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Abstract: Bimetallic gold-silver nanoparticles as unique catalysts were prepared using seed colloidal
techniques. The catalytic capabilities of the nanoparticles were ascertained in the reduction of
4-nitrophenol to 4-aminophenol in the presence of sodium borohydride. Our results clearly showed
that the rate of 4-NP reduction to 4-AP increased with a corresponding decrease in the diameter of
the bimetallic NPs. The Au-Ag nanoparticles prepared with 5.0 mL Au seed volume indicated higher
reduction activity, which was approximately 1.2 times higher than that of 2.0 mL Au seed volume
in the reductive conversion of 4-NP to 4-AP. However, the monometallic NPs showed relatively
less catalytic activity in the reductive conversion of 4-NP to 4-AP compared to bimetallic Au-Ag
nanoparticles. Our studies also reinforced the improved catalytic properties of the bimetallic Au-Ag
nanoparticles structure with a direct impact of the size or diameter and relative composition of the
bimetallic catalytic nanoparticles.
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1. Introduction

In the recent years, bimetallic nanoparticles (NPs) have received the increased attention of the
researchers due to their excellent optical, magnetic, electronic, and catalytic properties compared to
their individual analogues [1]. The structure of bimetallic NPs is composed of two different elements
that are either present in a core-shell arrangement or exist as randomly dispersed alloys [2]. Bimetallic
NPs not only possess the combination properties of both metals but also produce emerging properties
due to the synergistic effect between two metals [3]. The literature reported the preparation of different
bimetallic NPs combinations, e.g., Au-Ag, Au-Cu, Ag-Au, and Ag-Cu [4–7]. The selected bimetallic
NPs such as Au-Ag system were of particular interest compared to their monometallic analogue due
to the following reasons: (a) The Au-Ag bimetallic NPs have tunable surface plasmon (SP) bands in
the visible range of Au at 520 nm and Ag at 400 nm [8]; (b) The metallic Au and Ag NPs have a similar
crystal structure, which is face-centered cubic (FCC), with extremely similar lattice constants values of
0.479 nm and 0.486 nm, respectively [9–11]; (c) The selected metallic NPs possess excellent chemical
stability, facile preparative methods, and good catalytic activity towards reduction of the aromatic
nitro compounds to amine derivatives [12,13].
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Gold nanoparticles (Au NPs) have been widely used in spectroscopy, biomedicine, catalysis,
environmental biotechnology, and electrochemistry [14]. Several physical and chemical ways have been
developed to prepare Au NPs; however, the Turkevich method, which uses reducing and stabilizing
agent and water as solvent, is the most preferable [15]. The advantages of this method can yield
monodispersed and dimension range of 7–100 nm Au NPs [16]. Au NPs have attracted more attention
due to their high catalytic activities under mild conditions such as in organic reactions [17,18]. This is
exemplified by hydrogenation reactions of unsaturated carbonyls and the reduction of nitro groups;
alkyne activation; coupling reactions; and oxidation reactions of cyclohexane, toluenes, alcohols, and
alkenes [18]. In addition, Au NPs with different shapes synthesized via microwave also have been
used as catalysts in the reduction of p-nitroaniline at room temperature [19]. Staykov et al. [20] have
studied gold nanoparticles for aerobic oxidation of alkenes, which act as a catalyst to weakly bind
the reactants and stabilize the alkyl radicals in the intermediate state between the first and second
reaction steps.

