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the sequence of precursor addition was reversed, 
i.e., copper precursor followed by silver, Cu core-Ag 
shell particles of size 65  nm were formed. We pro-
pose mechanisms that help understand the formation 
of these different structures. Resistance to oxidation 
studies showed that the particles with Cu core-Ag 
shell morphology were more resistant to oxidation 
than Janus particles.

Keywords Bimetallic nanoparticles · Microwave 
synthesis · Precursor sequence · Janus particles · 
Core–shell particles

Introduction

The essence of any chemical reaction is the conver-
sion of reactants into the desired product. These may 
involve several complex intermediate steps and mech-
anisms. In these systems, different reaction pathways 
can give rise to different products starting from the 
same reactants. These reaction pathways are sensitive 
to reaction conditions; as a result, different pathways 
generate varied products under different reaction 
conditions. This strategy has been applied in various 
organic, catalytic, and biological reactions to obtain 
varied products in a single process ((Ney and Wolfe 
2005; Kushida et  al. 2017)). However, the idea of 
exploiting multiple pathways in a single process has 
not been explored in nanoparticle synthesis. In this 

Abstract In this work, we experimentally dem-
onstrate the synthesis of different bimetallic Ag–Cu 
nanostructures like core–shell, Janus particles. It is 
shown that different nanoparticle structures are asso-
ciated with different reaction pathways. The pathway 
is manipulated by modifying the operating condi-
tions (reactant sequence in this case) of the reactions. 
Ascorbic acid and cetyltrimethylammonium bromide 
(CTAB) is used as the reducing agent and the cap-
ping agent, respectively. Silver nitrate and copper 
nitrate are used as precursors. The reaction is carried 
out under microwave-assisted heating, which intensi-
fies metal ion reduction. Two protocols are studied: 
(I) sequential and (II) simultaneous addition of pre-
cursors. By changing the sequence of the precursor 
addition, the morphology of the bimetallic nanopar-
ticles was altered. Janus particles of size 25–30  nm 
were formed under the simultaneous addition and 
the sequential addition when the silver precursor is 
added first, followed by the copper precursor. When 
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work, we show how this perspective can be extended 
to the synthesis of metallic nanoparticles.

Metallic nanoparticles have a wide range of appli-
cations. In the medical field, they serve as drug deliv-
ery agents (Cheng et  al. 2010), in wastewater treat-
ment as an anti-bacterial agent (Zhang et  al. 2013), 
and in chemical process industries as a catalyst 
(Cuenya 2010). Nanoparticles of precious metals such 
as gold and silver have been widely studied for these 
applications, but they can be prohibitively expensive. 
Copper nanoparticles are an attractive alternative to 
gold and silver. However, they are oxidized easily by 
air or dissolved oxygen in the water (Gawande et al. 
2016; Pacioni et al. 2013; Yabuki and Tanaka 2011).

In this context, bimetallic nanoparticles have 
gained much interest in recent times as they offer an 
alternative to expensive noble metallic nanoparti-
cles and unstable transition metallic nanoparticles. 
These nanoparticles, made of a mixture of metals, 
can exhibit different morphologies like core–shell, 
Janus particles, and mixed alloys. The morphologies 
are determined by the properties (atomic radius, bond 
strength, surface energy) of the two individual metals, 
which constitute the bimetallic nanoparticles (Fer-
rando et al. 2008).

A standard method to synthesize bimetallic nano-
particles is through the chemical reduction of pre-
cursors. This method provides good control over the 
shape and size of nanoparticles. To develop a green 
process, several earlier studies have focused on the 
use of environmentally friendly reducing agents such 
as ascorbic acid. Nanoparticle synthesis using these 
eco-friendly reagents requires a high temperature for 
the reduction of transition metals, as they are weak 
reducing agents. The reduction can be carried out 
using a conventional heating apparatus such as an oil 
bath (Nadagouda et  al. 2007; Panigrahi et  al. 2005; 
Tsuji et al. 2009). These heating methods result in a 
non-uniform temperature distribution inside the reac-
tor and result in a broad nanoparticle size distribution 
(Schanche 2003). To overcome the problem of non-
uniform temperature distribution, microwaves have 
been alternatively used for heating (Cai et al. 2017).

Synthesis of the nanoparticles using microwave 
heating and its effect on intensifying the reaction 
process have been studied widely (Horikoshi and 
Serpone 2013). It is known that microwave heating 
enhances the reaction rates of chemical processes 
by decreasing the activation energy of the molecules 

(Zhou et  al. 2016). Moreover, heating through the 
microwave provides a uniform temperature and 
speeds up the nucleation process via an instantane-
ous temperature rise (Horikoshi et al. 2010). Valodkar 
et al. (2011) synthesized Cu-Ag nanoparticles using 
ascorbic acid as a reducing agent. They considered 
the effect of copper concentration on the localized 
surface plasmon resonance (LSPR) peak of the 
nanoparticles. Tsuji et  al. (Tsuji et  al. 2010) inves-
tigated the mechanism of the formation of silver 
copper bimetallic nanoparticles. They synthesized 
particles with silver at the core and copper at the 
shell and vice versa by changing the concentration 
of seeds and precursors. However, computational 
studies show that the Cu core-Ag shell formations 
are thermodynamically favorable and stable com-
pared to Ag core-Cu shell formations (Ferrando 
et al. 2008; Rossi et al. 2004). Studies performed by 
Ferrando (2015) discussed different computational 
and experimental results in the transition of nano-
particle structures by modifying the atomic content 
of the two metals involved. However, the transition 
between different nanoparticle structures by modify-
ing operating conditions at a constant atomic content 
has not been addressed yet.

