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Abstract. This study addresses challenges in various fields by creating a new method for
uniform, size- and composition-controlled Ag-Au alloy nanoparticles in organic solvents.
Building on prior research, we demonstrate control over nanoparticle properties by varying
complexing agents, surfactants, and reducing agents. Optimal conditions using surfactant SOA
and reducing agent TBAB yielded small, monodisperse Ag nanoparticles ideal for alloying with
Au. The reaction time significantly impacts final morphology and surface plasmon resonance
(SPR) properties of the resultant Ag-Au alloy nanoparticles. Interestingly, Au nanoparticles
formed under identical conditions shared a similar size with 60-minute Ag-Au alloys, evidenced
by a single SPR peak at 520 nm. This control over Ag-Au nanoalloy composition and size opens
doors for promising applications.
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1. INTRODUCTION

Noble metal nanoparticles (Ag, Au) and Au-Ag nanoalloys have garnered significant
attention recently due to their intriguing catalytic, electronic, and optical properties [1 - 3]. Gold
nanoparticles (Au NPs) and Ag-Au nanoalloys exhibit exceptional promise in various
biomedical applications, including diagnostics, sensors, and biolabelling treatmenttechniques,
and in vitro and in vivo studies [4 - 6]. Furthermore, bimetallic nanoparticles like Ag-Au hold
particular interest in catalysis, often demonstrating superior catalytic efficiency compared to
their monometallic counterparts [7]. This report delves into novel synthesis methods, size and
structural characteristics, and surface plasmon resonance properties of Ag-Au bimetallic
nanoparticles. Various synthesis techniques exist for producing spherical Ag-Au bimetallic
nanoparticles, utilizing aqueous media, and organic solvents [8, 9]. Beyond the well-studied
spherical morphology, bimetallic Ag-Au nanoparticles (NPs) have also been synthesized in
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diverse shapes, such as triangular, square, rhombic, pentagonal, and octahedral [9]. The specific
structure of these nano-sized particles is highly dependent on fabrication conditions, including
the nucleation process (dictating the size and number of nuclei formed), reduction time of
precursor ions, temperature, solvent choice, and the redox potentials of the two metals involved.
Fundamentally, bimetallic NPs can adopt two main structural configurations: alloyed and core-
shell. Typical Ag-Au alloy NPs are prepared by the simultaneous reduction of gold(lll) and
silver(l) ions using reducing agents like citrate, hydrazine hydrate or sodium borohydride [10 - 12]. In
contrast, core-shell NPs involve the reduction of "shell" metal ions onto the pre-formed "core"
nanoparticle surface. Various technigues have been reported in the literature for the selective
removal of unwanted shell ions from the core particle surface. Chemical reduction techniques,
including those utilizing citrate [13], ascorbic acid [14], borohydride and even natural Neem leaf
extract [15], represent the most prevalent methods for synthesizing Ag-Au nanoparticles. Non-
chemical approaches, such as UV irradiation, laser heating, and even microwave techniques,
have also been explored [16, 17]. While many fabrication methods have been investigated and
numerous research groups have presented results on the preparation and characterization of Ag-
Au alloy and core-shell nanoparticles, detailed information regarding the fabricated alloy
nanoparticles' size, structure, and morphology remains somewhat scarce [18]. Despite significant
advancements in nanoparticle synthesis, the production of bimetallic nanoparticles, particularly
alloyed structures, has seen limited progress in recent years. This stagnation is attributed to the
inherent challenge of phase separation at the atomic level, often resulting in the formation of
core-shell structures rather than true alloys. Consequently, achieving precise control over
bimetallic nanoparticles' size and composition remains a significant hurdle. Firstly, manipulating
synthesis parameters to adjust the size of bimetallic nanoparticles proves considerably more
complex than single-component nanoparticles. Secondly, most existing methods require the
ability to decouple size and composition control, hindering the production of nanoparticles with
identical compositions yet varying sizes or vice versa. Furthermore, the tendency of Ag” ions to
form halide precipitates during synthesis processes involving halogen-containing metal salt
precursors (e.g., HAuUCI,) presents an additional challenge. The precipitation of AgCl affects the
morphology of the formed alloy nanoparticles and complicates the control of their overall
composition.