The bimetallic NPs offer extraordinary catalytic, magnetic, electronic, and optical properties due
to the presence of two metals in their structures, leading to wide range applications such as catalysis,
surface-enhanced Raman scattering (SERS), and biosensors [3,21–23]. Holden et al. [22] has found that
Ag-Au NPs showed a higher rate of 4-NP reduction compared with monometallic Ag or Au NPs due to
greater surface areas of bimetallic Ag-Au NPs. The author also indicated that the catalytic activity was
influenced by the electronic effects in which adsorbate binds to Au and Ag surfaces [22]. Chen et al. [24]
reported that the catalytic activity of 4-NP reduction using Au-Pd on graphene nanosheets showed
a higher rate in comparison with monometallic counterparts due to the synergistic effect of Au and
Pd species. There are various methods employed to prepare bimetallic Au-Ag NPs, which include
successive reduction, laser ablation, solvent extraction-reduction, microemulsion, galvanic replacement,
and colloidal synthesis [25–27]. Colloidal synthesis is one of the most commonly used, because it offers
a great variety of options for composition, size, crystal structure, shape, and surface chemistry control
due to the flexibility in selecting the reaction system and synthesis condition [26,27]. In addition,
this method also takes advantage of surface catalysis [28]. Czaplinska and co-workers stated the
preparation procedures of bimetallic NPs can improve their catalytic reduction reaction by tuning the
size, structure, composition, and distribution [29]. Fu et al. [30] prepared bimetallic Au-Ag NPs using
the co-reduction method and their catalytic properties by monitoring the reduction of 4-nitrophenol.

In chemical industries, 4-nitrophenol (4-NP) is widely utilized to produce pesticides, drugs,
and synthetic dyes [31–33]. The conversion of 4-NP to 4-AP can be widely used in manufacturing
of many analgesics and antipyretic drugs, such as paracetamol, phenacetin, and so on. From that,
there is great industrial demand for aromatic amino compounds [27]. In addition, the model reaction
of the reduction of 4-NP to 4-AP is selected, because it can easily monitor the reaction kinetics by
UV-Vis spectroscopy during the color changes associated with the conversion of 4-nitrophenolate to
4-aminophenol. The catalytic activities of the nanoparticles were evaluated by two types of catalytic
reactions at room temperature. The first reaction studied here is the reduction of 4-NP to 4-AP in the
absence of catalyst. The second reaction we studied here is the presence of NaBH4 and nanocatalysts.
Leishangthem et al. [34] have prepared the nanoparticles with diameter size more than 5 nm for the
reduction of nitrophenol with less than one hour. Al-Kahtani and coworkers have shown that the Au
NPs with the diameters range between 10 and 35 nm for the reduction of 4-NP [35].

In this study, the effect of the different nanoparticles on the 4-nitrophenols reduction in the
presence of sodium borohydride was investigated. The reduction of 4-nitrophenols was further
studied with different sizes of bimetallic nanoparticles. The preparation of bimetallic Au-Ag NPs using
the seed colloidal technique was introduced to control the shape and size of nanoparticles through
the temporal separation of the nucleation and growth processes [36]. The pre-formed seeds of one
metal act as nucleation sites for the further growth of the second metal NPs [37]. In addition, this
method also does not require expensive equipment but can be used to produce nanoparticles in a
liquid dispersion, which is the desirable form for many applications [26].
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2. Results and Discussions

2.1. UV-Visible Spectroscopic Analysis

Figure 1 shows the absorbance spectra of Au NPs and Au-Ag bimetallic NPs. The as-synthesized
Au NPs exhibited a surface plasmon resonance (SPR) band around 523 nm, while Au-Ag bimetallic
NPs showed SPR peaks at 450 nm and 435 nm, respectively (see Figure 1a). The maximum absorbance
spectra of bimetallic NPs show a single peak, suggesting a homogeneous colloidal mixture of the Au
and Ag nanoparticles without signifying formation of independent particles [36,38]. The solution color
changes from light pink to yellow-orange with the addition of AgNO3 and ascorbic acid solution,
indicating the deposition of Ag layer onto the surface of Au NPs. The ascorbic acid and citrate solutions
serve as a weak reducing agent for the reduction of Ag ions and also as a stabilizing agent [38]. The
stabilizing agents prevented the agglomeration of the newly formed nanoparticles. The SPR band
gives useful information about the size of the synthesized nanoparticles. This is because the frequency
and width of SPR rely on the size of the nanoparticles, as well as on the dielectric constant of the metal
itself and the surrounding medium [39]. From the UV-Vis absorbance spectra, it was observed that the
SPR band gradually shifted to higher wavelengths region as the seed volume decreased, signifying the
formation of bimetallic Au-Ag nanoparticles with relatively larger diameters. The optical properties of
the Au-Ag NPs exhibited a plasmon resonance at 450 nm and 435 nm, which corresponded to particles
that are mostly in Ag character. Generally, it is known that Ag NPs have plasmon absorbance at about
400 nm [25].
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Figure 1. Absorption spectra of (a) Au NPs, and Au-Ag bimetallic NPs with (b) 2.0 mL and (c) 5.0 mL
Au seed volumes.