Bimetallic nanoparticles with different struc-
tures have been widely studied (Langlois et al. 2012; 
Miyakawa et  al. 2014). Core–shell and Janus struc-
tures are two of the most common morphologies that 
exist for the bimetallic system. The synthesis of Janus 
bimetallic nanoparticles so far has been carried out 
via complex processes such as interfacial galvanic 
exchange reactions (Song et  al. 2012), interfacial 
etching of core–shell particles (Chen et al. 2016), or 
by physical methods (Langlois et  al. 2012). For the 
synthesis of core–shell structures, the process of seed 
mediation has been widely used (Ma et  al. 2010; 
Wang et al. 2016; Lu et al. 2002; Mandal et al. 2003). 
It is hypothesized that the metal salt (primary) that 
gets reduced first forms the core structure, and the 
component (secondary metal salt) added later forms 
the shell around the previously synthesized core 
nanoparticles. This holds true when the two metals 
involved have a comparable atomic radius and surface 
energies (e.g., Au, Ag). However, this mechanism 
cannot be assumed for the bimetallic nanoparticles 
made of elements with different atomic radius and 
surface energies (e.g., Ag, Cu).
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In the context of bimetallic nanoparticles, in light 
of the above studies, it is clear that the different struc-
tures are formed by different reaction pathways. The 
question arises as to whether it is possible to manipu-
late these pathways experimentally by controlling the 
operating conditions. This control can help in tuning 
the final product characteristics, i.e., the morphology 
of bimetallic nanoparticles.

In this work, we explore the possibility of obtain-
ing different structures like core–shell and Janus 
particles by changing the process conditions. The 
focus is on the importance of the reactant sequence 
in manipulating the reaction pathways and thereby 
tune the morphology of bimetallic nanoparticles. The 
transition-noble bimetallic nanoparticle system of 
copper and silver is chosen as an example to under-
stand the effect of the precursor sequence as both 
metal ions can be reduced by a single reducing agent. 
Moreover, copper and silver exhibit localized surface 
plasmon resonance (LSPR) properties at nanoscale in 
the visible region, which makes it easier to character-
ize the formation of bimetallic nanoparticles through 
UV–vis spectroscopy. It is shown, in this work, that 
by varying the sequence of addition of precursors and 
modifying the reaction pathway, different morpholo-
gies like core–shell and Janus nanoparticles can be 
tuned McIntyre and Cook 1975. Studies on resistance 
to oxidation were performed to understand the stabil-
ity of these structures. It is further shown, for the first 
time, that Janus bimetallic nanoparticles can be syn-
thesized through a simple microwave-assisted chemi-
cal reduction method.

Experimental procedure

Materials

For the experiments, copper nitrate trihydrate 
(Cu(NO3)2.3H2O), silver nitrate  (AgNO3), ascor-
bic acid, and CTAB were purchased from Merck 
India Pvt. Ltd., Mumbai, India. Deionized water 
was obtained from the Evoqua Millipore® system. 
Carbon-coated nickel TEM grids were obtained from 
Tadpella Inc., USA, for performing TEM imaging of 
nanoparticles.

Synthesis of nanoparticles

Stock solutions of 0.01  M of Cu(NO3)2·3H2O and 
0.01  M  AgNO3 solutions were prepared. These 
serve as precursors for the Cu and Ag nanoparticles, 
respectively. 0.5  M ascorbic acid solution was used 
as a reducing agent in all the experiments. CTAB is 
employed as a capping agent and a phase-directing 
agent.

Three different sets of experiments were carried 
out systematically to vary the pathways for the forma-
tion of different nanoparticle morphologies. The reac-
tion pathway was altered by changing the sequence 
of precursor addition in batch synthesis. In the first 
set of experiments, we analyze the formation of nano-
particles by changing the sequence of two precursors 
used for the synthesis, viz. copper nitrate and silver 
nitrate. We also examine what nanoparticle struc-
tures are formed if both the precursors are reduced 
simultaneously. Furthermore, we investigate the anti-
oxidation properties of different bimetallic nanoparti-
cles synthesized in this study. The experimental pro-
tocols are schematically described in Fig.  1. 100 ml 
of deionized water was poured into a 500-ml glass 
beaker. One milliliter of 0.5 M ascorbic acid solution 
was added to the beaker. Furthermore, 0.1 g of CTAB 
(capping agent) was added to this solution to prevent 
the agglomeration of the synthesized nanoparticles. 
Later, the first precursor  (AgNO3 in the experiment 
E1 and Cu(NO3)2·3H2O in the experiment E2) solu-
tion was added to the CTAB and ascorbic acid mix-
ture. The resulting solution was stirred vigorously for 
1 min at 600 rpm. The initial pH of the solution was 
brought to 11 by dropwise addition of 1  M sodium 
hydroxide. This solution was subjected to 30  s of 
microwave heating (750 W, 2.45 GHz).

