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Abstract: Bimetallic nanoparticles are a complex nanoscale combination of two metal constituents.
The superior properties of bimetallic nanoparticles (BNPs) compared with monometallic nanoparticles
have attracted much attention from both scientific and technological perspectives. In recent years,
many fabrication techniques have been proposed, and the detailed characterization of bimetallic
nanoparticles has been made possible by the rapid advancement of nanomaterial analysis techniques.
Metallic nanoparticles can be classified according to their origin, size, and structure, and their
synthesis process can be physical, chemical, or biological. Bimetallic nanoparticles are more attractive
than metal nanoparticles due to their unique mixing patterns and synergistic effects of two metal
nanoparticles forming the bimetal. In this review, the different bimetallic synthesis methods and
various characterization techniques are discussed. The paper will also discuss various applications
for bimetallic nanoparticles. Different characterization techniques for bimetallic nanoparticles include
X-ray diffraction (XRD) to investigate crystallinity and phase composition; the morphology and
composition analysis of nanoparticles are studied using a scanning electron microscope fitted with an
energy-dispersive X-ray analyzer (EDX); transmission electron microscopy (TEM), UV–vis spectrum,
FTIR, and TGA analysis are also among the characterization tools used. Finally, we report on
the various applications of BNPs, which include antimicrobial activity, pollutant removal, and
wastewater application.
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1. Introduction
1.1. Bimetallic Nanoparticles as a Product of Nanotechnology

Bimetallic nanoparticles (BNPs) are a new type of nanomaterial made up of two differ-
ent metal elements [1–3]. Although their synthesis is similar to that of their monometallic
counterparts in some ways, the synergetic effect between the two components allows
them to exhibit a wide range of new properties and applications [2]. BNPs have recently
received a lot of attention from the research community due to their unique catalytic,
electronic, optical, and magnetic properties [4]. Bimetallic nanoparticles are a type of
material made up of two metals that exhibit new capabilities due to synergistic effects [5,6].
Bimetallic nanoparticles (nano alloys) have a higher application ability than monometallic
nanoparticles. These nanoparticles can be classified as multi-shell, core–shell segregated,
intermetallic (alloyed), or heterogeneous on the basis of the structural features resulting
from the fabrication method [7,8]. Furthermore, synergistic effects, such as electron effect,
lattice strain, bifunctional effect, and ensemble effect, significantly improve the specific
physical and chemical properties of BMNPs [1]. The variety of these nanostructures is
primarily determined by the nature of the combining metals, which is primarily deter-
mined by factors such as relative bond strength, surface energy, atomic dimensions, charge
transfer, and specific electronic and magnetic effects [9].
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Nanotechnology is crucial to many technological fields because of the constructed
superstructures [10]. It saves energy and fuel by utilizing less material and renewable
inputs whenever possible. Furthermore, nanotechnological products, processes, and appli-
cations are expected to significantly contribute to environmental and climate protection by
conserving raw materials, energy, and water, as well as lowering greenhouse gas emissions
and hazardous waste. Green nanotechnology’s main advantages are increased energy
efficiency, reduced waste and greenhouse gas emissions, and reduced consumption of
non-renewable raw materials. Green nanotechnology provides an excellent opportunity
to prevent negative consequences from occurring [11]. Atoms or molecules can be ma-
nipulated in this discipline to create structures with certain geometry and properties. It
has uses in both the environment and human health, including effective medication ad-
ministration [12,13] and solar energy harvesting [14,15], among others. Additionally, it
contributes to a decrease in the usage of industrial chemicals, improving the environment’s
safety, security, and quality of life. In addition, it can be utilized for food packaging, cancer
therapy, and water purification [6].

1.2. Nanoparticles of Various Types

All scientific phenomena that transpire in the dimension spanning the range of mul-
tiple atoms clusters, polymers, super molecular structure, and biomolecules is termed
Nanoscience, i.e., it is the science of nanoscale and has the potential to revolutionize
break-throughs in a range of fields across domains of all human activity [16]. Nanoscience
has the ability to create a useful, safe, and healthy environment where hazardous pollu-
tants and industrial chemicals can be removed through the use of more environmentally
friendly nanotechnologies [17]. Development and synthesis of various nanomaterials is the
emerging field of science referred to as Nanotechnology [18]. Objects with the size range
between 1 and 100 nm are defined as nanoparticles and may differ from bulk material due
to their size. To produce metallic nanoparticles, different metal salts are used as precursors;
these metals include copper, iron, zinc, silver, gold, magnesium, titanium, and alginate [18].
To resolve problems/challenges such as renewable energies, effective drug delivery, hu-
man health, wastewater treatment, etc., diverse nanomaterials development needs to be
extensively explored. Nanoscaled materials and nanoparticles encompasses novel and
exceptional biological and physicochemical features [17,19,20].

Different types of nanoscale materials include, monometallic, bimetallic, trimetallic,
or core–shell [6,21]. A combination of three different metals results in trimetallic nanopar-
ticles and are considered more professional than bimetallic ones, while combination of
two different metals results in a formation of bimetallic nanoparticles [21]. Monometallic
nanoparticles synthesis involves the use of a single metal as a precursor. The trimetallic
and bimetallic nanoparticles are receiving an enormous amount of attention, as opposed to
monometallic, in both scientific and technological view; this is due to their catalytic prop-
erties that can be better tailored than those of monometallic nanoparticles [21]. Materials
which have an inner structure and outer shell made of different components are termed
core–shell nanoparticles [22,23]. Due to unique properties arising from the combination of
core and shell materials, design, and geometry, these properties have gained interest from
most researchers [24]. In addition, the biological properties possessed by these materials
and antimicrobial activities of some bimetallic/core–shell nanoparticles, such as silver and
copper, have attracted more interest from researchers [25,26].

In general, methods of nanoparticles synthesis can be divided into three groups:
(1) chemical methods, (2) physical methods, and (3) bio-assisted methods [27]. The
biological-assisted method is the method mostly preferred by researchers due to its envi-
ronmental friendliness, as this method uses plant extracts or microorganism extract as the
reducing and capping agent [28,29].

Metallic nanoparticles have been used in various fields as solutions to various prob-
lems faced by humans in recent years. The fields where nanoparticles are applicable include,
electronics and IT applications, medical and healthcare applications, energy applications,
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and environmental remediation [30]. Application of nanoparticles has contributed greatly
to computing and electronics advances, leading to faster and more portable systems that
can store and manage larger amounts of information [31]. Environmental problems, such
as pollutant removal in water, acid mine drainage, dye removal in wastewater, and remedi-
ation have been addressed by the use of nanoparticles [32–35]. Medically, nanoparticles
have been used as antimicrobial agents, in drug delivery, and in medical devices [25,36–38].

The synthesis of bimetallic nanoparticles—with uses in a variety of disciplines, in-
cluding environmental remediation, wastewater treatment, and antibacterial action—is
discussed in this review. This review emphasizes our own work and provides current
advances in this area, which focuses on the production, characterization, and application of
bimetallic nanoparticles in dispersion.