As previously mentioned, both monometallic and bimetallic noble metal nanoparticles
exhibit unique optical properties from surface plasmon resonance (SPR). Interestingly, the
specific expression of SPR differs between nanoalloys and core-shell structures, particularly
within the visible range of the electromagnetic spectrum. Nanoalloys exhibit a single,
characteristic  plasmon band in the \visible region, reflecting their precise
composition. Conversely, core-shell nanoparticles showcase two distinct plasmon bands [18].
However, if the core-shell structure features an exceptionally thin shell (approximately 3 - 4
nm), only the plasmon band characteristic of the shell metal will be apparent in the spectrum
[16]. This study tackled the challenge of controlling size and composition in Ag-Au alloy
nanoparticles. We investigated how complexing agents, surfactants, reducing agents, and
reaction time influence the formation of Ag nanoparticles and the resulting Ag-Au alloys. To
characterize the synthesized nanoparticles, we employed transmission electron microscopy
(TEM) for size and shape analysis, UV-Vis spectroscopy for studying their plasmonic
properties, and energy-dispersive X-ray spectroscopy (EDX) to determine their elemental
composition.
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2. EXPERIMENTAL
2.1. Chemicals

All chemicals employed in the experiments were procured from Sigma-Aldrich
(Singapore). These included gold(Ill) chloride trihydrate (HAuCI..3H;0), silver nitrate
(AgNQ;), oleylamine (OLA), sodium oleate (SOA), tert-butylamine-borane (TBAB), 1-
octadecanol (OCD-ol), 1-octadecene (ODE), absolute ethanol (C,HsOH), and n-hexane (C¢H14).
All chemicals were utilized as received without any further purification.

2.2. Synthesis of Ag NPs

The synthesis of Ag and Ag-Au alloy NPs in this study was illustrated in Scheme 1. First,
Ag NPs were fabricated by reduction method in an organic solvent. 6 mmol of AgNO; and 6 -
20 mmol (within the studied range) of sodium oleate (SOA) were added to a three-necked flask
containing 20 mL of ODE. The mixture was stirred at room temperature under a continuous N,
gas flow until a homogeneous solution was achieved. A reducing agent solution was prepared by
mixing 0.5 - 2.5 mmol of tert-butylamine-borane (TBAB), 1 mL of oleylamine (OLA), and 1 mL
of 1-octadecene (ODE) at room temperature until homogeneous. This reducing agent solution
was then slowly added to the solution in the flask. The combined reaction mixture was stirred at
room temperature for 60 minutes under continuous N, gas flow.

Following synthesis, Ag nanoparticles were repeatedly washed with ethanol and n-hexane
to remove impurities. Centrifugation at 12,000 rpm for 10 minutes was then employed to collect
Ag nanoparticles. Finally, the collected nanoparticles were dispersed in an n-hexane solvent for
preservation and subsequent characterization.

2.3. Synthesis of Ag-Au alloy NPs

Ag-Au alloy nanoparticles were synthesized via the substitution method using previously
fabricated Ag nanoparticles (Subsection 2.2) and HAuCl,;.3H,0 precursor. In a three-neck flask
containing 30 mL of 1-octadecene (ODE), 100 mg of Ag nanoparticles were added. Next, 50 mg
of HAuCI,.3H,0 and 6 mL of oleylamine (OLA) were introduced, and the mixture was stirred at
room temperature for 30 minutes. Subsequently, 0.3 g of 1-octadecanol (OCD-ol) dispersed in
10 mL of ODE was slowly added dropwise to the flask.