2.2. Transmission Electron Microscopy (TEM) and Energy Dispersive X-Ray Spectroscopy (EDS) Analysis

Figure 2 shows the TEM images and particle size distribution of Au and Au-Ag NPs. The
mean diameter of Au NPs was around 24.1 ± 2.7nm. Figure 2a indicated that the Au NPs were
monodispersed with a spherical shape, while Figure 2b,c demonstrated the TEM images of bimetallic
Au-Ag NPs at different volume of Au seeds. TEM images of the NPs revealed that most of the
bimetallic Au-Ag NPs were approximately spherical in shape and well dispersed. The mean diameter
of the bimetallic Au-Ag NPs was approximately 75.2 ± 5.3 nm and 55.2 ± 6.0 nm, corresponding to
2.0 mL and 5.0 mL of Au seed, respectively. The mean diameter of bimetallic Au-Ag NPs is larger
than pure Au NPs, indicating that the gold nanoparticles are mixed by silver [38]. The TEM is a
well-known method to confirm the bimetallic structures of nanoparticles between gold and silver due
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to the contrast difference caused by the atomic number Z of gold and silver (79 for Au; 47 for Ag) [40].
From the mean diameter values of Au-Ag NPs, the particle size is 2.0 mL Au seed was larger than the
5.0 mL Au seed, which is consistent with the UV-vis results.
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The EDS spectra of Au and bimetallic Au-Ag NPs were shown in Figure 3. Figure 3a confirm the
presence of Au in the solution. The EDS spectra of Au-Ag NPs with different volumes of Au seeds that
are depicted in Figure 3b,c show the presence of Au, Ag, C, and Cu elements. The spectrum of 2.0 mL
Au seeds shows peaks corresponding to Au at 2.0, 9.5, and 11.5 keV, while the peak at 3.2 keV was
attributed to Ag. Meanwhile, 5.0 mL of Au NPs seed spectrum shows Au and Ag peaks at 2.0 and
3.0 keV, respectively. The EDS results confirmed the presence of Au and Ag elements in the bimetallic
NPs. However, the presence of carbon and copper peaks in the spectrum was due to the copper grid.
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2.3. X-ray Diffraction (XRD) Analysis

Figure 4 demonstrates the XRD patterns of Au NPs and bimetallic Au-Ag NPs at different volumes
of Au seed. Au NPs show four diffraction peaks (Figure 4a) at the angle of 2θ of 38.1◦, 44.5◦, 64.7◦,
and 77.7◦, corresponding to (111), (200), (220), and (311) planes, respectively. This is a face-centered
cubic (FCC) gold lattice [41,42]. The XRD pattern of bimetallic Au-Ag NPs for 2.0 mL Au seed shows
peaks at (111), (200), (220), and (311) planes, respectively, for 2θ = 38.05◦, 44.30◦, 64.50◦, and 77.34◦.
Meanwhile, the XRD pattern of Au-Ag NPs for 5.0 mL Au seed shows intense peaks at angle of 38.12◦,
44.40◦, 64.17◦, and 77.38◦ corresponding to (111), (200), (220), and (311) planes, respectively [12]. The
monometallic Au NPs and bimetallic Au-Ag NPs have the same XRD patterns, because gold and silver
have similar lattice constants [9–11].
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2.4. High-Resolution Electron Microscopy (HRTEM) Analysis