2. Synthesis Methods
2.1. Various Approaches to Bimetallic Nanoparticle Synthesis

For the preparation of supported bimetallic nanoparticles, a variety of synthesis
techniques are available. This section summarizes some of the most common methods
for bimetallic nanoparticles synthesis, as well as the potential benefits and drawbacks
of each method. Researchers have discovered a variety of unique ways to manufacture
nanoparticles that are of the proper size, content, and form, as these crucial attributes of
nanoparticles have such a large impact on the material’s qualities. Some of the methods for
making nanoparticles are as follows:

2.1.1. Thermal and Photochemical Decomposition

Precursors must be pyrolyzed at high temperatures in boiling solvents, but the main
issue is that doing so makes it difficult to separate the reactive phase from the unstable
nanocrystal phase. The majority of thermal procedures are endothermic because bond
breakage requires a significant amount of energy. The photochemical method facilitates the
isolation and study of nanomaterials with unusual size and composition [39,40].

2.1.2. Electrochemical Reduction

In this process, electricity is used as the propellant or controller. Between two elec-
trodes separated by an electrolyte, the electric current is carried [41]. For the purpose
of creating metallic nanoparticles, the researchers used an electrochemical method [42].
The metallic anodic layer was removed, and the cathode transformed the metallic salt
that was created into metallic particles. The generated metallic particles were stabilized
by tetraalkylammonium salts. Electrochemical technique has several benefits, including
affordability, high particle purity, the ability to change particle size by varying current
density, and ease of use. The majority of industrial settings use this strategy.

2.1.3. Chemical Reduction

With this method, zero-valent metal nanoparticles are produced. This strategy uses
two mechanisms: reduction and the interaction of metallic and polymeric substances. Other
reducing agents used include sodium borohydride, elemental hydrogen, Tollen’s reagent, and
ascorbate. Chemical reduction is a common process in the production of nanoparticles [43].
In addition, copper nanoparticles have been synthesized by chemical reduction [44].

The most promising methodology or method for producing core–shell structured
bimetallic nanoparticles is through sequential reduction [45]. It involves the deposition of a
metal on monometallic nanoparticles made of another metal. The resynthesized monometal-
lic nanoparticles must be chemically surrounded by the deposited metal atom [46].

2.1.4. Sputtering

Sputtering is a procedure in which high-energy external stimuli are used to dislodge
nanoparticles from the surface of a target material [47]. Nanoparticles are ejected only
when the quantity of energy delivered is greater than that provided by ordinary thermal
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energies. This approach yields high-purity nanoparticles. Magnetic sputtering, for example,
is used to make silicon nanowires. This approach has some disadvantages, such as a lack
of control over particle form and a significant energy consumption for electron ejection.
Because a high temperature is necessary, it might be dangerous, resulting in a variety of
skin problems.

2.1.5. Sol–Gel Method

Sol and gel are the two words that make up the sol–gel method [48]. Sol is a stable
colloidal solid particle dispersion in liquid. Only Vander-Waal forces are present in sol
because the scattered phase is so small. The concentration of the solid in a gel is greater
than that of the liquid. The particles or ions that are still present after evaporation form
a continuous network within the semi-rigid bulk. Most gel systems contain coulombic
interactions. These two network functions are mixed together in the sol–gel method. The
two main stages in this method are hydrolysis and condensation. Several BNPs, including
Au-Ag, Au-Pd, and Au-Pt, are made using the sol–gel method [49–51]. This technology
is beneficial because it is a straightforward, cost-effective, and efficient way to generate
high-quality nanoparticles [52]. It is intriguing because it is a low-temperature technology
that allows for the management of the chemical composition of product.

2.1.6. Chemical Precipitation Method

In chemical precipitation, a liquid is converted into a solid by making the liquid into
an insoluble form or by causing the solution to be supersaturated. Chemical reagents are
added to the solution and the precipitates are then separated from it [6,46,52,53]. It is a
very important approach since it is a single-step procedure that aids in the large-scale
manufacture of nanoparticles without any contaminants. It also aids in water purification
and is a long-term solution that yields permanent results.

2.2. Synthesis of Bimetallic/Nanoparticles Using a Bioflocculant

Monometallic nanoparticles were synthesized using bacterial extract (bioflocculant) as
a reducing agent. First, 50 mL distilled water was used to prepare 0.003 M solution of iron
sulphate. This solution was followed by addition of 0.5 g of purified bioflocculant extracted
from Alcaligenes faecalis which was previously isolated from a marine environment [54].
The mixture was agitated in an incubator for 5–10 min at room temperature before being
permitted to stand for 24 h (Figure 1). The precipitate was collected using a centrifuge at
4 ◦C, 8000 rpm for 15 min. It was then cleaned with 100% pure ethanol to get rid of any
contaminants and then vacuum-dried. The physical observation and characterization of
iron nanoparticles (FeNPs) proved their synthesis. Bimetallic nanoparticles (Fe/Cu BNPs)
were created by mixing produced FeNPs in various amounts, 10, 20, and 30 mL (1 mg/mL),
with a stabilizing solution of CuSO4 (0.003 M) in 6.0 mL of 5.0 M glucose. The reaction was
allowed to continue for 20 min, and the formed precipitate was collected using centrifuge
at 15,000 rpm for 30 min at 4 ◦C.Appl. Nano 2023, 4, FOR PEER REVIEW 5 
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2.3. Nanoparticles Characterization
2.3.1. Nanoparticles X-ray Diffraction (XRD)

To investigate crystallinity and phase composition of the metallic nanoparticles, Bruker
Advance D8 diffractometer equipped with Cu-Kα radiation (λ = 1.5406 Å) operated at
40 kV, 40 mA at room temperature was used. A sample holder was used to place dry
samples, and diffraction patterns were recorded in the 2θ range from 10◦ to 80◦ at scanning
speed of 0.5◦/min [55].

2.3.2. Morphology and Elemental Analysis of Nanoparticles (SEM-EDX)

The morphology and composition analysis of nanoparticles were studied using a scan-
ning electron microscope (JEOL JSM-6100) fitted with an energy-dispersive X-ray analyser
(EDX). SEM pictures were captured using a tungsten (W) filament that was operated at an
emission current accelerator voltage of 100 A and 10 kV. A small amount of the material
was deposited on double-sided carbon tape on a copper stub and coated with carbon to
prepare an SEM sample [56].

2.3.3. Transmission Electron Microscope (TEM) Analysis

Following Kaasalainen, et al. [57], the nanoparticles were photographed using a TEM
with a JEOL 1010 transmission electron microscope. Samples were prepared by applying
a diluted suspension in toluene to a copper grid (150 mesh) using a micropipette. Samples
were then left to dry at room temperature. Samples were viewed at an accelerating voltage
of 100 kV. Images were captured using a Megaview III camera and recorded and quantified
using Soft Imaging System iTEM software.

2.3.4. Fourier Transform–Infrared (FT-IR) Analysis of Nanoparticles

Fourier Transform–Infrared (FT-IR) spectroscopy (Tensor, Bruker) was used to confirm
functional groups present in the nanoparticles [58]. The FT-IR spectra were recorded for
the dry powder samples with a resolution of 4 cm−1 in the range of 4000–200 cm−1.

2.3.5. Thermogravimetric Decomposition Analysis of Nanoparticles (TGA)

Perkin-Elmer Thermal Analysis Pyris 6 TGA was used for thermostability analysis
of the nanoparticles [59]. The samples were heated in a temperature range between
22 to 900 ◦C under constant nitrogen gas flow at a constant rate of ramping, 10 ◦C min−1.

