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ABSTRACT. Au, Ag, and Au/Ag core-shell nanoparticles (NPs) were synthesized in aqueous solution by chemical reduction. 

UV-Vis absorption spectra confirmed a single surface plasmon resonance (SPR) peak for Au and Ag NPs, at 520 nm and 

419 nm, respectively. Au/Ag core-shell NPs' UV-Vis spectra showed two distinct peaks at 385 and 480 nm, confirming a 

core-shell structure different from its alloy counterpart. Transmission electron microscopy (TEM) shows a relatively uniform 

spherical shape for both Au and core-shell Au/Ag NPs, while Ag NPs have a variety of forms such as a prism, rod, and 

spherical. The average size of the synthesized nanoparticles was quite similar, between 18 and 25 nm. The 4-nitrophenol 

reduction reaction model was used to study the catalytic ability of nanoparticles where Au/Ag core-shell NPs showed higher 

catalytic activity than the other monometallic NPs used in this study. 
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INTRODUCTION  

Gold (Au) and silver (Ag) plasmonic nanoparticles 

are nanomaterials with unique optical and electronic 

properties, which open up many opportunities in 

practical biomedical applications, such as therapeutic, 

diagnostic, and sensing applications (Feng et al., 

2019; Das et al., 2011; Bijalwan et al., 2019). These 

nanoparticles have been studied very well and in 

detail, especially regarding the effect of size 

modification on plasmon absorption due to its catalytic 

activity (Link et al., 1999). Furthermore, metal 

nanoparticles can be deposited on various supports to 

establish a better overall efficiency of the catalytic 

process (Bijalwan et al., 2019) where the surface-to-

volume ratio is high (Ahmad et al., 2019). In more 

detail, the application of gold nanoparticles (AuNP) is 

extended to various biomedical fields, such as 

biosensors, clinical chemistry, immunoassays, 

genomics, photo-thermolysis of cancer cells, detection 

and control of microorganisms, targeted drug 

delivery, optical imaging and monitoring of biological 

cells and tissues by utilizing resonance scattering or in 

vivo photoacoustic technique (Bijalwan et al., 2019; 

Jiang et al., 2020). 

Nanoparticles derived from gold have medical and 

pharmaceutical applications (Shen et al., 2017). 

Because of their excellent ability to penetrate 

intercellular spaces, gold nanoparticles are used as 

carriers in cancer diagnosis (Bijalwan et al., 2019). 

They also have high stability and capacity, are 

protected from reduction, have controlled release of 

ions, have good tolerability (Shen et al., 2017), and 

are very compliant and safe in terms of safe dosage 

(Sardar et al., 2009). When stabilized or protected by 

shells, Nanoparticles show good stability in reducing 

aggregation processes and other decay modes. A 

protective layer on nano-sized particles is needed to 

increase the driving force in keeping the core particles 

from being finely scattered (Sardar et al., 2009; 

Umamaheswari et al., 2018).  

The reduction of nitrophenol by borohydride in 

suitable catalysts has been widely applied (Saha et al., 

2010; Sardar et al., 2009). The removal of 4-

nitrophenol in the presence of catalytic Au and Ag 

monometallic nanoparticles has been one of the most 

extensively studied in this decade. However, the 

catalytic activity of the nanoparticle alloys showed a 

better reaction and stood out when compared to 

monometallic nanoparticles. The combination of 

properties displayed depends on the variety of 

constituents. Its catalytic activity can be attributed to the 

surface area and the presence of regions that have a 

higher electron density. 

The emergency in global energy has necessitated 

the researchers on the advancement of 

contamination-free energy sources and practical 

solutions to the regular pollution of the environment 

(Azhar, 2019; Umamaheswari et al., 2018). 4-
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nitrophenol (4-NP) is one of several toxic. Dangerous 

contaminants found in industrial and agricultural raw 

materials, which is a hazardous contributor to water 

pollutants because it is considered one of the most 

poisonous and refractory pollutants (Kuroda et al., 

2009; Mahalakshmi et al., 2020; Nemanashi & 

Meijboom, 2013; Shen et al., 2017), has 

anthropogenic, toxic and inhibitory properties 

(Sarmah et al., 2015) that poses a severe threat to 

many ecosystems, water supplies and human health 

(Azhar, 2019). On the other hand, the reduced 

product, i.e., 4-aminophenol (4-AP), is less toxic and 

has an essential role as a photographic developer, 

corrosion inhibitor (inhibitor and lubricant), desiccant, 

and precursor for the manufacture of analgesic, 

antipyretic and industrial plastics (Sahu et al., 2020; 

Sarmah et al., 2015; Shen et al., 2017; H. Wang et 

al., 2005). However, the treatment of wastewater 

contaminated with 4-NP is not effective with ordinary 

conventional methods because of the high stability 

and solubility of 4-NP in water (Sarmah et al., 2015). 

