disparate types of NPs can be observed. Some small nanoparticles are deposited
on the surface of the relatively large nanoparticles with average diameter size of
7 nm and 30 nm (HRTEM images) respectively confirming the existence of two
types of morphology as suggested in DLS measurements. However, it is worth to
note that the sizes of the nanostructure measured by DLS are much larger than
those observed in STEM-HAADF or HRTEM images. This discrepancy in di-
ameter size may be attributed to the steric hindrance effect of PEG. As PEG is a
flexible linear polymer, it can dramatically influence the Brownian motion of
particles by introducing additional frictional drag and thus producing larger size
in the case of DLS measurements [26]. Indeed, the DLS technique can provide a
full physical characterization of colloidal dispersions while STEM-HAADF or
HRTEM requires the preparation of a dried nanoparticle or induces shrinkage of
a dried nanoparticle specimen [19]. Consequently, this last characterization
technique does not allow the inspection of the dimensions of the nanoparticles
as they exist in this PEG solution. Moreover, according to the EDX results (Figure
3C), the synthesized nanomaterial is mainly constituted of Au and Ag confirm-
ing the coexistence of the two types of nanoparticles as mentioned in above re-
sults (other peaks are substrate peaks). However, the peak intensities associated
with Ag are relatively higher than those of Au, indicating that the amount of Ag
is higher than that of Au. To attribute the morphology to each type of nanopar-
ticles, additional EDX investigation has been done (Figures 3D-3F). Figure 3D
and Figure 3E show EDX elemental mapping images of individual Ag and Au

respectively while Figure 3F shows the overlay of these two nanoparticles.
C'u
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’IV\U Au
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Energy (keV)

Overlay

Figure 3. (A-B) STEM-HAADF images of as-synthesized nanomaterials, (C) a typical EDX spectrum and,
EDX elemental mapping images of (D) Ag L, (E) Au M, and (F) an overlay of the Ag L and Au M. All the
EDX measurements are collected from (B).
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As displayed, these images show clearly that the larger nanoparticles are Ag
while the smaller ones are Au NPs. This result suggests that the average diameter

size of Au NPs and Ag NPs are 7 nm and 30 nm respectively.

4. Conclusion

We have developed an eco-friendly method to synthesize an Ag decorated Au
soaked in polyethylene glycol (Au-Ag@PEG) nanomaterials with diameter size
around 7 nm and 30 nm for Au and Ag respectively. This rational design of
Au-Ag@PEG nanomaterials combines two metals into a single nanostructure. As
Au NPs and Ag NPs soaked in PEG are known to have potential medical appli-
cation that directly comes in contact with the human body, this nanomaterial
will not only bridge unique properties of individual materials, but may also im-
prove conventional therapeutic efficacies besides their application in various

products such as cosmetics, foods and consumer goods.
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