2.3.6. UV–Vis Analysis of Nanoparticles

To investigate the absorption of nanoparticles Perkin-Elmer UV–visible spectropho-
tometer was used, Begum, et al. [60]. The amount of 2 mL of deionized water was used to
dilute 0.1 mL of the samples. The investigation was conducted in the wavelength region of
300 to 700 nm operated at a resolution of 1 nm as a function of time.

2.3.7. Flocculation Activity Analysis of Nanoparticles

Kaolin clay was utilized as a test material to measure the flocculation activity of
bimetallic nanoparticles using a slightly modified approach, as described by Kurane,
et al. [61]. Here, 100 mL of a kaolin solution was combined with 2 mL of bimetallic
nanoparticles (0.2 mg/mL) and 3 mL of CaCl2 (1 g/L) in a 250 mL conical flask to create a
suspension of 4 g/L of kaolin solution. The mixture was stirred at 165 rpm for one minute
before being poured into a graduated measuring cylinder with a capacity of 100 mL and
allowed to stand for five minutes. After that, a Pharo 100 Spectrophotometer® was used
to analyze the flocculation activity in the upper portion of the flocculated kaolin solution
(Capital Lab Supplies CC, Durban, South Africa). To calculate flocculation activity, the
following equation was used:

Flocculation activity (FA)% = (A − B)/A × 100
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where A is the optical density of the control at 550 nm, and B is the optical density of the
sample at 550 nm.

2.3.8. Evaluation of Bimetallic Nanoparticles for Wastewater Treatment and Dye Removal

To evaluate the ability of bimetallic nanoparticles to remove pollutants in wastewater,
a method by Dlamini, Basson, Shandu, Mavuso and Pullabhotla [32] was followed. Briefly,
pollutants such as BOD, COD, sulphur, nitrite, etc., were used to evaluate the effectiveness
of bimetallic nanoparticles, while dyes such as methyl orange, safranin, malachite green,
and methylene blue were used to evaluate dye removal potential by nanoparticles. Removal
efficiency (RE) was calculated using the following equation:

Removal efficiency (RE)% = (Ci − Cf)/Ci × 100

where Ci is the starting value prior to the inclusion of nanoparticles, and Cf is the value
following the nanoparticle treatment.

2.4. Antimicrobial Activity Evaluation of Bimetallic Nanoparticles
2.4.1. Minimal Inhibitory Concentration (MIC)

Antimicrobial activity determination of bimetallic nanoparticles was achieved through
the use of 96 micro-well plates, as described by Eloff [62]. The lowest concentration required
to inhibit growth of microorganism is described as MIC [3]. The amount of 50 µL of sterile
nutrient broth was inoculated in all wells of 96-well plates, followed by 50 µL of 0.2 g
of bimetallic nanoparticles dissolved in 2 mL of distilled water. The bimetallic solution
(50 µL) was poured only into the first row of 96-well plates containing 50 µL sterile nutrient
broth and mixed. A 3-fold dilution method was adopted whereby (50 µL) from row A
was taken to row B of the 96 micro-well plates and was mixed again. Taken from row B
(50 µL), the bimetallic nanoparticles were mixed with the successive rows until they were
present in varying concentrations across the entire well. Test strains were then added
(50 µL) into the matching micro-wells, which had a total volume of 50 µL. Ciprofloxacin
(40%) was employed as an affirmative control, and distilled water as a negative control.
Plates were incubated overnight at 37 ◦C with the addition of test microorganisms, and
P-iodonitrotetrazolium violet (INT) solution was employed as an indicator. Each well
received 40 L of 0.2 mg/mL INT solution, which was then added and incubated for an
additional 30 min at 37 ◦C.

2.4.2. Minimal Bactericidal Concentration (MBC)

Agar dilution method was used to determine MBC. For wells that did not indicate
colour change, a loop full of culture of each strain from the well was streaked on a Mueller
Hilton nutrient agar and incubated for 12 h at 37 ◦C. The lowest concentration of bimetallic
nanoparticles that exhibited the complete killing of the test organisms were considered as
the MBC [63–65].

2.5. Mechanisms for BNPs’ Formation and Factors Affecting Their Synthesis

Pan, et al. [66] stated that a detailed understanding of the particle’s formation mecha-
nism is required for success in either particle design or scale-up and will greatly benefit the
development of structure-controlled synthesis pathways for bimetallic nanoparticles. Fur-
thermore, the availability of high-intensity tunable X-ray sources at synchrotron facilities
worldwide has made X-ray absorption spectroscopy (XAS) a powerful tool for studying
the nucleation and growth (mechanism of BNPs formation) processes during nanoparticle
formation. Temperature, pH, reaction time, and metal ion concentration are all factors that
influence BNP biosynthesis. Chemical and physical factors influence the size and shape of
the NPs [67,68].
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3. Results
3.1. Synthesis of Bimetallic Nanoparticles by Different Biological Techniques

Table 1 below shows some nanoparticles synthesized using various methods and
reducing agents.

Table 1. Bimetallic nanoparticles synthesized by different methods.

Synthetic Technique Type of Reducing
Agent

Type of Bimetallic
Nanoparticles Reference

Biological Bioflocculant Fe/Cu [69]
Chemical Pd/Pt [70]
Biological Plant extract Ti/Ni [71]
Biological Starch Fe/Pd [72]
Physical/chemical Pt/X (X = Cu, Au, or Ag, etc.) [6]
Physical/chemical Pd/Fe, Pd/Zn, Pt/Fe, Ni/Fe [6]
Biological Microorganism Au/Ag [73]
Biological Red alga, Gracilaria sp. Ag/Au [74]

Biological
Oscimum basilicum
(Basil) flower, and leaf
extracts

Au/Ag [75]

Physical Ag/Cu [76]
Biological Peptides Au/Pd [77]
Chemical Fe/Ni [78]
Chemical Cu/nZVI [79]
Chemical Cu/Ni [80]

Fe/Cu [81]

Biological Phoenix dactylifera
leaves Cu/Ag [82]

3.2. Characterization of Bimetallic Nanoparticles
3.2.1. X-ray Diffraction Studies

The XRD analysis was conducted on Fe/Cu bimetallic nanoparticles to study the
nature of interaction between the two metal precursors and the bioflocculant. From Figure 2,
different diffraction patterns were observed at 2θ~10–80◦.
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3.2.2. FT-IR Analysis of Fe/Cu Bimetallic Nanoparticles

The FT-IR spectrum of Fe/Cu is shown in Figure 3. The IR spectrum showed the
presence of functional groups, such as hydroxyl and amine.
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3.2.3. SEM Analysis of Fe/Cu Bimetallic Nanoparticles

The morphological and elemental analyses of bioflocculant and Fe/Cu nanoparticles
is shown below in Table 2 and Figures 4 and 5, respectively.

Table 2. Elemental composition of the bioflocculant and nanoparticles.

Elements
Sample

Bioflocculant (wt.%) Fe/Cu BNPs (wt.%)

C 13.21 19.07

O 55.25 55.09

Mg 13.35 12.27

P 16.00 0.63

K 0.14 0.24

Ca 2.04 0.7

Fe - 1.19

Cu - 3.83

Na - 7.01

Cl - 0.20

Total 100.00 100.00
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3.3. UV–Vis Analysis of Fe/Cu Bimetallic Nanoparticles

Figure 6 below represents the results obtained from the analysis of Fe/Cu nanoparticles
by UV–vis spectrophotometer.