.
OLA/SOA “';“??' ' HAuCl,.3H,0
————33 = s-i———2
TBAB, ODE OLA, OCD-ol
ODE
Ag@OLA/oleate Ag-Au@OLA/oleate

env: OLA/oleate

Scheme 1. Schematic illustration of the formation process of Ag/Au alloy NPs.
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The reaction mixture was then stirred at 80 °C for 30 minutes. Afterwards, the temperature
was increased to 180 °C and maintained under reflux for 30 - 120 minutes. Throughout the
synthesis, a continuous flow of nitrogen gas was provided. Following the same washing
procedure as described for Ag nanoparticles in Subsection 2.2, the product was repeatedly
washed with ethanol and n-hexane to remove impurities. To selectively remove the AgCI
byproduct formed during the synthesis, an excess amount of saturated ammonia solution was
added to the material and subjected to ultrasonication for 10 minutes. This treatment facilitated
the dissolution of AgCl. Subsequently, the product was centrifuged and thoroughly rinsed with
distilled water to eliminate residual [Ag(NH,),]CI and ammonia. As a control experiment, Au
nanoparticles were synthesized using the same method but omitting the introduction of Ag seeds
during the fabrication process.

2.4. Material characterization

The material's morphology was investigated using transmission electron microscopy
(TEM) on a JEM JEOL-1010 (Japan) instrument operated at an acceleration voltage of 80 kV.
The Ultraviolet-visible (UV-Vis) molecular absorption spectrum of the material was acquired
with a Jasco V-670 spectrometer (Japan). Energy dispersive X-ray spectroscopy (EDX) analysis
on a Jeol JSM-6510LV instrument was performed to determine the chemical composition of
the material.

3. RESULTS AND DISCUSSION
3.1. Influence of reactants on the morphology and optical properties of Ag NPs
3.1.1. Morphology of Ag NPs

During the Ag nanomaterial synthesis process, sodium oleate (SOA) plays a dual role:
acting both as an intermediate complexing agent for Ag” ions and as a surfactant to minimize
nanoparticle aggregation [4, 19]. To elucidate the impact of SOA on the morphology of Ag
nanomaterials, its concentration was varied from 6 to 20 mmol in the experiments. The shape
and size of the resulting Ag nanoparticles were subsequently analyzed using transmission
electron microscopy (TEM), as depicted in Figure 1.
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Figure 1. Typical TEM images (scale bar: 20 nm) of Ag NPs at different concentration surfaces (a-c),
and corresponding size distribution histograms (d).

Figure 1 presents transmission electron microscopy (TEM) images and size distribution
charts of Ag nanoparticles synthesized using 1.5 mmol of the reducing agent TBAB and varying
amounts of SOA (6, 12, and 20 mmol). The results demonstrate a clear influence of SOA
concentration on the nanoparticles' morphology and size. With the lowest SOA concentration (6
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mmol), the TEM image (Figure 1a) reveals nearly spherical, uneven particles with an average
diameter of 5.5 + 1.6 nm. Notably, the error in this case is relatively large, reaching
approximately 29 %, indicating a lack of monodispersity. Doubling the SOA concentration (to
12 mmol) leads to the formation of spherical, uniform, and monodisperse Ag nanoparticles with
an average diameter of 6.7 + 0.6 nm (Figure 1b). The significantly smaller error (around 9 %)
suggests improved size control. Increasing the SOA concentration to 20 mmol (representing a
3.3-fold increase) produced uneven Ag nanoparticles (Figure 1c). Alongside spherical
particles, the presence of near-rod-shaped nanoparticles was observed. Additionally, the
average size increased to 12.5 £ 2.0 nm, with a particle size error of 16 %, indicating a loss of
monodispersity compared to the 12 mmol sample. These observations demonstrate the
significant impact of SOA concentration on both particle size and shape. As the SOA
concentration increases, a trend of increasing particle size and shape transformation from
spherical to near-rod-shaped becomes evident. This confirms the crucial role of SOA in
regulating the size, shape, and uniformity of synthesized Ag nanomaterials.
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Figure 2. TEM images (a-d) and particle size distribution (e) of the nano Ag fabricated with
different quantities of the TBAB reductant.