Therefore, effective wastewater treatment is needed 

and does not require a long time in the reaction 

process. Compared to other metal catalysts, AuNP has 

attracted much attention due to its high catalytic 

activity in mild conditions, even at ambient or low 

temperatures (Saha et al., 2010). According to Haldar 

et al. 2014, the catalytic activity and efficiency of the 

Au-Ag/core-shell nanostructure in the reaction 

between 4-NP and NaBH4 in the formation of 4-AP 

rose as the Au-core size grew up to 96.5%. As a result, 

converting 4-NP to 4-AP serves a significant function 

in pollution reduction and resource regeneration. To 

date, considerable efforts have been made by 

applying metal nanoparticles to catalyze the reduction 

of 4-NP to 4-AP by NaBH4, which is the most efficient 

way (Sahu et al., 2020; Shen et al., 2017; Wang et 

al., 2005). Many metal alloy nanoparticles have been 

reported to use as a catalyst in wastewater treatment. 

However, the application of noble metal particles 

(monometallic and bimetallic alloy particles) is still 

limited (Wang et al., 2019). 

In this study, bimetallic Au-Ag/core-shell 

nanoparticles have been prepared using a chemical 

reduction method. By varying the volume of Au seed 

as a core and a constant volume of Ag ions, Ag ions 

could effectively grow up on the Au core to form the 

core-shell structure with the varying shell thickness. 

The excellent match of the lattice constant (the 

difference is 0.2%) of Ag and Au nanocrystal (Vinod & 

Gopchandran, 2014) also helps the deposition. This 

study will explore the optical absorption Au-Ag/core-

shell nanoparticles as a function of Ag shell thickness. 

The catalytic properties of the monometallic (Au, 

AgNPs) and Au-Ag/core-shell NPs were then 

evaluated using a reduction reaction model of 4-NP 

with NaBH4 as a reducing agent. Many researchers 

have used NaBH4 as a reducing agent (Aditya et al., 

2017; Wang et al., 2019; Neal et al., 2019), which 

very well managed to reduce 4-NP to 4-AP in a 

relatively fast time. As a result, it is believed that the 

findings of this research will highlight the critical 

function of bimetallic core-shell NPs in the catalytic 

reduction of 4-nitrophenol (4-NP) and their 

advantages over monometallic nanoparticles. 

 

EXPERIMENTAL SECTION 

Gold (III) chloride trihydrate (HAuCl4.3H2O, 

99.9%, Sigma Aldrich),  silver nitrate (AgNO3, 98%, 

SmartLab), 4-nitrophenol (4-NP, 99.9 %, Merck), 

ascorbic acid (C6H2O6, 99%, Merck), trisodium citrate 

(Na3C6H5O7, 99.9%, Merck), sodium borohydride 

(NaBH4. 98%, Wako-Japan) were used in this work 

without further purification. All experiments used aqua 

bidest as a solvent. AuNPs were synthesized using a 

thermal method as follows. 1 mL gold (III) chloride 

trihydrate one wt.% aqueous solution and 2 mL 

trisodium citrate 38.8 mM aqueous solution was 

quickly added into aqua bidest 90 mL 90
o
C stir well. 

After the color changes to red-purple, the solution is 

immediately cooled in an ice bath. Ag NPs were also 

prepared by the same method. 0.018 g silver nitrate 

and 38.8 mM trisodium citrate 2 mL aqueous solution 

were added into aquabidest 100 mL 70
o
C. After the 

colour changes to bright yellow, the solution is cooled 

quickly into the ice bath. Au-Ag/core-shell were 

prepared using the following seed colloidal technique. 