Appl. Nano 2023, 4, FOR PEER REVIEW 10 
 

 

 

Figure 5. SEM image of Fe/Cu bimetallic nanoparticles. 

3.3. UV-Vis Analysis of Fe/Cu Bimetallic Nanoparticles 

Figure 6 below represents the results obtained from the analysis of Fe/Cu nanoparti-

cles by UV–vis spectrophotometer. 

300 400 500 600 700 800

0.5

1.0

1.5

2.0

2.5

3.0

 

 

A
b

so
r
b

a
n

c
e
 (

a
.u

)

Wavelength (nm)

 

Figure 6. UV–vis analysis of Fe/Cu bimetallic nanoparticles. 

3.4. TEM Analysis of Fe/Cu Bimetallic Nanoparticles 

Figure 7 represents the TEM image of Fe/Cu bimetallic nanoparticles. 

Figure 6. UV–vis analysis of Fe/Cu bimetallic nanoparticles.

3.4. TEM Analysis of Fe/Cu Bimetallic Nanoparticles

Figure 7 represents the TEM image of Fe/Cu bimetallic nanoparticles.
Appl. Nano 2023, 4, FOR PEER REVIEW 11 
 

 

 

Figure 7. TEM analysis of Fe/Cu bimetallic nanoparticles. 

3.5. Application of Fe/Cu Bimetallic Nanoparticles in Flocculation 

Table 3 shows the effects of various parameters on flocculation activity. The nano-

particles were shown to be cation-independent and effective at low concentrations. 

Table 3. Effect of different parameters on flocculation activity (FA) of bimetallic nanoparticles. 

Flocculant  Parameters 

Fe/Cu 

Dosage 

(mg/mL) 
FA (%) Cations FA (%) 

Temperature 

(°C) 
FA (%) pH FA (%) 

0.2 99 a Na+ 97 a 27 99 a 3 95 a 

0.4 98 a Ca2+ 99 a 60 93 a 7 99 a 

0.6 98 a Fe3+ 97 a 80 97 a 11 95 a 

0.8 93 b Control 95 a 100 96 a   

Percentage flocculating activity with different letters (a and b) are significantly (p <0.05). 

3.6. Antimicrobial Activity of Bimetallic Nanoparticles 

The antibacterial activity of several nanoparticles is presented in the Table 4 below. 

Several nanoparticles in the environment have been discovered to be efficient against bac-

teria. 

Table 4. Antibacterial activities of different bimetallic nanoparticles. 

Type of Nano-

particles 

Name of Microorgan-

isms  

Antimicrobial 

Activity  
Reference 

Fe/Cu 

Escherichia coli 

Bacillus pumilus  

A. freundii 

Klebsiella pneuniae 

+ve 

+ve 

+ve 

+ve 

[84] 

Au/Pt 

Escherichia coli 

Klebsiella pneuniae 

Salmonella choleraesius 

+ve 

+ve 

+ve 

[85] 

Figure 7. TEM analysis of Fe/Cu bimetallic nanoparticles.

3.5. Application of Fe/Cu Bimetallic Nanoparticles in Flocculation

Table 3 shows the effects of various parameters on flocculation activity. The nanoparti-
cles were shown to be cation-independent and effective at low concentrations.
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Table 3. Effect of different parameters on flocculation activity (FA) of bimetallic nanoparticles.

Flocculant Parameters

Fe/Cu

Dosage (mg/mL) FA (%) Cations FA (%) Temperature (◦C) FA (%) pH FA (%)
0.2 99 a Na+ 97 a 27 99 a 3 95 a

0.4 98 a Ca2+ 99 a 60 93 a 7 99 a

0.6 98 a Fe3+ 97 a 80 97 a 11 95 a

0.8 93 b Control 95 a 100 96 a

Percentage flocculating activity with different letters (a and b) are significantly (p < 0.05).

3.6. Antimicrobial Activity of Bimetallic Nanoparticles

The antibacterial activity of several nanoparticles is presented in the Table 4 below. Sev-
eral nanoparticles in the environment have been discovered to be efficient against bacteria.

Table 4. Antibacterial activities of different bimetallic nanoparticles.

Type of Nanoparticles Name of Microorganisms Antimicrobial Activity Reference

Fe/Cu

Escherichia coli
Bacillus pumilus
A. freundii
Klebsiella pneuniae

+ve
+ve
+ve
+ve

[84]

Au/Pt

Escherichia coli
Klebsiella pneuniae
Salmonella choleraesius
Pseudomonas aeruginosa

+ve
+ve
+ve
+ve

[85]

Ag/Au

Salmonella typhii and
Escherichia coli
Klebsiella pneumoniae
Staphylococcus aureus

+ve
+ve
+ve
+ve

[74]

Au/ag

Pseudomonas aeruginosa,
Staphylococcus aureus
Bacillus subtilis
Escherichia coli

+ve
+ve
+ve
+ve

[75]

Ag/Cu Bacillus subtilis +ve [76]

Cu/Ag Bacillus subtilis
Escherichia coli

+ve
+ve [82]

3.7. Comparison of Physical, Chemical, and Biological Methods for Producing Bimetallic
Nanoparticles

The comparison of different methods of nanoparticle synthesis is shown in Table 5
below. The biological method is proposed as the most suitable compared to the chemical
and physical methods available in literature.

Table 5. Comparison of different techniques for bimetallic synthesis.

Method Type Advandage Disadvantage

Chemical

Less complicated, less expensive, can
synthesize diverse sizes and shapes, large
quantities can be obtained in a short
period of time, and doping of foreign
atoms during synthesis is possible [86].

Chemicals used as reducing
agents may have negative effects
as hazardous byproducts [87].



Appl. Nano 2023, 4 12

Table 5. Cont.

Method Type Advandage Disadvantage

Biological

Mazhar, Shrivastava and Tomar [86]
found that the processes are
environmentally friendly, take less time,
produce almost no industrial waste, and
do not use toxic chemicals.

Physical

These methods have some advantages
over chemical methods, such as no
solvent contamination in the prepared
film and uniformity in the formation of
nanoparticles [86].

These methods necessitate the
purchase of expensive equipment,
and the final yield is low [87].