Further experiments explored the influence of the TBAB-reducing agent on the
development and size of Ag nanoparticles. Figure 2 presents TEM images of samples
synthesized with varying TBAB amounts (0.5, 1.0, 1.5, and 2.5 mmol) while maintaining a
constant SOA concentration of 12 mmol. All other synthesis parameters remained unchanged.
The results demonstrate a clear particle size and uniformity dependence on the TBAB
concentration. Using 0.5 mmol TBAB vyielded large, unequally sized particles with an average
diameter of 9.2 + 1.8 nm and a relatively high size error of 20 % (Figure 2a), indicating poor
monodispersity and increasing the TBAB concentration to 1.0 mmol led to smaller and more
uniform nanoparticles with an average diameter of 8.5 + 1.2 nm and a significantly reduced size
error of 14 % (Figure 2b). Notably, employing 1.5 mmol TBAB resulted in the smallest and
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most uniform nanoparticles, exhibiting an average diameter of 6.7 £ 0.6 nm and a minimal size
error of approximately 9 %. This suggests optimal control over size and uniformity at this
particular TBAB concentration. Employing the highest TBAB concentration (2.5 mmol) resulted
in Ag nanoparticles of comparable size (6.5 + 0.6 nm) to the 1.5 mmol TBAB sample but with
decreased uniformity (increased size error of 9.2 %, Figure 2d). These observations highlight the
significant impact of TBAB concentration on particle size and uniformity. The larger and less
uniform particles observed with lower TBAB concentrations are likely due to a reduced number
of initial Ag crystal nuclei formed in the solution compared to higher decreasing agent amounts.
At higher TBAB concentrations, the size limit for individual nanoparticles is reached more
quickly, forming larger particles. Furthermore, established theories on crystal nucleus growth
under low monomer concentrations and slow precursor reaction rates during synthesis posit the
occurrence of Ostwald ripening. This phenomenon could also contribute to the broader size
distribution observed in samples with lower TBAB contents, as documented in [20, 21].

Based on the TEM analysis, a combination of 12 mmol of SOA and 1.5 mmol of TBAB
appears to be optimal for synthesizing Ag nanomaterials with desired characteristics, including
small particle size and high uniformity. This finding highlights the critical role of adjusting these
parameters during fabrication to achieve the targeted properties for Ag nanomaterials.

3.1.1. Optical properties of Ag NPs

The influence of reaction conditions on the optical properties of Ag nanomaterials was
investigated using UV-Vis molecular absorption spectroscopy, with the results summarized in
Table 1. As the concentration of the SOA surfactant increased from 6 to 20 mmol, a
corresponding shift in the surface plasmon resonance (SPR) peak position was observed, ranging
from 398 to 403 nm. This observed red shift can be attributed to the increasing average size of
the Ag nanoparticles with higher SOA concentrations. Conversely, increasing the concentration
of the TBAB reducing agent led to a blue shift in the SPR peak position, from 402 to 399 nm,
due to the resulting decrease in nanoparticle size. Under the reaction conditions explored, where
the size of the synthesized Ag nanoparticles ranged from 5.5 to 12.5 nm, the SPR peak position
varied between 398 and 403 nm (Table 1).

Table 1. The influence of reaction conditions on optical properties of the nano Ag.

Reaction . Average SPR

?rr?mg)li (r?]%g\l) (‘Ir'an,?;I?) temperature tiFraﬁ:(zg]OiE) particle size | position
(C) (hm) (nm)
6 55+ 1.6 398
6 12 15 30 60 6.7+0.6 399
20 125120 403
0.5 92+1.38 402
1.0 85+1.2 401
6 12 1.5 30 60 6.7+0.6 399
2.5 6.5+0.5 399

Figure 3 depicts the UV-Vis spectra of representative Ag nanoparticle samples categorized
by their average particle sizes: 6.7 = 0.6 nm (Ag-6.7), 8.5 £ 1.2 nm (Ag-8.5), and 9.2 + 1.8 nm
(Ag-9.2). As expected, all samples exhibit a surface plasmon resonance (SPR) band
characteristic of elemental Ag. Notably, the SPR peak positions directly correlate with particle
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size: 399 nm for Ag-6.7, 401 nm for Ag-8.5, and 402 nm for Ag-9.2. This red shift in peak
position with increasing particle size is attributed to the influence of size and shape on the SPR
phenomenon. Our findings align with previous reports describing Ag nanoparticle synthesis in
organic solvents by Lakshminarayana Polavarapu's group [22] and in water solvents by Meng
Chen's group [23].