The formation of primary nanoparticles corre-
sponding to the first precursor was confirmed by the 
development of color in the solution (yellow in exper-
iment E1 and brown in experiment E2). UV–vis spec-
troscopy was performed to confirm the formation of 
the primary nanoparticles. Later, 1 ml of the second 
precursor (Cu(NO3)2·3H2O in the experiment E1 and 
 AgNO3 in the experiment E2) was added dropwise to 
the solution while mixing it at 600 rpm. The resultant 
solution was further heated in a microwave for 30 s at 
750 W. The solution turned reddish-brown (in E1) or 
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yellow (in E2), indicating the formation of bimetallic 
nanoparticles.

For experiment E3, initially, a 100  ml solu-
tion consisting of 0.1  g CTAB was prepared. Later, 
1 ml of 0.01 M Cu(NO3)2·3H2O and 1 ml of 0.01 M 
 AgNO3 were added at the same time. Later, 1 ml of 
0.5 M ascorbic acid was added to the solution of the 
precursor mixture. The resulting solution was heated 
for 60 s in the microwave (750 W, 2.45 GHz). After 
heating, the solution turned dark red, indicating the 
formation of nanoparticles.

The solution containing nanoparticles was 
later analyzed through different characterization 
techniques.

Precautionary measures The synthesis of nano-
particles is extremely sensitive to the operating 
conditions. Hence, it is important to control these 
conditions as accurately as possible to obtain repro-
ducible results. The precautionary measures taken are 
described next.

a) Temperature distribution in the system can alter 
the nucleation and cause polydispersity in nano-

particle size. It was challenging to measure the 
temperature of the solution during microwave 
heating. However, the temperature of the solu-
tion after the microwave heating process was 
measured to be 94° C. Therefore, the temperature 
of the solution after the microwave heating was 
maintained at 94° C through a hot oil bath until 
the experiment was complete.

b) Mixing plays a vital role in ensuring uniform 
nucleation of particles. It is necessary to have vig-
orous stirring during the addition of the reactants. 
Different stirrers may have different power rat-
ings, which may lead to varying stirring speeds. 
Moreover, different stirring pellets may again 
lead to dissimilar mixing patterns. To keep the 
mixing conditions constant, all the experiments 
were conducted in the same stirrer (IKA® RCT 
Basic) and the same magnetic pellet. It was also 
ensured that the position of the pellet was always 
at the center of the reactor during the experiment. 
It was challenging to stir during microwave heat-
ing. Therefore, the stirring was employed before 
and after the microwave heating.

Fig. 1  Schematic of different experimental procedures for the synthesis of bimetallic nanoparticles. The sequence of precursor addi-
tion is altered in experiments E1 and E2. Precursors are added simultaneously in experiment E3
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c) Impurities can contribute to the polydispersity 
of the nanoparticles by providing heterogeneous 
nucleation sites. Therefore, the glassware and 
stirring pallet used in the experiments were thor-
oughly washed using a Piranha solution (1:3 ratio 
of 30%  H2O2 and  H2SO4) and deionized water 
before every experiment.

d) Silver nitrate is sensitive to light and can undergo 
a reduction in the presence of light. This affects 
the synthesis of nanoparticles. Therefore, the 
reactions were carried out with all the lights 
switched off to eliminate the interference of light 
during nanoparticle synthesis.

Nanoparticle characterization

Initially, the nanoparticle solution was characterized 
using UV–vis spectroscopy (JASCO V-630). The 
metal nanoparticles interact with light and exhibit an 
LSPR. This is caused by the interaction of electrons 
present on the surface of metals and the electromag-
netic field of emitted photons. The formation of nano-
particles can hence be confirmed from the absorption 
spectra. The peak in the spectrum indicates the for-
mation of nanoparticles and is observed in the vis-
ible region of light for silver and copper nanoparti-
cles in the wavelength range of 350 nm–450 nm, and 
550 nm–650 nm, respectively.

Furthermore, the solution containing nanoparti-
cles was centrifuged, and the residue was collected 
and dried. The dried powder containing nanoparticles 
was subjected to XRD (Rigaku Miniflex™) to deter-
mine the crystal structure of nanoparticles. The XRD 
data for pure silver and copper nanoparticles were 
analyzed, and the crystal planes corresponding to the 
peaks were calculated. The details of these data and 
computations are given in Supporting Information. 
X-ray photoelectron spectroscopy analysis (XPS) 
(using Thermo Fisher Scientific ESCALAB Xi +) 
was performed on bimetallic nanoparticles to ana-
lyze the surface elemental composition. Furthermore, 
SEM (using Hitachi S4000) and TEM (using JOEL 
3010 and Tecnai™ T20) images were obtained and 
analyzed to determine and understand the morphol-
ogy of the particles. Small-angle electron diffraction 
(SAED) was performed along with TEM imaging to 
understand the crystalline structure of nanoparticles. 
The surface elemental composition of the particles 

was confirmed by performing EDS (using Oxford 
Instruments). Particle size analysis was performed on 
the TEM image using ImageJ software provided by 
the National Institute of Health, USA. One hundred 
particles were considered for the particle size analy-
sis, and the average Ferret’s diameter was calculated. 
All the experiments were carried out three times to 
ensure reproducibility.