4. Discussion

Different bimetallic nanoparticles were synthesized using different approaches, as
indicated in Table 1. Biological techniques, with plant extract, microorganism extract
(bioflocculant), starch, and microorganism, have been used [69,71–73]. Physical and chem-
ical techniques have been also used to obtain zero-valent bimetallic nanoparticles in the
past [88]. This includes nanoscale zero-valent copper iron particles (Cu/nZVI). For reduc-
ing chemical consumption, physical methods are preferred for bimetallic nanoparticles
synthesis, but it requires extremely high energy to maintain. On the contrary, due to the
high-yield–low-cost technologies and growth controlling options, chemical methods are
most commonly used. However, their application is limited due to the use of solvents and
chemicals, which renders them environmentally unfriendly. On the other hand, biological
methods can overcome both shortcomings of the chemical and physical methods for synthe-
sis of bimetallic nanoparticles. Nevertheless, resultant particle aggregation tendency and
the least provision for growth controllability are the constraining factors [89]. Ionic salt is
reduced in a suitable medium in the presence of surfactants using various reducing agents
in the chemical reduction process [90]. To generate metal nanoparticles, a reducing agent,
such as sodium borohydride, is utilized in an aqueous solution. While chemical reduction is
the easiest way to prepare metal nanoparticles, there are various disadvantages to reducing
agents, including toxicity, expense, poor reducing ability, high cost, and impurities [91].
The use of naturally occurring resources, such as microorganisms, for the manufacture of
nanoparticles is becoming increasingly popular around the world. Because of their abun-
dance in the environment and capacity to adapt to severe conditions, prokaryotes have
received attention as a source of metallic nanoparticle production. Bacteria have a number
of benefits, including rapid reproduction and ease of cultivation and manipulation [92].
Controlling variables, such as oxygenation, temperature, and incubation period, can help
to control growth. Changing the pH of the growth media during incubation produces
nanoparticles of various sizes and shapes [93]. For the formation of metallic nanoparticles,
such as gold, silver, copper, and zinc, a range of plant products, such as extracts, are used.
Plant secondary metabolites, such as phenolic acid, flavonoids, terpenoids, and alkaloids,
are abundant in the crude extracts, which preferentially decrease metallic ions and lead to
the creation of bulk metallic nanoparticles. Plant metabolites, both primary and secondary,
are regularly involved in redox reactions in plant metabolic pathways. These qualities
are used as a reducing and capping agent, resulting in the production of environmentally
friendly nanoparticles [94]. The disadvantage of this approach is that it necessitates heating
conditions, such as temperature, which raises the cost of nanoparticle production. Plant
extracts, unlike other pathogenic microbes, do not have the same pathogenicity as fungi
and bacteria. Nanoparticles that are fairly homogeneous are created [92].

Table 5 represents different approaches for BMNPs synthesis and their advantages
and disadvantages. Physical methods have some advantages over chemical methods,
such as no solvent contamination in the produced film and uniformity in nanoparticle
formation. Several physical methods of nanoparticle synthesis can be used, including
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laser irradiation methods: bimetallic nanoparticles can be synthesized without using any
chemical agents and only by high-intensity laser irradiation on an aqueous solution [86].
Chemical methods: the advantages over physical methods are that the techniques are
uncomplicated, economical, different sizes and shapes can be synthesized, large quantities
can be obtained in a short time, and doping of foreign atoms during synthesis is possible.
One of the different chemical synthesis methods is the inverse micelle method: inverse
micelles are found in water-in-oil microemulsions of specific composition in the form of
nanometric-sized droplets. Biological methods: Several advantages of biological methods
over chemical and physical methods are that the processes are environmentally friendly,
take less time, generate almost negligible industrial waste, do not use toxic chemicals, use
methods with biological properties to produce nanoparticles, are safe, and have diverse
applications that are not possible with physical or chemical synthesis methods [95]. The
physical and chemical synthesis of nanoparticles is costly, dangerous, and time-consuming.
As a result, more emphasis is being placed on the “green synthesis” of nanoparticles using
natural resources, such as plants and microbes [96,97]. Plant synthesis of nanoparticles
is superior to microbe synthesis because it does not require synthesis protocols or toxic
chemicals and has a higher reaction rate because microbes do not need to be cultured.

Commercial polysaccharides are not cost-effective, but they are emerging as stabiliz-
ing and reducing agents for the synthesis of nanoparticles. Exopolysaccharides made by
microorganisms, such bioflocculants, therefore, present a promising alternative for nanopar-
ticle production and stability [84,98]. Fe/Cu bimetallic nanoparticles’ X-ray diffraction
patterns are displayed in Figure 2. The broad peak at 2θ, 45◦ indicates the presence of an iron
amorphous phase. Cu2O and iron oxide (FeO) crystalline phases are present, as indicated
by apparent peaks at the 2θ of 34.9◦ and 45.8◦ [99,100]. On the contrary, Shao, et al. [101]
reported the diffraction peaks with 2θ = 43.4◦ and 50.4◦, which corresponded to copper.
The smaller particle size is generally indicated by the wider peaks. When compared with
pure Cu and Fe, the diffraction peaks exhibit minimal change, demonstrating that the Cu
atoms have replaced the Fe atoms [102]. Similarly, Younas, et al. [103] also alluded that the
presence of minor peaks indicates the presence of impurity in the form of biomoieties. The
presence of Fe/Cu nanoparticles and their crystalline nature was confirmed by the sharp
and intense peaks.

FT-IR characterisation was carried out to investigate potential binding sites for the
bioflocculant’s stabilization of Fe/Cu. The bands on the infrared spectrum provide informa-
tion about many chemicals surrounding Fe/Cu nanoparticles, including amides, alcohols,
proteins, etc. [104]. The molecular structures and chemical bonding that significantly con-
tribute to the production of nanoparticles are displayed in the FT-IR spectrum of synthetic
Fe/Cu bimetallic nanoparticles (Figure 3). According to Mata, et al. [105], the presence
of the OH group is crucial for stabilizing the production of nanoparticles. The hydroxyl
(OH) and amine (NH2) groups can be distinguished by the strong band at 3250 cm−1.
Asymmetrical stretching peak at 1743 cm−1 and symmetrical medium stretching peak at
1380 cm−1 both demonstrated the presence of the carboxyl group (COH), while a peak at
1022 cm−1 indicates the presence of a methoxyl group, which is seen by stretching the C-O,
and peaks at 734–513 cm−1 indicate the existence of saccharide derivatives. Wang’s study
used a post-impregnation and sodium borohydride reduction strategy to create bimetallic
nanoparticles. The results revealed the characteristic bands at 796 and 1060 cm−1, which
correspond to symmetric and anti-symmetric Si-O stretching, respectively. The bending
and stretching vibration of -OH, which results from the dissociative chemisorption of water
molecules, is responsible for the absorption band centering at 1630 cm−1 and the broad
band between 2900 and 3700 cm−1 observed for all samples [106]. The surface of colloidal
particles has H+ and OH− groups, which may interact with the nanoparticle chains to
produce hydrogen bonds that allow for bigger floc production. The functional groups also
help in the flocculation process [83].

SEM micrographs of Fe/Cu were obtained in order to get more direct information
about the morphology of prepared bimetallic nanoparticles, as shown in Figure 5. The
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SEM image (Figure 5) of the nanoparticles showed an irregular shape, and nanoparticles
seemed to be agglomerated [101]; due to the magnetic forces and high surface tension,
the growth and crystallization of Fe/Cu are under the control [107]. In another study
by Younas et al. [103], where Fe-Cu nanoparticles were synthesized, information was
provided on the morphology of the nanoparticles, which appeared to have a heteroge-
neous surface. The micrographs show a mixture of cubic and rectangular nanoparticle
morphologies. Furthermore, nanoparticle SEM images show a spherical morphology with
a smooth surface and a uniform diameter of approximately 560 nm in a study reported by
Wang, Liu, Hussain, Li, Li, Sun, Shen, Han and Wang [106].

Table 2 shows the results of elemental composition of the bioflocculant and nanopar-
ticles. The existence of numerous elements, such as C, O, Mg, P, K, Ca, Fe, Cu, Na, and
Cl, was revealed by SEM-EDX analysis. Cu and Fe were not found in the bioflocculant
sample; however, Cu and Fe were found in 3.83 wt.% and 1.19 wt.%, respectively, in the
nanoparticle sample. The presence of the other elements indicates that the bioflocculant is
polysaccharide in nature [108]. Furthermore, components, such as Na, P, and K, are derived
from the growth media used to produce bioflocculant.