Figure 5a–c illustrates the HRTEM images of the Au-Ag bimetallic NPs. A significant change
in the contrast between the dark and lighter region indicated the formation of the bimetallic Au-Ag
NPs. Figure 5c shows a 0.20 nm lattice spacing, which was indexed to the (200) plane of face-centred
cubic (FCC) of silver [42], whereas the measured lattice spacing of 0.23 nm matched well with the (111)
planes of FCC gold [9,43].
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2.5. High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy (HAADF-STEM) Analysis

The HAADF-STEM images of the bimetallic Au-Ag NPs obtained in Figure 6a,e showing a
contrast between Au and Ag elements, which are dominated by Rutherford scattering [44]. Since the
signal in HAADF-STEM mode depends on the atomic number of the elements, the strong brightness
corresponding to the Au (heavy element) and the low brightness refer to the Ag (lighter element).
The image clearly shows the distribution of the Au and Ag elements in the bimetallic nanoparticles.
The EDS elemental mapping analysis boxed in HAADF-STEM in Figure 6b,f were done to confirm
their structure and Au and Ag chemical composition. According to the EDS mapping as shown
in Figure 6c,d,g,h, the presence of Au signal (yellow) and Ag signal (turquoise) in the bimetallic
nanoparticles was indicated.
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2.6. Zeta Potential Analysis

The zeta potential values of Au NPs and bimetallic Au-Ag NPs of different volumes of Au seed
were represented in Table 1. The zeta potential of Au NPs relies on the surface modification of the
nanoparticles [43]. The Au NPs zeta potential has a negative value of −39.2 mV due to the charge
stabilization through the electrostatic interaction between the Au NPs and citrate ions [45]. Meanwhile,
the zeta potentials of the bimetallic Au-Ag NPs were −31.5 mV and −20.9 mV for 2.0 mL and 5.0 mL
Au seed, respectively. The negative zeta potential value revealed that the Au NPs and bimetallic
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Au-Ag NPs possess moderate stability [46]. These values are associated with the stability of the
nanoparticles, which could be related to the agglomeration phenomenon. In addition, there is less
agglomeration at higher zeta potential values, which causes the nanoparticles to grow larger. The
aggregation in aqueous solution is due to the surface hydrophobicity, which causes eventual loss of
catalytic activity [47]. In this case, sodium citrate was used to prevent the particle aggregation during
the synthesis process of nanoparticles.

Table 1. Particle size and zeta potential for Au NPs and bimetallic Au-Ag NPs.

Sample Particle Size (nm) Zeta Potential (mV)

Au NPs 24.1 ± 2.7 −39.2
Au-Ag NPs (2.0 mL Au seed) 75.2 ± 5.3 −31.5
Au-Ag NPs (5.0 mL Au seed) 55.2 ± 6.0 −20.9

2.7. Catalytic Activity of 4-NP Reduction

Figure 7a,b illustrates the catalytic reactions with the 4-NP. The reaction mechanism can be
explained by the inherent hydrogen adsorption by Au NPs that transported the hydrogen between
NaBH4 and 4-NP. The hydrogen that comes from the NaBH4 reduces water. In brief, this behaviour may
be explained by the fact that Au NPs adsorb hydrogen from NaBH4 and efficiently release it during the
reduction reaction. Hence, Au NPs act as a hydrogen carrier in this reduction reaction [39]. In a neutral
or acidic medium, the 4-NP solution showed a strong absorption peak at 317 nm (Figure 8) [32,33,48].
The addition of NaBH4 deprotonated the OH group of 4-NP and formed 4-nitrophenolate ion appearing
at 400 nm in the UV-vis spectrum [49]. The color of the 4-NP solution changed from light yellow to
bright yellow immediately due to the 4-nitrophenolate ion formation [33,42]. The reduction of 4-NP
does not occur without the presence of a catalyst [46,48]. The thermodynamically favorable reduction
of 4-NP to 4-AP (E0 = −0.76 V vs. NHE) and H3BO3/BH4

− = (E0 = −1.33 V vs. NHE) produced large
potential difference with negative free energy. The normal hydrogen electrode (NHE) is a reference
electrode and includes the solvation process of the proton [50]. However, the presence of a large energy
between the mutually repelling negative ions of 4-NP and BH4

− was responsible for the slow kinetics
of the reaction [31,48]. Alternatively, an introduction to Au-Ag NPs can absorb negative ions and able
to act as electronic relay systems to transfer electrons donated by borohydride ions to the nitro groups
of 4-NP, which is expected to lower the kinetic barrier and thus catalyze the reduction [24].