In a typical experiment, some volumes of Au NPs (0.4, 

1, 5, 10, 20, dan 40) mL were prepared as seed, and 

1 mL trisodium citrate 38.8 mM solution were then 

added to 30 mL aqua bidest together with the seeds 

with continuous stirring. Then, 1.2 mL of 10 mM silver 

nitrate and 0.4 mL of 100 mM ascorbic acid aqueous 

solution were quickly added while stirring at 300 rpm 

for 10 minutes. UV-Vis spectroscopy (MayaPro 2000, 

Ocean Optics) and transmission electron microscopy 

(TEM, Tecnai G20 S-TWIN, Thermo Fisher Scientific) 

were used to confirm the formation and the 

microstructure of the resulting nanoparticles. Their 

particle size distributions were constructed utilizing 

free-software ImageJ, calculating for more than 300 

particles. 

The 4-NP catalytic reduction assay was prepared 

using a concentration of 0.015 M in 20µL volume. This 

assay was then added to 3 mL of aqua bidest. To start 

the reaction, 100µL of fresh sodium borohydride 

(0.01M stock solution) into the assay while constantly 

stirring at 200 rpm for some minutes. The resulting 

solution will immediately undergo a colour change 

from transparent to bright yellow. 100 µL of the 

synthesized nanoparticles (Au, Ag NPs, Au-Ag/core-

shell) were then added separately into the reaction 

assay at room temperature as a catalyst. The catalytic 

reaction with these nanoparticles was monitored by 

measuring the UV-Vis absorbance spectrum of the 

reaction solution in the 200 to 600 nm wavelength 

range, with an increment acquisition time of 1 minute. 

The transformation of 4-NP to 4-aminophenol (4AP) is 
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an important organic component for synthesizing 

lubricants, drugs, and dyes (Mourya et al., 2018; 

Nemanashi & Meijboom, 2013). 

The equation of time dependence of the 

absorbance of 4-nitrophenolate ions (Zhao et al., 

2015): 

𝐼𝑛(𝐴𝑡 𝐴0⁄ )(𝑡) = 𝐼𝑛(𝐴𝑡 𝐴0⁄ )(0) − 𝑘𝑟𝑡   (3) 

where the ratio (At/A0) here is identical to the ratio of 

the concentration of 4-nitrophenolate at a time, t, to 

its concentration before the reaction starts, i.e. At/A0 = 

c/c0, and kr is the reaction rate constant. From this plot 

we can also deduce the induction period, τ, upon 

which the absorbance is constant at a certain time 

after the reaction starts. Following  Eq. (3), the 

induction period, τ, is defined as(Zhao et al., 2015): 

𝜏 = 𝐼𝑛(𝐴𝑡 𝐴0⁄ )(0) 𝑘𝑟⁄    (4) 

 

RESULTS AND DISCUSSION 

Au, Ag and Au/Ag Core-Shell Nanoparticles Synthesis 

A complete equations to produce Au NPs is as 

follows (Anugrah Ilahi et al., 2021): 

2HAuCl4 + 4Na2C6H5O7 → H2 + 2Au0 + 4CO2 +
4Na2C6H5O5 + 8NaCl          (5) 

The synthesized Au NPs showed a red-purple colour 

solution which proved that the expected nanoparticles 

had been generated (Figure 1). This fact can be 

confirmed by UV-Vis absorption measurement of the 

surface plasmon resonance (SPR) peak. The SPR band 

was observed due to the combined oscillation of the 

electron conduction band on the surface of the metal 

nanoparticles in resonance with light waves. The 

resulting SPR band at a wavelength of 520 nm showed 

that the expected gold nanoparticles had been 

successfully synthesized (Figure 2). Many studies have 

reported that the SPR absorption band of metal 

nanoparticles is related to the size, shape, and 

aggregation conditions (Umamaheswari et al., 2018). 

From Figure 2, it is expected that the shape of Au NPs 

was spherical because it has a single peak without 

dispersion at a longer wavelength. The TEM image 

confirmed this structure in Figure 3 that most particles 

were spherical with particle size around 20 nm. The 

analysis of the particle size distribution of Au NPs using 

ImageJ resulted in an average diameter of (18.7 ± 

8.8) nm. 