The Cu/Fe UV–Visible spectrum was obtained between 350 and 800 nm since copper
nanoparticles are often known to exhibit surface plasmon response (SPR) bands within
that specific range [104]. The shape and size of the particles, as well as the type of solvent
employed in the synthesis, affect the SPR peaks; the smaller the nanoparticle size, the more
an SPR band’s bandwidth increases. The absorption peak of the produced nanoparticles
revealed a shift in wavelength to a smaller wavelength at approximately 320 nm (Figure 6).
The bimetallic nanoparticles’ inclusion of both Fe and Cu may be responsible for this. BNPs
formation is influenced by different factors, such as pH, temperature, metal ion concentra-
tion, and reaction time [67]. The pH value is an important experimental parameter in the
dynamics of NP growth. As a result, pH can affect most of the equilibria involved in the
process [109]. At a certain pH, for example, the surface charge can be reduced to zero; this is
known as the isoelectric point [68]. Several studies [6,68,110] have confirmed that pH plays
an important role in controlling the size and formation of NPs. Temperature is a physical
parameter that affects the spatial and dimensional distribution of particles [111,112]. As the
reaction temperature rises, so does the rate of metal ion reduction [113,114], and at 70 ◦C,
smaller nanoparticles are formed with the help of Canna indica extracts. The high tempera-
ture promotes the rapid conversion of the metallic solution into nanoparticles, whereas at
room temperature, the synthesis takes longer [111,115]. The kinetic energy of the reactants
increases as the temperature rises. The rapid reduction of metal cations accelerates the
formation of nanoparticles by increasing the formation of nucleation centers [116]. Further-
more, the high temperature causes the formation of more stable and smaller nanoparticles.
It has also been reported that the absorbance of nanoparticles increases with temperature,
indicating that the nanoparticles are highly concentrated. However, the temperature must
be kept between 30 and 100 degrees Celsius because phytochemicals decompose at higher
temperatures, interfering with the critical reduction process [114]. Because the reduction
reaction, regardless of the extract used, cannot occur instantly, biosynthesis time is an
important parameter to consider [117]. Another critical factor is the initial concentration of
metal ions in the reaction mixture [26]. Because of the availability of functional groups in
the extract compounds, a concentration of 1 mM causes a rapid metal reduction [118].

The produced nanoparticles formed chain-like clusters as a result of magnetic and
electrostatic interactions, and the compositions of each nanoparticle did not disclose two
separate phases due to agglomeration, as shown in Figure 7. The bimetallic Fe/Cu nanopar-
ticles formed a non-homogeneous variety of cluster close to spherical nanoparticles that
lacked specified geometrical shape of various sizes, regardless of the reduction agent
utilized during production. Similarly, Manickam-Periyaraman, et al. [119] discovered a
non-homogeneous diversity of cubic, polyhedral, and NPs lacking specified geometrical
shape of various sizes in bimetallic iron–copper oxide nanoparticles. This was also observed
in a study by de França Bettencourt, et al. [120], where TEM images of NPs exhibiting
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spherical morphology and agglomeration were observed. On the contrary, according to
the TEM images of Zin, et al. [121], iron particle nanoparticles with the least amount of a
second metal, copper, show the least agglomeration among the synthesized particles, while
the TEM images of the as-synthesized nanoparticles show spherical particles, with sizes
ranging from 30 to 50 nm in a study by Fang, et al. [122].

For each flocculant to flocculate maximally an optimal dosage is required. Beyond
this dosage, decline in flocculation activity may be observed as a result of destabilized
flocs by excess polymer. Contrary to this, no significant bridging that occurs between
colloids and polymeric flocculant below optimal dosage was observed [123]. The amount of
flocculant required for optimal flocculation activity is defined as dosage size. In the present
study, flocculation activity of different concentration of nanoparticles (0.2–0.8 mg/mL) was
investigated, with kaolin as the test material. From Table 3, it can be observed that highest
flocculation activity was 99% at 0.2 mg/mL, followed by 98% for both 0.4 and 0.6 mg/mL,
and the least was at 0.8 mg/mL, with 93% flocculation activity. However, among 0.2, 0.4,
and 0.6 mg/mL there was no statistical significance observed, suggesting that any of the
three dosages was effective. Therefore, to save the flocculant, 0.2 mg/mL was chosen for
all subsequent experiments. The decreased flocculation activity at 0.8 mg/mL could be
attributed to kaolin binding site blockage by excess flocculant.

By reducing the negative charge of the polymer and the particles, cations promote
the action of bioflocculant adsorption on the suspended kaolin particles. The negative
charge of the functional groups in a solution’s bioflocculant and colloidal kaolin particles
is stabilized and neutralized by cations [54]. In the presence of trivalent, divalent, and
monovalent cations, it was discovered that the synthesized BNPs did not flocculate well.
However, the nanoparticles could still flocculate, with over 95% flocculation activity in the
absence of cation addition (control), indicating that cation addition is not required when
employing these nanoparticles. Thus, it may be said that the nanoparticles have value
for industry.

The flocculation activity is impacted by H+ ions concentration. This impact can have
an influence on the stability of colloids and, consequently, floc formation. The pH of
the reaction mixture is one of the factors affecting the flocculation process [62]. From
Table 3, nanoparticles were shown not to be affected by a change in pH, as the flocculation
activity was above 95% at all pH levels investigated. The findings suggest that bimetallic
nanoparticles are of commercial value in terms of their application in wastewater with
different pH values. The flocculation activity of nanoparticles after they were subjected
at different temperatures was investigated. The nanoparticles were heated for 30 min at
60, 80, and 100 ◦C before they were used as a flocculating agent. This was carried out to
determine the thermostability of the nanoparticles. As shown in Table 3, the nanoparticles
proved to be thermostable, as they were not affected by temperature variation. Flocculation
activity remained above 90%. However, at room temperature (27 ◦C), the flocculation
activity was 99%, indicating that the mixture does not require temperature adjustment for
nanoparticles to be effective. Although at 60 ◦C there was slightly drop in flocculation
activity from 99 to 93%, there was no statistical significance among these temperature,
as indicated in Table 3. It was, therefore, concluded that the synthesized nanoparticles
are thermostable.

Materials with desired properties that have better catalytic activity which cannot be
achieved by a single-metal atom can be obtained by the use of bimetallic nanoparticles [6].
Interesting chemical, electronic, biological, mechanical, and thermal properties have been
unveiled by bimetallic nanoparticles due to the synergistic effects and composition. The
specific properties of bimetallic nanoparticles are enhanced by a combination of two
different metals, and these properties may differ from those of pure element particles.
Bimetallic nanoparticles have been used as the antimicrobial agent, and they have been
found to be more effective than single metallic nanoparticles [85]. Bimetallic nanoparticles
also serve as great antimicrobials, and they can complement the role of antibiotics in
combating bacteria. These nanoparticles can either produce ROS (reactive oxygen species)
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that cause DNA disruption, or they can interfere with bacterial growth either by disrupting
their membrane, which can also hinder its protein functioning machinery [124].