Metallic nanoparticles are known to catalyze the reduction reaction by facilitating the electron
transfer process from the donor BH4

− to the 4-NP acceptor [49]. With the addition of 0.2 mL catalyst
to the reaction mixture containing 3 mL 4-NP and 0.5 mL NaBH4, the absorption peak at 400 nm
gradually decreased with the passage of time with the simultaneous appearance of a new peak at
300 nm attributed to the 4-AP formation [48]. The UV-vis spectra also showed an isosbestic point at
317 nm, indicating the reduction of 4-NP to 4-AP without any by-product formation [51]. The progress
of the reduction reactions was monitored by measuring the absorption spectrum of 4-NP and 4-AP as
a function of time by applying different catalysts such as Au and Au-Ag NPs. In the control reduction
experiments, only a slight change in the absorption intensity was observed at 400 nm for 4-NP in the
absence of a catalyst after 11 min, as shown in Figure 9a. The spectra indicated that the 4-NP was
not reduced by the NaBH4, and the mixture remained yellow [42]. In contrast, when Au and Au-Ag
nanoparticles were used as the catalysts, the absorption intensity at 400 nm decreased, and a new peak
appeared at 300 nm attributed to the 4-AP formation [33,42]. The reduction reaction was also visible
through color change with bleaching of the color yellow, indicating complete reduction of 4-NP [51].
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It was noted that the reduction reaction rate of bimetallic Au-Ag NPs was faster compared to
monometallic Au NPs. Haldar et al. [49] reported that the catalytic activity of Au-Ag bimetallic NPs is
much higher than that associated with the pure Au NPs. These results can be explained by the following
factors. First, the improved reduction rates were ascribed to the synergistic effect between the Au and the
Ag [42]. Electrons could transfer from Ag to Au owing to the synergistic effect that produced, leading
to an increase in the electron density on the surface of the bimetallic Au-Ag NPs, which improved the
catalytic activity [52]. Second, the structure could effect the interactions between the two metals [52]. The
comparison between two types of bimetallic nanoparticles (2.0 and 5.0 mL Au seeds volumes) reduction
rates indicated the practical role of the size and composition effect, as it influenced the time needed for
the completion of the reduction reaction. Holden et al. [22] also stated that the catalytic properties of
bimetallic nanoparticles can be influenced by their size and composition. The present role of the particle
size may also due to the change in the surface area of the smaller size NPs compared to the bulky sized
NPs. It is well-known fact that the surface area increases with a corresponding decrease in the NPs particle
sizes [36,48]. The increased surface area of the smaller sized NPs contributed to the excellent catalytic
activity [36,48]. The surface area of 5.0 mL Au seed volume of Au-Ag NPs was 1.3 times higher compared
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to the 2.0 mL Au seed volume Au-Ag NPs [49]. The improved surface area was the reason behind the
improved catalytic performance of the 5.0 mL Au seed volume of Au-Ag NPs. The reduction reaction
completed in 5 min and 8 min for the 5.0 mL and 2.0 mL Au seed volumes of the Au-Ag NPs, respectively,
as shown in Figure 9g,e, respectively. Table 2 shows the rate constants of the reduction 4-NP using Au
and Ag-based catalysts reported previously, which might be the result of different structure, size, and
composition. It can see clearly that the reduction of 4-NP can be influenced by the structure, size, and
composition of nanoparticles.