Absorbance (a.u)

300 a0 500 600 ' 700
Wavelength (nm)
Figure 3. UV-Vis spectra of some nano Ag with different sizes.

3.2. Ag-Au alloy structure

3.2.1. Morphology of Ag-Au alloy NPs
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Figure 4. TEM images (a-€) and particle size distribution (f) of the nano Ag, Ag-Au alloy and Au
fabricated at different times, from 30 to 120 min.
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This study explores the fabrication of Ag-Au alloy nanoparticles through a substitution
reaction between Ag nanoparticles and HAuCI,;.3H,O in an ODE solvent. As starting material,
we employed Ag nanoparticles with a well-defined size of 6.7 + 0.6 nm (Figure 4a). The
influence of reaction time on the morphology of the resulting Ag-Au nanoalloys was
investigated wusing transmission electron microscopy (TEM). Detailed morphological
information is presented in Figure 4.

The reaction time significantly influenced the morphology and uniformity of Ag-Au alloy
nanoparticles. Following a 30-minute reaction, TEM images (Figure 4a) revealed spherical
nanoparticles with indistinct grain boundaries and an average size of 8.0 £ 1.1 nm, indicating
moderate size dispersity (error ~14 %). Extending the reaction time to 60 minutes resulted in
forming predominantly spherical and relatively uniform Ag-Au alloy nanoparticles (Figure 4b).
Notably, the average particle size increased to 14.2 £ 1.0 nm with a lower error of ~7 %.
However, increasing the reaction time to 120 minutes led to unevenly shaped nanoparticles
alongside spherical ones, accompanied by particle aggregation (Figure 4c). This resulted in a
significant increase in average size (17.6 £ 6.2 nm) and a substantial size error of 35.2 %,
highlighting the loss of uniformity. These observations demonstrate a clear trend of increasing
particle size and decreasing uniformity with longer reaction times. Prolonging the reaction time
enhances the movement of particles, leading to an increase in their surface energy. This drives
the nanoparticles to coalesce, minimizing their total surface energy through aggregation.
Consequently, larger particles are formed within the reaction system, a phenomenon known as
Ostwald ripening [24]. As a control experiment, Au nanoparticles synthesized under identical
conditions exhibited an average diameter of 14.1 + 1.0 nm (Figure 4e). Notably, this size
corresponds to the Ag-Au alloy nanoparticles obtained after 60 minutes of reaction, highlighting
the influence of extended reaction time on particle growth in both pure Au and Ag-Au systems.

The formation of Ag-Au alloy nanoparticles in this study can be described as follows:
Since the standard reduction of the AuCl, /Au pair (1.0 V) is higher than that of Ag*/Ag (0.80
V), Ag nanoparticles are oxidized by AuCl, to Ag" according to the following substitution
reaction [25]:

3Ag + AuCl, — Au+ Cl” + 3AgCI (1)

The oxidation of Ag nanoparticles by AuCl, generates Au atoms. Under suitable reaction
conditions, these Au atoms deposit onto the Ag nanoparticle surface, alloying with the unreacted
Ag to form homogeneous Ag-Au alloy nanoparticles [42]. Subsequently, the AgCI byproduct is
removed using a concentrated NH; solution, following the washing procedure described in
Subsection 2.3.

AgCl + 2NH; — [Ag(NH3),]Cl. (2)
3.2.2. Optical properties of Ag-Au alloy NPs

Investigation of the optical properties of the single metal NPs (Ag, Au) and the alloy was
conducted using UV-Vis molecular adsorption spectroscopy. Figures 5a and b represent our
results.