 

 

Figure 1. The photograph of the synthesized Au, Ag, and Au-Ag/core-shell NPs 

 

 

Figure 2. UV-Vis absorption spectra of Au (red) and Ag NPs (orange). 
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Figure  3. TEM images and their correlated particle size distribution of  (a) Au and (b) Ag NPs. 

 

Table 1. Average particle size and morphology of the 

synthesized particles. 

Catalyst d (nm) Morphology 

Au NPs 18.7 ± 8.8 spherical 

Ag NPs 25.3 ± 10.1 anisotropic 

Au40Ag NPs 25.4 ± 6.9 spherical core-shell 

 

For the monometallic Ag NPs, the following is the 

reaction equation for the nucleation of Ag atoms(Saha 

et al., 2010): 

12AgNO3 + 4Na3C6H5O7 + 6H2O → 12Ag0 +
12NaNO3 + 4C6H8O7 + 3O2  (4) 

The synthesized Ag NPs have a bright yellow colour in 

solution (Figure 1) and were validated with the UV-Vis 

absorption measurement, which showed an SPR peak 

at 419 nm with a significant broadening (Figure 2). 

The spectra tail was also observed from the 

wavelength above 600 nm. The unique interaction of 

the free electrons of Ag NPs undergoes oscillations 

associated with the metal lattice in the presence of an 

oscillating electromagnetic field of light(Netala et al., 

2018). These broadening of SPR with tail in the longer 

wavelength indicated that some particles were 

aggregated into bigger particles, and/or occupying 

with anisotropic morphology. TEM images further 

validated the findings that Ag NPs have sizes that vary 

greatly from 2 to 100 nm with various shapes, namely 

spherical, rods, and prisms (Figure 3b). These may be 

attributed to the fast-oxidation of AgNPs due to the O2 

production that occurred in the reaction solution as 

stated in Equation (2). The oxygen may oxidise the Ag 

atoms produced back into Ag
+
 ions, and the ions will 

eventually be deposited onto the surface of unoxidized 

Ag NPs. With the help of trisodium citrate as a ligand 

which is preferred to cover a certain facet of the Ag 

crystal, the anisotropic nanoparticles may eventually 

be produced. The reaction between ligands and Ag, 

for example, the binding of trisodium citrate on Ag 

shows preferential citric acid-binding, promoting 

crystal growth (Tang et al., 2014). 

We also attempted to synthesize core-shell Au/Ag 

nanoparticles using the seeding method as suggested 

in the methodology section. The colour change was 

observed accordingly after the mixing process 

depending on the amount of Au seeds in the solution. 

The  produced core-shell Au/Ag NPs depicted in 

Figure 1. The more Au seed in the solution, the more 

orange the colour produced. 

UV-Vis absorption measurement of the core-shell 

Au/Ag NPs was depicted in Figure 4. Based on the 

spectrum, it can be seen that the amount of the Au 

seed as a core greatly influences the position and 

shape of the SPR. The thinner the Au core continuously 

causes the plasmon bands that appear to shift towards 

a lower wavelength, namely in the range of 389 to 

460 nm which can be exclusively attributed to the 
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plasmon resonance of Ag particles. The decreasing 

concentration of Au core causes the resulting plasmon 

band to gradually decrease, which indicates the 

formation of composite particles with a larger 

diameter (Yang et al., 2008). Especially when we 

added 10 ml of core Au NPs, the SPR peaks started to 

have the second peak at the longer wavelength, and 

the most obvious peaks were observed when added 

40 mL of Au seed formed core-shell Au40Ag NPs 

which have two peaks at 398 and 480 nm. The two 

spectral peaks produced by the two samples (Au20Ag 

and Au40Ag) indicate the difference in "shape" 

produced by the two core shells compared to the other 

samples. These separate peaks were 'finger print' for 

core-shell nanoparticles and significantly differed from 

alloy or monometallic nanoparticles. From the 

resulting absorbance spectrum, the difference in the 

resulting spectrum for all variations in skin thickness 

can be related that there was a reduction of Ag salts 

on the surface of the previously formed Au core and 

the shell structure of the composite nanoparticles is 

dominated by Ag shells. The complete list of the SPR 

peaks of the synthesized core-shell Au/Ag NPs is 

shown in Table 2. According to Feng et., al., 2019, 

two potential reasons affect the results obtained, 

namely: (1) If the Ag shell is thinner than the nucleus, 

it will be more active to encourage electron transfer in 

Au and Ag; (2) more electrons are transferred to 

compensate for the thinner Ag shell as compared to 

the thicker one.  