The catalytic performance of catalysts highly depends on shape of this catalyst. This is due
to the different coordination numbers of atoms on surface. For catalyst with a face-centered cubic
(FCC) lattice, the coordination number of atoms on (111), (100), and (110) surfaces is 9, 8, and 7,
respectively. The corresponding surface energy was in the order of (111) < (100) < (110), which is the
reason why (110) usually exhibited better activity than the other two facets [53,54]. As shown XRD
result in Figure 4, the structure of NPs was FCC structure, which is good for catalytic reduction of
4-NP. Difference in shape can be produced with different parameters such as concentration of metal
ions, pH, and nature of stabilizing and reducing agents [55]. Regarding the TEM images in Figure 2,
the nanoparticles were spherical and were able to reduce the 4-NP to 4-AP with less than 15 min.
Gupta et al. [19] have prepared different shapes of Au NPs for catalytic reduction of aromatic nitro
compounds, and their results show that spherical Au NPs are the second-best catalyst compared to
cubes, polyhedral, and tetrahedral shapes. In addition, there is no significant difference in reduction
time between the spherical and cubic shapes, which is about a one-minute difference. In this work,
bimetallic, spherical Au-Ag NPs have good catalytic activity in the conversion of 4-NP to 4-AP. Based
on previous research, the spherical shape of bimetallic Au-Ag NPs can reduce 4-NP faster at room
temperature [30].

Table 2. Comparison of the catalytic reduction of 4-NP by Au and Ag catalysts.

Catalysts Reducing
Agents

Rate Constant
(min−1) Time (min) Particle Size

(nm) References

Au NPs NaBH4 0.36 14 24.1 This work

Au-Ag bimetallic NPs (2.0 mL
Au seed) NaBH4 0.52 8 75.2 This work

Au-Ag bimetallic NPs (5.0 mL
Au seed) NaBH4 0.62 5 55.2 This work

Ag dendrite-based Au-Ag
nanostructure NaBH4 0.00010 8 - [23]

Ag/GO NPs NaBH4 0.208 25 7.5 [56]

Au/GO NPs NaBH4 0.368 10 5.0 [56]

Au-Ag/GO alloy NPs NaBH4 0.761 5 6.0 [56]

The concentration of BH4
- used in the system was much higher than the 4-NP, so it was reasonable

to assume that the concentration of borohydride ions was constant throughout the reduction reaction.
A pseudo first-order kinetics fits the catalytic reduction rate [32,33,42,48]. A linear correlation of
ln(A0/At) with time was observed, in which At and A0 was the absorbance at specific intervals and
the initial absorbance of 4-nitrophenolate ion, respectively [32,33,42,49]. The rate constants for each
system were measured from the slope of the ln(A0/At) vs. time graph, as shown in Figure 9b,d,f,h. The
values of the chemical reduction rates were calculated to be 0.02, 0.36, 0.52, and 0.62 min−1 for NaBH4,
Au, 2.0 mL, and 5.0 mL Au seed volumes Au-Ag NPs, respectively, as summarized in Table 2. Among
all the catalysts, the 5.0 mL Au seed volume Au-Ag NPs catalyst demonstrated the fastest reduction
rate, thus resulting in higher catalytic activity for the reduction of 4-NP at room temperature. These
experimental phenomena demonstrated that the bimetallic Au-Ag NPs had better catalytic activity for
the reduction of 4-NP.



Catalysts 2018, 8, 412 10 of 15

Catalysts 2018, 8, x FOR PEER REVIEW   10 of 15 

 

resulting in higher catalytic activity for the reduction of 4‐NP at room temperature. These experimental 

phenomena demonstrated that the bimetallic Au‐Ag NPs had better catalytic activity for the reduction 

of 4‐NP. 

 

 

 
Catalysts 2018, 8, x FOR PEER REVIEW   11 of 15 

 

 
Figure 9. Absorption spectra of 4‐NPreduced by (a) NaBH4 only. NaBH4 in the presence of (c) Au NPs, 

(e)  2.0 mL Au  seeds  volume  of Au‐Ag NPs,  and  (g)  5.0 mL Au  seeds  volume  of Au‐Ag NPs  and 

corresponding ln(A0/At) versus time plot for the determination of rate constants for (b) NaBH4, (d) Au 

NPs, (f) 2.0 mL Au seeds volume Au‐Ag NPs, and (h) 5.0 mL Au seeds volume Au‐Ag NPs. 