Results

Experiment E1 (Ag precursor followed by Cu 
precursor)

In this case, initially, silver nanoparticles are synthe-
sized by the addition of  AgNO3 in an ascorbic acid 
solution. The UV–vis absorption spectra (Fig.  2a) 
confirm the presence of silver nanoparticles (dashed 
lines) as the LSPR peak is obtained at 409 nm. Later, 
when the copper precursor  (CuNO3·3H2O) was added 
to the solution, the UV–vis absorption data (con-
tinuous line) confirm the formation of copper nano-
particles through a weak LSPR peak at 580 nm. The 
presence of silver in the nanoparticles is confirmed 
through an LSPR peak at 401 nm. This spectrum is 
similar to the spectra of Ag–Cu Janus nanoparti-
cles obtained in the literature (Pellarin et  al. 2015). 
The XPS result shown in Fig. 2b indicates the pres-
ence of copper and silver at the nanoparticle surface. 
Peaks at 368  eV and 373  eV were attributed to the 
presence of silver. Furthermore, analysis was carried 
out by deconvoluting XPS data of the corresponding 
element at a higher resolution. This was performed 
to understand its oxidation state. The details of the 
analysis are discussed in Section S3 of the Support-
ing Information. High-resolution XPS (Figure  S2a) 
reveals the presence of Ag and  Ag2O on the particle 
surface. The peak corresponding to copper could be 
observed at 932  eV. Detailed analysis (Figure  S2b) 
indicates the contribution of CuO,  Cu2O to the cop-
per peak. Besides, the O 1 s peak at 531 eV confirms 
the surface oxidation. Furthermore, analysis at high 
resolution (Figure S2c) indicates that oxygen is pre-
sent in the form of oxides of copper and silicon. The 
presence of silicon in the XPS data is attributed to the 
silicon wafer, on which the nanoparticles were dried 
and analyzed. The XRD spectrum of the bimetallic 
nanoparticles in Fig.  2c is compared with the XRD 
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spectra of pure silver and copper nanoparticles (See 
Supporting Information). The analysis of the par-
ticles before the addition of the second precursor 
indicates the formation of silver nanoparticles with 
[111] (at 2ϴ = 38.16), [200] (at 2ϴ = 44.38), [220] (at 
2ϴ = 64.42), and [311] (at 2ϴ = 77.44) crystal planes. 
Furthermore, the analysis of nanoparticles formed 
after the addition of the second precursor indicated 
the presence of [111] Cu planes (at 2ϴ = 43.51) and 
[111] Ag plane (at 2ϴ = 38.16) and [200] and [311] 
Ag planes at 2ϴ = 44.36 and at 2ϴ = 77.44 respec-
tively. The TEM image Fig.  3a indicates the forma-
tion of the bimetallic nanoparticles with an average 
particle size of 23.5 nm. It can be observed that the 
particles have Janus morphology. The lighter portion 
of the particle in the TEM image corresponds to cop-
per, whereas the darker portion corresponds to silver 
(see the inset of Fig. 3a). The contrast is obtained due 
to different atomic mass (and hence the densities) of 
silver (107.868 amu) and copper (63.546 amu). Since 
the contrast is consistent in all the particles (a darker 
portion is always at one side of the particle), the con-
trast due to the different thickness of the particles 
can be ruled out. The SAED pattern (Fig. 3b) analy-
sis of the nanoparticles revealed the formation of Ag 
[111], [220], and [311] planes and Cu [111], [200], 

and [220] planes. These results are consistent with 
the XRD data. The details are discussed in Support-
ing Information Section S2. Spherical nanoparticles 
could be observed in the SEM image, included in the 
Supporting Information (Figure  S6a). Furthermore, 
the elemental analysis in Fig.  3c confirms the pres-
ence of elemental copper and silver in the nanoparti-
cles. The EDS spectrum (see Figure S7a in the Sup-
porting Information) further indicates the presence of 
silver and copper on the particle surface.

Experiment E2 (Cu precursor followed by Ag 
precursor)

When the sequence of precursor addition is changed, 
copper nanoparticles are synthesized initially. The 
UV–vis absorption spectra in Fig. 4a (dash lines and 
inset) confirm the formation of copper nanoparticles 
as a weak LSPR peak corresponding to copper nan-
oparticles at 590 nm could be observed. Later, after 
the addition of the silver precursor, a dominant LSPR 
peak for Ag is formed at 431  nm, and the peak for 
copper diminishes. Since the LSPR is a surface phe-
nomenon, the absence of a copper LSPR peak indi-
cates the possibility of a core–shell formation with 
copper at the core and silver as a shell. We refer to 

Fig. 2  a) UV–vis absorp-
tion spectra indicating 
LSPR peak for silver before 
the addition of copper 
precursor and peaks for 
copper and silver after addi-
tion of copper precursor, b) 
XPS spectrum confirms the 
presence of oxidized copper 
and silver on the nanopar-
ticle surface, and c) XRD 
spectrum for the AgCu 
bimetallic nanoparticles, 
synthesized in experiment 
E1 with microwave heating
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Fig. 3  a) TEM image of 
bimetallic nanoparticles 
indicating the formation of 
Janus particles with dark 
portion representing silver, 
whereas lighter portion rep-
resenting copper, b) SAED 
pattern of the particles 
revealing their crystalline 
structure, and c) elemental 
analysis of the bimetallic 
nanoparticles synthesized in 
the experiment E1 showing 
the original image (left) 
and analyzed image (right) 
confirming the presence 
of copper and silver in the 
particles