In the study conducted by Dlamini, Basson, Shandu, Mavuso and Pullabhotla [32],
nanoparticles exhibited antimicrobial activity against a Gram-positive bacterium Bacillus
subtilis CSM5 and a Gram-negative bacterium E. coli ATCC 25922. Similarly,
Zhao, Ye, Liu, Chen and Jiang [85] alluded that Au/Pt bimetallic nanoparticles have
antimicrobial activity against E. coli. In another study where bimetallic nanoparticles
(Ag/Au) were compared to single metallic nanoparticles (Ag NPs and Au NPs), it was
revealed that the single metallic nanoparticles did not have activity against Salmonella typhii
and E. coli, while bimetallic did have activity against these microorganisms. Furthermore,
good antibacterial activity against Gram-negative bacteria Klebsiella pneumoniae and Gram-
positive bacteria Staphylococcus aureus was exhibited by the bimetallic nanoparticles [74]. In
another study, where BNPs (Au/Ag) were synthesized from Oscimum basilicum (Basil)
flower and leaf extracts, they showed antimicrobial activity against Staphylococcus aureus,
Pseudomonas aeruginosa, E. coli, and Bacillus subtilis [75]. Synergistic effects of Ag-Cu BNPs
and antibiotics were evaluated by Nazeruddin, Prasad, Shaikh and Shaikh [76], and it was
found that the nanoparticles have activity against Gram-positive bacteria Bacillus subtilis.
The study concluded that BNPs synergistic effects with antibiotics and sulpha drugs can be
exploited for the preparation of medicine against bacteria.

A promising research field for this bimetallic nanoparticles is treatment of water and
wastewater due to its catalytic properties, and high efficiency is achieved [89]. Through
the mechanism of adsorption, advanced oxidation, reduction, as well as oxidation or a
combination of these, bimetallic systems can remove inorganic, organic, and heavy metal
contaminants [125]. Bimetallic catalyst demonstrated to be appropriate for increasing
selectivity activity, upgrading catalytic activity, limiting the expense of catalysts, and
enhancing stability. Bimetallic nanoparticles surmounted most of the limitations that
monometallic nanoparticles were facing.

Under anaerobic and aerobic circumstances, the impact of various nanoparticle con-
centrations on COD removal was studied. The results of the experiment showed that after
96 h of exposure to 500 mg/L bimetallic nanoparticles, the COD elimination effectiveness
approaches 86% [79]. In addition, it was discovered that anaerobic conditions accelerated
the elimination of COD in comparison with aerobic ones. On the basis of these observations,
the various mechanisms for COD degradation were hypothesized, including adsorption
and reductive reaction. While the reductive reaction approach is attributed to the reactant of
bimetallic Cu/NZVI to directly serve, the adsorption technique involves absorbing organic
matter onto the surface of bimetallic nanoparticles. The reductive reaction strategy is pro-
posed while the corrosion of bimetallic particle emits two electrons that will be transferred
to the organic matter. In another study conducted by Dlamini, Basson and Pullabhotla [83],
where the effect of Fe/Cu BNPs in COD removal on coal mine wastewater was investigated,
it was shown that the bimetallic nanoparticles are effective in removing up to 88% COD
after 1 h when 0.2 mg/mL concentration of nanoparticles was used. Furthermore, the
Fe/Cu BNPs proved to have high BOD removal efficacy of 96% after five days. Contrary to
this, when zero-valent iron nanoparticles were applied in BOD removal, the efficacy was
60.31% [126]. This comparison proves that bimetallic nanoparticles are more effective in
wastewater treatment than monometallic nanoparticles.

For the normal functioning of the ecosystem, phosphorus (P) is an important nutri-
ent. Nonetheless, excess of nitrogen (N) and P is the main eutrophication cause [127].
Agriculture and domestic wastewater have the main input of P in nature [128]. Due to
continuing eutrophication, governmental regulation of P in freshwater ecosystems has
increased. From Table 5, the Fe/Cu BNPs could remove total nitrogen and phosphate
effectively from river water. As indicated, 94% of total nitrogen was removed after 3 h,
while only 40% of phosphate was removed when the reaction was left for 3 h; however,
when the contact time was increased to 1 week, 99% phosphate was removed, indicating
that contact time is the important factor in phosphate removal.
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The large amount of wastewater that needs to be treated before being released back
to the environment has increased due to the growth of agriculture and industrial activi-
ties. Due to low retention by soil particles and high solubility in water, nitrate (NO3

−) is
the most diffused contaminant [129]. In agricultural regions, contamination by NO3

− is
due to application of fertilizer and animal farming [130], atmospheric deposition, septic
tanks, and industrial and wastewater discharges [131]. The amount of water in the soil
and the characteristics of the soil determine how quickly nitrate leaches into subsurface
layers and ultimately into groundwater if it is not taken up by plants or denitrified into
N2O and N2 [132]. Nitrates are a vital source of mineral nitrogen for plants, but they
are hazardous to people because they are reduced into nitrites, which then react with
amino acids or amines to generate nitrosamines, which are known to be mutagenic and
carcinogenic substances [133]. Nitrates have also been linked to a range of health prob-
lems, including immune system alterations, spontaneous abortion, central nervous system
damage, hypertension, birth abnormalities, diabetes, respiratory tract infection, and hyper-
tension [132,134]. World Health Organization (WHO) has set the maximum contaminant
level (MCL) at 50 mg NO3

− L−1 and 11.3 mg N L−1 [134]. There are various techniques that
have been proven to be effective in removing nitrate contaminants, such as reverse osmosis,
ion exchange, and electrodialysis. The implementation of these techniques on a large
scale is limited due to high energy consumption, nitrate brine concentration, technological
complexity, and secondary pollution [135].

Due to the rapid rise of industrialisation, the environment became contaminated with
harmful metals from wastewater. Due to the non-degradability of heavy metals and their
toxicity even at low concentrations, heavy metal treatment is a major concern. These
pollutants pose a severe risk to living organisms and the environment if they are accu-
mulated [136]. Hence, treatment of effluents from industries containing toxic metals is
crucial before they are discharged [137]. As indicated in Table 5, CuNi bimetallic showed
remarkable properties with high removal efficacy for Pb2+, Cd2+, and Zn2+ with 100, 98.34,
and 91.42% removal efficiency, respectively [80]. Increased use of organic pollutants in
agriculture and industries has led to environmental safety becoming a serious problem in
the scientific field. In our environment, organic pollutants have significant adverse effects.
Among the frequently used and discharged pollutants into the environment are organic
contaminants and dyes [138,139]. Dye industries contribute significantly to the develop-
ment of any country. There are 10,000 tons of commercially available dyes, 700,000 tons
are manufactured per annum [140,141], and 10–15% of the total dyestuff is discharged into
natural environment [142]. Due to their complex chemical structure and synthetic origin,
dyes are persistent in nature [143], and a large number of dyes are carcinogenic in nature
and composed of aromatic compounds [144].

In addition to dyes, phenolic chemicals from industrial effluents are regarded as
persistent. These contaminants are found in wastewater from several businesses, including
those that produce plastics, paint, textiles, leather, rubbers, steel, pesticides, dyes, olives,
pulp, medicines, and paper [145–147]. The elimination of these toxins from wastewater
becomes a major concern since they affect people’s quality of life. In addition to these, it
also results in chest pain, nausea, throat burning, and chest itching and burning. Due of its
numerous detrimental health impacts, some nations have banned and regulated its usage
in food goods. However, RhB is still being used illegally in the food industry and other
sectors because of its low production costs, great stability, and color fastness [148]. RhB
should not be dumped into bodies of water due to its negative effects on health. Therefore,
it is crucial to develop creative methods for lowering and degrading RhB.