 

 

Figure 4. UV-vis absorbance spectra of Au/Ag core-shell (Au0.4Ag, Au1Ag, Au5Ag, 

Au10Ag, Au20Ag, and Au40Ag)  NPs. 

 

 

 

Figure 5. (a) TEM image, (b) the corresponding SAED pattern and (c) the particle size 

distribution of Au40Ag core-shell NPs 
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Table 2. SPR band position of Au, Ag and Au-Ag/core-shell NPs 

No. Sample 
Volume (ml) 

SPR (nm) 
Au seed Ag

+
 

1 Au NPs   520 

2 Au 0.4Ag 0.4 1.2 465 

3 Au1Ag    1 1.2 438 

4 Au5Ag    5 1.2 409 

5 Au10Ag  10 1.2 399 

6 Au20Ag  20 1.2 385, 485 

7 Au40Ag  40 1.2 385, 480 

8 Ag NPs   419 

 

Further, TEM observation revealed the core-shell 

structure of the Au/Ag NPs. Especially for Au40Ag NPs, 

TEM images showed two distinct areas in one 

particular nanoparticle, where Au as a core and Ag as 

a shell with various thicknesses of 2 - 5 nm (Figure 5a). 

The corresponding selected area electron diffraction 

(SAED) also validated the formation of the core-shell 

structure where the diffraction ring was seen to overlap 

between Au and Ag (Figure 5b).  

The Reduction Reaction of 4-Nitrophenol with 

Nanoparticle Catalyst 

In recent years, the reduction reaction of the 

harmful substance 4NP into the useful 4AP by sodium 

borohydride in an aqueous solution has become a 

model reaction that meets all criteria of a model 

reaction. Mixing with borohydride, 4NP produces a 

bright yellow solution of an intermediate product, 

namely 4-nitrophenolate ion, before being fully 

converted into 4AP (Bawarski et al., 2008; Kuroda et 

al., 2009). Because 4-nitrophenolate ions have strong 

absorption at 400 nm, the decay of this peak can be 

measured precisely using UV-Vis spectroscopy as a 

function of time (Verma et al., 2020). However, in the 

absence of a catalyst, the conversion rate of the 4NP 

to 4AP reaction by sodium borohydride is so small that 

the reaction should be monitored for hours. The metal 

catalyst has been explored for years to decrease the 

reaction time. Thus, the useful substances 4AP can be 

effectively obtained without delay, which is strategic 

from the industrial point of view. 

We aimed to use this model reaction to test the 

catalytic performance of our synthesized 

nanoparticles. While there was an abundant study 

about the catalytic performance of noble 

monometallic NPs on this hydrogenation reaction, 

core-shell NPs have not been fully explored yet. Here, 

we will compare the catalytic performance between 

Au, Ag and core-shell Au/Ag NPs with similar sizes in 

the hydrogenation reaction of 4NP. 

Figure 6 presented the UV-Vis absorption of 4NP 

before and after the addition of NaBH4 for 100 µL. It 

can be seen from the figure, that the absorption peak 

of 4NP was shifted from 317 nm to 400 nm due to the 

formation of the 4-nitrophenolate ion. The colour of 

the mixture solution also changed from light yellow to 

bright one in the blink of an eye. In the absence of a 

catalyst, the reaction conversion is so slow that the 

colour is constant for up to 48 hours. When we added 

more borohydride ions into the mixture (Figure 7), the 

absorption peak at 400 nm decays rapidly. Still, no 

peak indicated to 4AP was observed, even when the 

added borohydride ions reach up to 4000  µL. Inset in 

Figure 7 indicated that more borohydride ions added 

do not promote the conversion effectively.

   

 

Figure 6. UV-vis absorption spectra of aqueous 4NP before (black) and after addition (red) of 100 µL NaBH4 
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Figure 7. [a] UV-vis absorption spectra of 4NP reduced NaBH4 in various concentrations. [b] Absorbance at 400 

nm as a function of NaBH4 concentration. 