The characteristic colors exhibited by Ag and Au nanoparticle solutions were found to be
dependent on their size and shape. The Ag nanoparticle solution appeared yellow, corresponding
to its maximum absorbance at 399 nm. Conversely, the Au nanoparticle solution displayed a
purple color, coinciding with its absorption peak at 520 nm. As evident in Figure 5a, the color of
the Ag-Au alloy nanosystem progressively transitions from yellow to purple with increasing
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reaction time. Inspection of the UV-Vis spectrum in Figure 5b reveals that the absorption peaks
of Ag-Au alloy nanoparticles span a wider range within the UV-Vis spectrum as the sample
fabrication time increases. Notably, the sample prepared at 30 minutes exhibits two distinct
surface plasmon resonance peaks at 409 and 477 nm. This observation suggests the formation of
non-homogeneous alloy nanoparticles, where some Ag nanoparticles (seeds) possess a higher
concentration of deposited Au atoms than others. This heterogeneity is further supported by the
uneven distribution of nanoparticles observed in the TEM image (Figure 4b). Extending the
reaction time to 60 minutes resulted in an Ag-Au nano sample with an absorption peak at 520
nm, identical to the peak of free Au nanoparticles of comparable size. Notably, the 120-minute
sample exhibited a slight red shift of the peak position (523 nm) accompanied by a broader peak
compared to the 60-minute sample. This observation aligns with the increase in Ag-Au
nanoparticle size observed at longer reaction times (Table 2), potentially leading to particle
aggregation and the formation of larger structures (Figure 4d). These findings highlight the
strong dependence of surface plasmon resonance (SPR) absorption position and shape on
particle size and shape, corroborating the predictions of Mie theory [26]. Furthermore, the
absence of two distinct SPR peaks, characteristic of physically mixed Ag and Au nanoparticles
[27], confirms the formation of true Ag-Au alloys rather than simple mixtures.

b
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a) ——— Ag-Au: 30 min
- — Ag-Au: 60 min
3 1.04 —— Ag-Au: 120 min
m - Au
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Figure 5. Images of solutions (a) and spectra (b) of the nano-Ag, Au, and alloy fabricated at different
reaction times from 30 to 120 minutes, EDX spectra and mass percentage of elements (c), EDX elemental
mapping (d) of Ag-Au alloy NPs synthesized at 60 minutes.

Energy-dispersive X-ray spectroscopy (EDX) analysis of the Ag-Au alloy nano sample

fabricated at 60 minutes (Figure 5c) revealed intense peaks characteristic of both Ag and Au
elements. The quantitative analysis indicated atomic percentages of 66.87 % Ag and 26.81 %
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Au, corresponding to a ratio of ~ 2.5:1. Minor peaks for C and O elements with respective
atomic percentages of 3.78 % and 2.54 % were also observed. This presence is attributed to the
oleate surfactant coating the nanoparticle surface, as documented in previous studies [28].
Furthermore, elemental mapping (Figure 5d) confirmed the homogeneous distribution of
elements within the Ag-Au alloy nanoparticles.

Table 2. Influence of synthesis conditions on the optical properties of the alloy Ag-Au NPs.

. Reaction time Average particle size SPR position
Nanomaterial .

(min) (nm) (nm)
Ag 60 6.7+0.6 399

30 8.0x+11 409 and 477
Ag-Au 60 142+1.0 520
120 176 £6.2 523
Au 60 14.0+£0.9 520

4. CONCLUSIONS

We fabricated monodisperse, spherical Ag and Ag-Au alloy nanoparticles in organic
solvents. By optimizing conditions, we controlled nanoparticle size and composition. A specific
SOA surfactant and TBAB reductant combo yielded ideal, small Ag nanoparticles for alloying.
The final Ag-Au alloy morphology and uniformity were controlled by the reaction time.
Interestingly, pure Au nanoparticles matched the size of 60-minute Ag-Au alloys (single SPR
peak at 520 nm). Characterization of the fabricated nanoparticles revealed a size range of 5.5 -
12.5 nm for Ag nanoparticles with a corresponding SPR position of 398 - 403 nm. Ag-Au alloy
nanoparticles exhibited a spherical shape with average grain sizes between 8.0 and 17.6 nm, and
a wider SPR absorption range (477 - 523 nm). Further analysis of the 60-minute Ag-Au sample
revealed an Ag:Au ratio of 2.5:1 at the atomic level. This precise size and composition control
opens doors for applying these Ag-Au alloys in various fields.
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