3. Experimental 

3.1. Synthesis of Gold Nanoparticles (Au NPs) 

The citrate  thermal reduction  technique was used  for  the preparation of colloidal Au NPs  [57]. 

Briefly, an aqueous solution of HAuCl4∙3H2O (Sigma‐Aldrich, St. Louis, MO, USA) (1 mL of 1 wt. %) 

was added to 90 mL of distilled water. The above solution was stirred vigorously along with heating 

until the boiling point at 100 °C. 2 mL of 38.8 mM of sodium citrate (Sigma‐Aldrich, St. Louis, MO, 

USA) was added dropwise as the reducing and stabilizing agents to prevent the particles aggregation 

during  the  synthesis process. The  successive  color  changes  from  light yellow  to maroon upon  the 

addition of sodium citrate. The final solution was left in an ice bath to obtain the uniform size of Au 

NPs. The as‐synthesized NPs solution was washed three times to remove impurities before diluting in 

deionized water to get desired concentration. 

3.2. Synthesis of Bimetallic Gold‐Silver Nanoparticles (Au‐Ag NPs) 

The Au‐Ag NPs were prepared using the seed colloidal technique [38]. The as‐synthesized citrate‐

capped Au NPs were used as  the seed  in  the  formation of  the bimetallic Au‐Ag NPs. The different 

volume of Au NPs (2.0 and 5.0 mL) and 1 mL of sodium citrate solution (38.8 mM) were added to 30 

mL of distilled water and stirred for 10 min. Then, 1.2 mL of silver nitrate aqueous solution (10 mM) 

and 0.4 mL of ascorbic aqueous solution (100 mM) were added dropwise to the above mixture. The 

reaction mixture was  stirred  continuously  for  30 min  to  ensure  a  homogeneous  solution  at  room 

temperature. The solution was then washed three times and dispersed in deionized water. 

3.3 Catalytic Reduction Activity of the Bimetallic Au‐Ag NPs 

The  catalytic  activity  of  the  Au‐Ag  NPs  was  evaluated  by  the  reductive  conversion  of  4‐

nitrophenol to 4‐aminophenol. The chemical reduction was carried out in a quartz cuvette containing 

3.0 mL of 4‐nitrophenol (0.2 mM) and 1.0 mL of distilled water. The addition of aqueous NaBH4 (0.5 

mL, 0.4 M) solution resulted in a color change from light yellow to bright yellow. Finally, 0.2 mL of the 

Au‐Ag NPs was  added. The  absorbance  spectra were  recorded  at  a  time  interval  of  1 min  in  the 

wavelength range of 200–800 nm at room temperature. 

   

Figure 9. Absorption spectra of 4-NPreduced by (a) NaBH4 only. NaBH4 in the presence of (c) Au
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corresponding ln(A0/At) versus time plot for the determination of rate constants for (b) NaBH4, (d) Au
NPs, (f) 2.0 mL Au seeds volume Au-Ag NPs, and (h) 5.0 mL Au seeds volume Au-Ag NPs.
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3. Experimental

3.1. Synthesis of Gold Nanoparticles (Au NPs)

The citrate thermal reduction technique was used for the preparation of colloidal Au NPs [57].
Briefly, an aqueous solution of HAuCl4·3H2O (Sigma-Aldrich, St. Louis, MO, USA) (1 mL of 1 wt. %)
was added to 90 mL of distilled water. The above solution was stirred vigorously along with heating
until the boiling point at 100 ◦C. 2 mL of 38.8 mM of sodium citrate (Sigma-Aldrich, St. Louis, MO,
USA) was added dropwise as the reducing and stabilizing agents to prevent the particles aggregation
during the synthesis process. The successive color changes from light yellow to maroon upon the
addition of sodium citrate. The final solution was left in an ice bath to obtain the uniform size of Au
NPs. The as-synthesized NPs solution was washed three times to remove impurities before diluting in
deionized water to get desired concentration.