 

In the presence of NPS catalysts, the conversion 

phenomena are entirely different. Figure 8 shows the 

UV-vis absorption spectra at different time points for 

the reduction of 4NP over citrate stabilized (a) Au, (b) 

Ag and (c) Au40Ag core-shell NPs. In general, all 

catalysts used in this work promoted the conversion 

significantly, as the absorption peak of 4AP was 

observed at 300 nm after some minutes the catalyst 

was added to the mixture assay. The reduction 

reaction was also visible through the colour change 

with bleaching of the yellow colour, indicating the 

complete conversion of 4NP. The decay of the 4-

nitrophenolate absorption peak can also be seen 

more rapidly than those reactions without a catalyst. It 

is also worth noting that the isosbestic point was not 

observed in all reactions with catalyst. The missing 

isosbestic point can be attributed to H2 gas 

involvement during the reaction, forming gas bubbles 

that disturb the absorbance measurement (Yamamoto 

et al., 2012). In the case of Au NPs,  the reduction 

reaction was complete after 14 minutes at which the 

4-nitrophenolate peak at 400 nm disappeared, while 

the new peak at 317 nm was observed and gradually 

increased  time by time  (Figuer 8a). For Ag NPs 

(Figure 8b), the reaction progressed slower than those 

for Au NPS as the peak at 400 nm seemed to be 

saturated at some point when the time was at 17 

minutes, even though a small amount of 4AP can be 

obtained (low absorbance at 317 nm). In contrast to 

those monometallic counterparts, the reduction 

reaction of 4-NP was significantly progressed by the 

addition of core-shell Au40Ag NPs. Figure 8c 

illustrated that the reaction was completed within 11 

minutes, indicated by the disappearance of the 4-

nitrophenolate absorption peak at 400 nm and the 

significant appearance of 4-AP absorption peak at 

317 nm.  

The time dependence of the absorbance of 4-

nitrophenolate ions at 400 nm for all reactions with 

catalyst can be characterized by plotting In(At/A0) 

versus time shown in Figure 9. Figure 9 shows the 

typical results of fitting Eq. (3) to the experimental 

In(At/A0)(t) curves for all reaction 4-NP catalyst Au, Ag 

and Au40Ag NPs. It can be seen that the reduction 

reaction of 4-NP was fastly taken place when it was 

catalyzed with core-shell Au40Ag NPs indicated by a 

steep slope of the curve compared with those with Au 

or Ag NPs. In this case, the reaction rates were about 

0.32757, 0.25686 and 0.05374 minute
-1
 for 

Au40Ag, Au and Ag NPs, respectively (see Table 2). 

Interestingly, the reaction progressed similarly for Au 

and Au40Ag NPs, and 5 – 6 times faster if it is 

compared with the reaction catalyzed by Ag NPs. 

While the size of the synthesized nanoparticles and 

also crystallography properties between Au and Ag 

were quite similar,  the variation in their catalytic 

properties was still in debate in the literature. The fact 

is that the Ag NPs always show poor catalytic activity 

against Au NPs, especially in the reduction of 4-NP 

(Verma, et al., 2020). In many literatures, it is stated 

that the reduction reaction of 4-NP into 4-AP by NaBH4 

in the presence of nanoparticles catalyst can be 

explained by the inherent hydrogen adsorption by the 

catalyst that transported the hydrogen to 4-NP, 

converting into 4-AP. In other words, metal NPs are 

known to catalyze this reaction by facilitating the 

electron transfer from BH4

−
 to 4-NP. The efficiency of 

the catalyst is determined by the rate of the reaction, 

where a higher rate would indicate a better catalyst 

The observed difference in the catalytic activities 

among these synthesized nanostructures demonstrate 

the critical role of the Au core, which has superior 

catalytic performance. In our work, the reaction rate 

constant for reaction catalysized with Au40Ag core-

shell NPs is slightly better than those with the similar 

structure synthesized by  Ananas comosus leaves 

extract (Verma et al., 2020). 