Fig. 4  Characterization 
of bimetallic nanoparticles 
synthesized in experiment 
E2 with microwave heat-
ing. a) UV–vis absorption 
spectra with the LSPR peak 
for copper nanoparticles 
formed before the addition 
of the second precursor is 
shown in the inset, b) XPS 
spectrum indicating pres-
ence of silver and oxygen 
on the nanoparticle surface, 
and c) XRD data for the 
Cu-Ag bimetallic nanopar-
ticles
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these particles as Cu-Ag particles. The XPS results 
(Fig. 4b) reveal the presence of silver on the surface. 
The high-intensity peaks at 367 eV and 373 eV cor-
respond to silver. Deconvoluted high-resolution XPS 
(Figure  S3a) further indicates the presence of Ag 
and  Ag2O on the nanoparticle surface. The low O 1 s 
peak at 531  eV implies minimal surface oxidation. 
The minor Cu (2p 3/2 orbital) peak at 932  eV was 
observed and can be attributed to fewer particles that 
did not form core–shell structures. The peak could 
also imply the formation of few copper nanoparti-
cles that may form through the copper ions displaced 
during the galvanic reactions occurring at the sur-
face. The deconvolution of O 1  s peak (Figure S3c) 
revealed contribution from oxides of silicon and cop-
per. XRD pattern in Fig.  4c indicates the formation 
of copper particles initially with [111] (2ϴ = 43.36), 
[200] (2ϴ = 50.44), and [220] (2ϴ = 74.43) planes. 
After the addition of  AgNO3, the particles show 
the presence of [111] Ag (2ϴ = 38.08), [200] Ag 
(2ϴ = 44.34), [220] Ag (2ϴ = 64.44), and [311] Ag 
(2ϴ = 77.50), along with [111] Cu (2ϴ = 43.28) 
planes. The core–shell structure of the nanoparticles 
with an average size of 65  nm could be confirmed 
through the TEM image (Fig. 5a). The lighter part of 

the particles corresponds to copper, and the darker 
portion of the particle corresponds to silver (see inset 
image in Fig. 5a). The SAED pattern of the nanopar-
ticles in Fig.  5b indicates the presence of Ag [111], 
[220], and [311] planes and Cu [111], [200], and 
[220] planes. These results are consistent with the 
structure obtained from XRD data. The SEM image 
(see Figure S6b in the Supporting Information) indi-
cates that the particles formed are non-uniform in 
size. The elemental analysis of the particles in Fig. 5c 
confirms the presence of silver on the nanoparticle 
surface. The EDS spectrum is included as Figure S7b 
in the Supporting Information. Minor Cu peak in 
the EDS spectra further confirms the formation of 
core–shell structure.

Experiment E3 (simultaneous addition)

The UV–vis spectral data (Fig.  6a) obtained for the 
simultaneous addition of precursors are similar to the 
spectra obtained in experiment E1. A sharp LSPR 
peak for silver is obtained at 401  nm, and a broad 
copper LSPR peak can be seen at 576 nm. The XPS 
results (Fig. 6b) indicate the presence of copper and 
silver at the nanoparticle surface. Here, the silver 

Fig. 5  a) TEM image of 
bimetallic nanoparticles 
indicating the formation 
of core–shell particles, 
b) SAED pattern of the 
bimetallic nanoparticles 
attributing different crystal-
line states, and c) elemental 
analysis of the bimetallic 
nanoparticles synthesized 
in experiment E2 with the 
original image (left) and 
analyzed image (right) 
confirming the presence 
of copper and silver in the 
particles
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peak is observed at 368 eV and 374 eV. These peaks 
were further analyzed and deconvoluted to understand 
the oxidation states. The deconvolution as performed 
in Supporting Information (Figure  S4a) indicates 
the presence of silver in the form of Ag and  Ag2O. 
The peak corresponding to copper was observed at 
933  eV. On further analysis of the copper peak by 
deconvolution (Figure  S4b), it is observed that cop-
per on the surface exists as CuO and  Cu2O. The high-
intensity oxygen peak in the XPS spectra at 531 eV 
indicates surface oxidation. The analysis of the data 
at high resolution in Figure S4c implies that the oxy-
gen peak is contributed by oxides of copper and sili-
con. The XRD pattern in Fig. 6c describes the forma-
tion of crystalline silver [111] planes (2ϴ = 38.18), 
[200] planes (2ϴ = 44.34), [220] planes (2ϴ = 64.44), 
and [311] planes (2ϴ = 77.56), and highly crystal-
line copper [111] planes (2ϴ = 43.48). The TEM 
image in Fig. 7a indicates the formation of a mixture 
of morphologies consisting of Janus, core–shell par-
ticles, along with copper particles with an average 
size of 33  nm, in this case. We refer to these parti-
cles as  AgCuSim. The SAED pattern in Fig. 7b indi-
cates the formation of Ag [111], [220] planes, and 

Cu [200] crystalline structure in the nanoparticles. 
It can be observed from the SEM image included as 
Figure S6c in the Supporting Information, the nano-
particles formed are comparatively smaller than those 
in experiment E2 (Cu followed by Ag) and similar to 
nanoparticles formed in experiment E1 (Ag followed 
by Cu). The elemental analysis in Fig.  7c confirms 
the presence of elemental copper and silver in the 
nanoparticles.