3.2. Synthesis of Bimetallic Gold-Silver Nanoparticles (Au-Ag NPs)

The Au-Ag NPs were prepared using the seed colloidal technique [38]. The as-synthesized
citrate-capped Au NPs were used as the seed in the formation of the bimetallic Au-Ag NPs. The
different volume of Au NPs (2.0 and 5.0 mL) and 1 mL of sodium citrate solution (38.8 mM) were
added to 30 mL of distilled water and stirred for 10 min. Then, 1.2 mL of silver nitrate aqueous solution
(10 mM) and 0.4 mL of ascorbic aqueous solution (100 mM) were added dropwise to the above mixture.
The reaction mixture was stirred continuously for 30 min to ensure a homogeneous solution at room
temperature. The solution was then washed three times and dispersed in deionized water.

3.3. Catalytic Reduction Activity of the Bimetallic Au-Ag NPs

The catalytic activity of the Au-Ag NPs was evaluated by the reductive conversion of 4-nitrophenol
to 4-aminophenol. The chemical reduction was carried out in a quartz cuvette containing 3.0 mL of
4-nitrophenol (0.2 mM) and 1.0 mL of distilled water. The addition of aqueous NaBH4 (0.5 mL, 0.4 M)
solution resulted in a color change from light yellow to bright yellow. Finally, 0.2 mL of the Au-Ag
NPs was added. The absorbance spectra were recorded at a time interval of 1 min in the wavelength
range of 200–800 nm at room temperature.

3.4. Characterizations

The UV-visible measurements were carried out using a CARY 50 UV-vis spectrophotometer
(Agilent Technologies, Palo Alto, CA, USA) with centrifuged samples. The HRTEM was performed
by TECNAI TF20 X-Twin (FEI, Hillsboro, OR, USA) at an accelerating voltage of 200 kV. High-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM, FEI, Hillsboro, OR,
USA) imaging and energy dispersive spectroscopy (EDS, FEI, Hillsboro, OR, USA) elemental mapping
were carried out using TECNAI TF20 X-Twin (FEI, Hillsboro, OR, USA) operating at 200 kV to reveal
the structure and elemental distributions of Au and Ag in Au-Ag NPs. The samples were pre-sonicated
for 10 min to disperse the particles and avoid agglomeration. The sample was dropped on a copper
grid and dried in a vacuum desiccator. The TEM (Carl ZEISS, Jena, Germany) images particle size
distribution of each sample was measured using image-J software. The TEM analysis was used to
provide information on the size and morphology of the Au NPs and Au-Ag bimetallic NPs. The EDS
analysis was carried out to investigate the composition of the gold and bimetallic gold-silver NPs.

The XRD (PANalytical B.V., Almelo, The Netherlands) measurement of gold and gold-silver
NPs was performed using an Empyrean (PANalytical) X-ray diffractometer with a Cu Kα (λ =
1.54 Å) source. The XRD samples were prepared by drop coating the solution on a glass slide
followed by drying at room temperature. The zeta potential analysis was accomplished using Zetasizer
Nanoseries ZS (Malvern Instrument Ltd., Malvern, UK) instrument at room temperature to measure
the potential stability and surface charge of the nanoparticles [46]. Then, samples were injected into a
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disposable capillary cell and inserted into the instrument with an equilibrated sensor to measure the
zeta potential values.

4. Conclusions

In the present study, we have successfully employed a seeding-growth technique for the
preparation of bimetallic Au-Ag NPs catalysts. It was found that the size or diameter of the bimetallic
NPs influenced the catalytic properties of the Au-Ag NPs. The reduction reaction rate for the smaller
size (5.0 mL Au seed) of Au-Ag NPs catalysts was higher than the larger size (2.0 mL Au seed)
of particles. The bimetallic Au-Ag NPs synergistically improve the catalytic activity compared to
the monometallic Au NPs. The study revealed that the catalytic performance on the reduction of
4-nitrophenol was remarkably improved by controlling the size, diameter, and composition of the
bimetallic NPs.
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