To describe the catalytic performance, there was 

also an induction period that generally (in most 

studies) correlated to the time for the metal catalyst 

surface to restructure due to the adsorption of 

hydrogen evolved in the solution(Menumerov et al., 

2016; Zhao et al., 2015)(Menumerov et al., 2016; 

Zhao et al., 2015). The newest explanation of the 

induction period was ascribed by Strachan et al. as a 

phenomenon induced by the dissolved oxygen in the 
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system. They suggested that there is a buildup of the 

intermediates 4-nitrosophenol (4NO
−
) during the 

catalysis, which can either be further reduced to 4-AP 

or, in the presence of the dissolved O2, be oxidized to 

reform 4-NP. Simply by adding an inert argon gas to 

the system, the back oxidation of 4NO would not occur 

and thus, the related induction period would not be 

observed at all (Strachan et al., 2020). Strachan et al. 

also stated that the oxidation of the catalyst surface by 

the dissolved O2 could give rise to the observed 

induction period. In our work, the reaction with a 

catalyst having the elemental Ag showed an induction 

period of about 2 minutes, while no induction period 

for those with Au NPs (Table 2). This result is in good 

agreement with the result by Strachan et al. and can 

be correlated to Ag NPs properties that are easily 

oxidized by the dissolved O2. By allowing the catalyst 

and NaBH4 to react with the dissolved O2, the 

induction period is expected to decrease. 

 

 

Figure 8. UV-vis absorption spectra at different time points for the reduction of 4NP over 

citrate stabilized (a) Au, (b) Ag and (c) Au40Ag core-shell NPs, with excess NaBH4 in 

aqueous media at 298 K. Reaction condition; [4-NP] = 0.1 mM, [NaBH4] = 17.24 mM, 

[catalyst] = 100 L as prepared solution 
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Figure 9. The plot of ln (At/A0) versus time for reduction of 4NP to 4AP. 

 

Table  3. Induction time and reaction rate constant 

Catalyst 
τ 
(minutes) 

kr 

(minute
-1
) 

t 

(minutes) 

Au NPs 0 0.25686 < 10 

Ag NPs 2 0.05374 > 17 

Au40Ag NPs 2 0.32757 < 8 

 

To quantify the catalytic activity of nanoparticles, 

some works prefer to use turnover frequency, kTOF, 

instead of the induction period or the reaction rate 

constant (Kästner & Thünemann, 2016). The turnover 

frequency is defined as the number of reactant 

molecules (4-NP) that 1 g of catalyst  (metal NPS) can 

convert into a product (4-AP) per time. As we did not 

characterize the concentration of NPs in 100 µl we 

used in the reaction, we cannot define the TOF of our 

catalyst. Indeed, 100 µL of colloidal NPs used in a total 

reaction volume of 3 mL is quite excessive, as indicated 

by a small bump of SPR peak belonging to Au NPs at 

around 500 nm for both reaction catalyzed by Au and 

core-shell Au40Ag NPs, and a significant one in 400 

nm belong to Ag NPs were observed in the time-

dependent plot in Figure 8a and 8c after the reaction 

completed. This claim was in good agreement with the 

colour of the solution after reaction which is still in the 

colour of the used catalyst, not a transparent one as 

for 4AP produced in the solution. Further work is 

needed to explore the effect of catalyst concentration 

on their catalytic performance and hence, reveal the 

TOF of the catalyst. Detailed characterization of 

solution after reaction using high-performance liquid 

chromatography (HPLC) and inductively coupled 

plasma (ICP) are expected to be important to quantify 

the 4AP product and the leftover catalyst so that the 

conversion and the catalyst efficiency can be defined. 

  

CONCLUSIONS 

In this study, an easy and simple synthesis process 

was carried out to produce Au, Ag, and Au-Ag/core-

shell NPs. The resulting size and shape are quite 

uniform except for Ag nanoparticles with various 

shapes such as prisms and rods. The synthesized Au, 

Ag, and Au-Ag/core-shell NPs can be utilized as a 

good catalyst in reducing 4-NP to 4-AP in the presence 

of NaBH4, with Au40Ag core-shell NPs having superior 

catalytic properties over the monometallic ones i.e. 

apparent rate constant is about 0.32757 min
-1
. While 

the reaction with Au NPs catalyst had no induction 

period, the reaction with NPS catalyst containing 

elemental Ag had a large induction period (up to 2 

minutes) due to dissolved O2 consumption by both the 

intermediates produced and the catalyst itself (Ag is 

easy to be oxidized). Overall, this study shows that the 

chemical reduction method provides an easy and 

simple way of synthesizing Au and Ag NPs as well as 

the combination of the two, with excellent catalytic 

performance. 
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