Anti-oxidation studies

It is well known that the copper nanoparticles oxi-
dize rapidly and lose their surface activity (Pacioni 
et  al. 2013). In comparison to Cu nanoparticles, Ag 
nanoparticles are less prone to oxidation. We now 
analyze the stability of different bimetallic nanoparti-
cles obtained under different experimental conditions. 
This will help in the selection of the right sequence 
based on the applications. For instance, in conduc-
tive inks, the particles are required to be resistant 
to oxidation to achieve the desired conductivity. To 
understand the resistance of bimetallic nanoparticles 
to oxidation, the solution containing nanoparticles 

Fig. 6  a) UV–vis absorp-
tion spectra indicating the 
LSPR peaks corresponding 
to silver and copper, b) XPS 
data indicating the presence 
of silver and copper on the 
nanoparticle surface, and 
c) XRD spectrum analysis 
for the characterization of 
bimetallic nanoparticle syn-
thesized in experiment E3 
with microwave heating
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Fig. 7  a) TEM image of  
bimetallic nanoparticles 
synthesized in E3 shows the 
formation of a mixture of 
nanoparticle morphologies, 
b) SAED pattern of the 
nanoparticles indicating the 
crystalline structure, and c) 
elemental analysis of the 
nanoparticles synthesized in 
experiment E3, the original 
image (left), and analyzed 
image (right) confirming 
the presence of copper and 
silver in the particles are 
shown

Fig. 8  UV–vis absorp-
tion spectra for three 
experiments: a) E1 (silver 
precursor followed by 
copper precursor), b) E2 
(copper precursor followed 
by silver precursor), and c) 
E3 (simultaneous addition 
of precursors). Spectra for 
nanoparticles formed in E1 
and E3 show degradation 
with time, whereas spectra 
for nanoparticles formed in 
E2 show minimal degrada-
tion with time
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obtained from all three experiments was kept at ambi-
ent temperature (30 ± 2° C) for 120 h. The absorption 
spectrum and the images of the nanoparticle solu-
tion were obtained every 24  h. The spectrum and 
the color of the solution at different time instants 
are shown in Figs. 8 and  9, respectively. Figure 8a, 
b, and c  show the UV–vis absorption spectra for the 
bimetallic nanoparticles obtained in the experiments 
E1, E2, and E3, respectively. The silver and copper 
LSPR peaks for the experiments E1 (Fig.  8a) and 
E3 (Fig. 8c) show significant degradation with time. 
This is attributed to the degradation of nanoparticles 
through oxidation. The absorption spectra observed 

for the bimetallic nanoparticle solution obtained in 
experiment E2 (Fig. 8b) degrade initially but at later 
instants shows stable LSPR peaks indicating stable 
nanoparticle solutions. It was observed that the red 
solution from the experiments E1 (AgCu) and E3 
 (AgCuSim) eventually turned yellowish (Fig. 9a and c) 
with time indicating oxidation of copper. The nano-
particle solution obtained in experiment E2 (Cu-Ag) 
retained the yellowish color (Fig. 9b), indicating the 
nanoparticles synthesized here are stable and resist-
ant to oxidation. Comparing O 1  s peaks from the 
XPS data in Figs. 2b, 4b, and  6b further ascertains 
that nanoparticles formed in E1 and E3 are prone to 

Fig. 9  Images of nano-
particle solution obtained 
at different time intervals 
for experiments: a) E1 
(silver precursor followed 
by copper precursor), b) E2 
(copper precursor followed 
by silver precursor), and c) 
E3 (simultaneous addition 
of precursors) indicating 
color change with time for 
particles obtained in the 
experiments E1 and E3, 
whereas no color change for 
particles obtained in E2
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oxidation. High-intensity O 1 s peaks for the nanopar-
ticles synthesized in E1 and E3 indicate higher sur-
face oxidation compared to that seen in nanoparticles 
synthesized in E2. Therefore, core–shell nanoparti-
cles synthesized in E2 are resistant to oxidation than 
the particles synthesized in E1 and E3. The analysis 
of the above results is discussed in the next section.

Discussion

The results discussed in the previous section confirm 
that different morphologies of bimetallic nanopar-
ticles can be synthesized by changing the operating 
conditions. In this section, we propose the different 
pathway mechanisms that lead to the formation of 
varied nanoparticle structures.

The nanoparticle reduction kinetics is fast owing to 
a high concentration of reducing agent (ascorbic acid) 
and microwave heating. Under these conditions, the 
reaction pathways for nanoparticle formation are gov-
erned by the thermodynamics of the system. Accord-
ing to Ferrando et al. (Ferrando et al. 2008), the struc-
ture of the bimetallic nanoparticles consisting of two 
metals (Cu and Ag here) depends on the following 
three parameters.

Relative strengths of Cu − Cu, Ag–Ag, and Cu‑Ag 
bonds Considering the bond strength in Table 1, the 
following relationships can be established between 
different bond strengths: Cu-Cu > Cu-Ag > Ag–Ag. 
The bond strength determines the thermodynamic 
stability of the total system and influences the mix-
ing of the metals. Considering a bimetallic nanoparti-
cle-containing copper and silver surface, new copper 
atoms would preferentially deposit on the copper sur-
face of the particle due to higher Cu-Cu bond strength 

as compared to Cu-Ag bond strength. Whereas new 
silver atoms would deposit on the copper surface of 
the particle rather than the silver surface due to higher 
Cu-Ag bond strength as compared to Ag–Ag bond 
strength.

Surface energies of bulk elements Cu and Ag The 
element with the lowest surface energy tends to form 
the surface of a particle. In the case of Ag and Cu, 
the lower surface energy of Ag favors the formation 
of the nanoparticles with Ag atoms on the surface 
(Osowiecki et al. 2018).

Relative atomic sizes The element with a smaller 
atomic size preferentially forms the core of a particle. 
In this case, Cu with a smaller size will preferentially 
form the core of the particle. These parameters for Ag 
and Cu are listed in Table  1. We use this to under-
stand the mechanism of the formation of different 
structures in different experimental protocols.

The above physiochemical properties of metals 
influence the reaction pathways and hence the final 
nanoparticle structure. We propose the mechanisms 
for nanoparticle formation under the different experi-
mental conditions taking the aforementioned proper-
ties into account.

Experiment E1

Here, the synthesis of nanoparticles can be consid-
ered as a reaction in series and can be represented as 
follows:

 where A and B are the precursors and R is the reduc-
ing agent. A’ and A’B’ are the products. Specifi-
cally, A here is silver nitrate, B is copper nitrate, and 
R is ascorbic acid. Initially, when silver nitrate (A) 
is added to the solution, the silver ions are reduced 
by ascorbic acid, and silver nanoparticles (A’) are 
formed. Later, when the copper precursor (B) is 
added to the solution, the reduction of copper ions 
by ascorbic acid is accelerated by microwave heat-
ing. The existing silver nanoparticles act as nucleat-
ing sites to the copper atoms. These nucleating sites 
provide a low energy path for the generation of the 
copper nucleus via surface deposition and help in the 

(R1)A + R
microwave

⟶ A
� + R + B

microwave

⟶ A
�
B
�(Janus)

Table 1  The elemental properties of Cu and Ag which 
determine the structure of bimetallic nanoparticles (Zaleska-
Medynska et al. 2016)

Bond strength (dissocia-
tion energy) (kJ/mol)

Surface 
energy (J/
m2)

Atomic 
radius 
(pm)

Copper 190.4 ± 13 (Cu-Cu)
172 ± 8 (Cu-Ag)

1.790 125

Silver 159 ± 8 (Ag–Ag)
172 ± 8 (Ag–Cu)

1.246 144
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process of copper nucleation on the silver surface. 
This leads to partial deposition of a copper layer on 
the silver nanoparticle surface through heterogeneous 
nucleation. It was also observed that Ag nanoparticles 
catalyze the formation of Cu atoms at room tempera-
ture (see Supporting Information). This is consistent 
with the study of Grouchko (Grouchko et  al. 2009). 
Furthermore, when more copper atoms are generated 
through reduction, the copper layer deposited previ-
ously on the silver surface acts as a nucleating site 
instead of the remnant silver surface. This is attrib-
uted to higher Cu-Cu bond strength as compared to 
Cu-Ag bond strength. Thus, the copper atoms deposit 
preferentially on the copper layer instead of the sil-
ver surface. This inhibits the formation of a copper 
shell around the silver nanoparticle and results in the 
formation of AgCu Janus particles, as depicted in 
Fig. 10. There exists a possibility of Cu atoms enter-
ing into the subsurface of Ag nanoparticles, leading 
to the formation of quasi-Janus structures. In these 
structures, the copper surface is covered with an Ag 
monolayer, as reported in the studies performed by 
Bochicchio et  al. and Baletto et  al. (Bochicchio and 
Ferrando 2013; Baletto et  al. 2003). However, the 
formation of quasi-Janus structures could not be con-
firmed in characterization studies due to the resolu-
tion limitations.

Experiment E2

When the reaction sequence is altered in experiment 
E2, nanoparticle formation can be considered as reac-
tions in series as well and is represented as follows:

(R2)
B + R

microwave

⟶ B
� + R + A

microwave

⟶ B
�
A

� (Core − Shell)

Here, the copper precursor (B) is reduced first in 
the presence of ascorbic acid (R) using microwave 
heating. The microwave enhances the reduction rate 
of copper ions. The time required to synthesize cop-
per nanoparticles is drastically reduced from 2–16 h 
when conventional heating methods are used (Biçer 
and Şişman 2010; Xiong et al. 2011; Liu et al. 2012) 
to 1 min in the microwave. Microwaves enhance the 
rate of chemical reactions by decreasing the activation 
energy of the reactant molecules (Zhou et al. 2016). 
This reduces the total reaction time of the copper 
ions with ascorbic acid resulting in an enhanced rate 
of copper nanoparticle (B’) formation. Furthermore, 
when silver nitrate (A) was added to the solution, the 
silver ions undergo rapid reduction following two 
mechanisms: (i) they are reduced by ascorbic acid and 
(ii) the silver ions also undergo the galvanic displace-
ment reaction with copper on the particle surface. The 
reduction potential of copper  (Cu2+/Cu =  + 0.34 V) is 
lower than the silver  (Ag+/Ag =  + 0.7996) (Ferrando 
et  al. 2008). Hence, the galvanic displacement reac-
tion occurs wherein copper reduces the silver ions 
in the solution. As a result, silver preferably depos-
its on the copper nucleus. This type of growth, along 
with the factors like bond strength, surface energies, 
and atomic radius, promotes the formation of copper 
core and silver shell (Fig.  11). Therefore, when the 
sequence of the precursor addition is changed, the 
Cu-Ag core–shell (B’A’) formation is favored. It was 
observed that the particles synthesized in this case 
have relatively larger polydispersity than the other 
two cases. This can be attributed to the presence of 
more than one core in the particles which leads to 
uneven growth of the silver shell.

Fig. 10  Schematics describing the proposed mechanism for the formation of Janus Ag–Cu bimetallic nanoparticles synthesized in 
the experiment E1
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Experiment E3

In this case, the nanoparticle synthesis is considered 
as multiple reactions in parallel since both reducing 
agents are reduced simultaneously. The nanoparticle 
formation can be represented as

Here, copper and silver precursors are mixed 
simultaneously, and a reducing agent is added to 
the mixture. The silver ions are reduced instantane-
ously and form nuclei. Simultaneously, the reduc-
tion of copper is initiated, but this reaction rate is 
slow compared to the reduction rate of silver. This is 
attributed to the relatively high reduction potential of 
silver ions  (Ag+/Ag =  + 0.7996) than the copper ions 
 (Cu2+/Cu =  + 0.34) (Ferrando et al. 2008). It is hence 

(R3.1)A + R
microwave

⟶ A
�

(R3.2)B + R
microwave

⟶ B
�

(R3.3)A
� + B

�
⟶ A

�
B
� (Janus)

easier for the silver to undergo a reduction in a weak 
reducing agent like ascorbic acid. Consequently, a 
higher number of silver nuclei are formed than copper 
nuclei in the solution. The copper ions in the solution, 
as they undergo reduction, will further grow on the 
formed copper and silver nuclei through homogenous 
and heterogeneous growth, respectively. Thus, a mix-
ture of Janus-like particles and copper nanoparticles 
is formed in this case, as depicted in Fig. 12. During 
simultaneous nucleation, the nanoparticles may form 
aggregated structures, initially leading to the forma-
tion of an intermixed configuration. The high tem-
perature further induces phase separation of copper 
and silver atoms leading to the formation of Janus or 
core–shell structure, as explained in the simulation 
studies performed by Nelli et al. (Nelli and Ferrando 
2019). Eventually, the nanoparticles formed in E3 
consist of a mixture of Janus, core–shell, and copper 
nanoparticles.

Fig. 11  Schematics describing the proposed mechanism for the formation of Core–shell Cu-Ag bimetallic nanoparticles synthesized 
in the experiment E2

Fig. 12  Schematics describing the proposed mechanism for the formation of a mixture of Janus Ag–Cu bimetallic and copper nano-
particles synthesized in the experiment E3
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Anti-oxidation studies

Nanoparticles obtained from the experiments E1 
and E3 show weak resistance to oxidation. Janus 
nanoparticles obtained in the experiments E1 and E3 
contain copper at the surface. The copper surface is 
susceptible to easy oxidation under ambient condi-
tions and results in the degradation of these bimetallic 
nanoparticles. This manifests as a decrease in LSPR 
peaks and changes in color, as shown in Figs. 8a and 
c and 9a and c. The particles obtained in experiment 
E2 consist of the copper core protected by the silver 
shell. This prevents the oxidation of copper as it is not 
exposed, enhancing the stability of the nanoparticles. 
Hence, the LSPR peak in Fig. 8b is dominant, and no 
color change in the solution is observed in Fig. 9b.

Conclusions

This work explores the possibility of tuning the 
nanoparticle structures through different reaction 
pathways. The pathways were varied by changing 
the sequence of addition of reactants. In the experi-
ments E1 and E2, nanoparticle synthesis was carried 
out sequentially through a series of reactions. These 
experiments emphasized the importance of sequence 
in the series reactions as two different structures of 
nanoparticles, viz. Janus and core–shell were obtained 
for experiments E1 and E2, respectively, whereas 
experiment E3 showed that a mixture of nanoparticle 
structures was obtained as the synthesis was carried 
out in simultaneous parallel reactions. Moreover, it 
was observed that the microwave enhances the rate of 
nanoparticle formation in all three experiments. Spe-
cifically, the copper nanoparticles were formed faster 
than conventional heating methods described in the 
literature.

The anti-oxidation studies of the nanoparticles 
synthesized showed that core–shell structures were 
stable and resistant to oxidation compared to the 
Janus structures. This indicates that an appropri-
ate synthesis method should be chosen based on the 
application of the nanoparticles.

The study helps us determine the right sequence of 
precursor addition to obtaining stable bimetallic nan-
oparticles of different morphologies. The mechanism 
of formation of different morphology of particles is 
proposed. It was shown that different structures of 

nanoparticles could be obtained in the same appara-
tus by changing only the operating conditions. This 
allows us to explore different kinetic/reaction path-
ways to attain different states which may not be ther-
modynamically favorable.
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