5. Conclusions

In this review, we summarized various bimetallic nanoparticle synthesis methods,
factors affecting their synthesis, mechanisms of formation, and their various applications.
So far, various fabrication strategies have been developed for the support of bimetallic
nanoparticle synthesis, which can generally be divided into three classes: physical, chemical,
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and biological. In biological synthesis, plant extract, microorganism extract (bioflocculant),
starch, and microorganisms are some of the techniques reported in the literature. While the
chemical method involves the use of a reducing agent, such as sodium borohydride, in an
aqueous solution to create metal nanoparticles, chemical reduction is the simplest method
for producing metal nanoparticles, but it has several drawbacks, including toxicity, expense,
poor reducing ability, and impurities. The physical method has been reported to have its
advantages, which include no solvent contamination in the prepared film and uniformity
in the formation of nanoparticles; however, there were some drawbacks reported as well,
and these include methods that necessitate the purchase of expensive equipment and a low
final yield. Furthermore, different characterization techniques for bimetallic nanoparticles
are reported. This includes X-ray diffraction (XRD) to investigate crystallinity and phase
composition; the morphology and composition analysis of nanoparticles are studied using
a scanning electron microscope fitted with an energy-dispersive X-ray analyzer (EDX);
transmission electron microscopy (TEM), UV–vis spectrum, FTIR, and TGA analysis are
also among the characterization tools used. From the literature, the presence of an iron
amorphous phase was indicated by the broad peak at 2 in X-ray diffraction patterns, while
the infrared spectrum bands provide information about many chemicals surrounding
Fe/Cu nanoparticles, such as amides, alcohols, and proteins, The bimetallic nanoparticles
have been reported to have various applications in different fields. These include antimi-
crobial activity, wastewater treatment, and pollutant removal, among others. In wastewater
treatment, it has been reported that the bimetallic nanoparticles could flocculate up to 99%
at a dosage of 0.2 mg/mL. For antimicrobial activity, different bimetallic nanoparticles
proved to be effective against pathogenic microorganisms, which include, among others,
Escherichia coli, Bacillus pumilus A. freundii, Klebsiella pneuniae, Scholeraesius, Salmonella typhi,
Staphylococcus aureus, and Pseudomonas aeruginosa. Because of synergistic effects and com-
position, bimetallic nanoparticles have revealed intriguing chemical, electronic, biological,
mechanical, and thermal properties. Bimetallic nanoparticles have enhanced properties
due to the combination of two different metals, and these properties may differ from those
of pure element particles. BNPs were discovered to be effective at removing pollutants
(nitrate, BOD, and COD) from wastewater. As demonstrated by the preceding discussion,
bimetallic nanoparticles are multifunctional nanomaterials with applications in a variety
of industries. The “synergistic effect” that the two metals have when combined results
in multifunctionality. Researchers are synthesizing an increasing number of new BNPs
with specific geometrical and magnetic properties. Another argument is that bimetallic
nanoparticles are more important than monometallic nanoparticles due to their superior
properties. Recommendation and prospects: biological methods are the most recommended
method for synthesis of nanoparticles. Green synthesis is an efficient alternative to physical
and chemical methods because it is nontoxic, cost effective, provides rapid synthesis, is
eco-friendly, monodispersed, produces little waste, and can be produced on a large scale.

Author Contributions: Conceptualization, A.K.B. and V.S.R.P.; formal analysis, N.G.D. and V.S.R.P.;
investigation, N.G.D.; supervision, A.K.B. and V.S.R.P.; writing—original draft, N.G.D.;
writing—review and editing, V.S.R.P. All authors have read and agreed to the published version of
the manuscript.

Funding: Rajasekhar Pullabhotla would like to acknowledge the National Research Foundation (NRF,
South Arica) for their financial support in the form of the Incentive Fund Grant (grant no. 103691)
and the Research Developmental Grant for Rated Researchers (112145).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.



Appl. Nano 2023, 4 19

Acknowledgments: Nkosinathi Dlamini would like to acknowledge the Council for Scientific and
Industrial Research (CSIR, South Africa) for the financial assistance in the form of the Doctoral
bursary. The authors (Dlamini, N.G, Basson, A.K and Pullabhotla, V.S.R) would like to acknowledge
the Electron Microscopy Unit at the University of KwaZulu-Natal, Westville campus, for providing
support by letting us use the TEM and SEM-EDX facilities for the characterization of nanomaterials.

Conflicts of Interest: The authors declare that there are no conflict of interest.

References
1. Duan, M.; Jiang, L.; Zeng, G.; Wang, D.; Tang, W.; Liang, J.; Wang, H.; He, D.; Liu, Z.; Tang, L. Bimetallic nanoparticles/metal-

organic frameworks: Synthesis, applications and challenges. Appl. Mater. Today 2020, 19, 100564. [CrossRef]
2. Medina-Cruz, D.; Saleh, B.; Vernet-Crua, A.; Nieto-Argüello, A.; Lomelí-Marroquín, D.; Vélez-Escamilla, L.Y.; Cholula-Díaz, J.L.;

García-Martín, J.M.; Webster, T. Bimetallic nanoparticles for biomedical applications: A review. In Racing for the Surface; Springer:
Berlin, Germany, 2020; pp. 397–434.

3. Scala, A.; Neri, G.; Micale, N.; Cordaro, M.; Piperno, A. State of the Art on Green Route Synthesis of Gold/Silver Bimetallic
Nanoparticles. Molecules 2022, 27, 1134. [CrossRef]

4. Li, H.; He, Z.; Ouyang, Z.; Palchoudhury, S.; Ingram, C.W.; Harruna, I.I.; Li, D. Modifying electrical and magnetic properties
of single-walled carbon nanotubes by decorating with iron oxide nanoparticles. J. Nanosci. Nanotechnol. 2020, 20, 2611–2616.
[CrossRef] [PubMed]

5. He, Z.; Zhang, Z.; Bi, S. Nanoparticles for organic electronics applications. Mater. Res. Express 2020, 7, 012004. [CrossRef]
6. Sharma, G.; Kumar, A.; Sharma, S.; Naushad, M.; Dwivedi, R.P.; ALOthman, Z.A.; Mola, G.T. Novel development of nanoparticles

to bimetallic nanoparticles and their composites: A review. J. King Saud Univ. Sci. 2019, 31, 257–269. [CrossRef]
7. Ferrando, R.; Jellinek, J. Nano-particles as a catalysts incatalytic converters, RL Johnston. Chem. Rev. 2009, 108, 845. [CrossRef]
8. Kumar, R.; Mondal, K.; Panda, P.K.; Kaushik, A.; Abolhassani, R.; Ahuja, R.; Rubahn, H.-G.; Mishra, Y.K. Core–shell nanostruc-

tures: Perspectives towards drug delivery applications. J. Mater. Chem. B 2020, 8, 8992–9027. [CrossRef]
9. Liu, W.-J.; Qian, T.-T.; Jiang, H. Bimetallic Fe nanoparticles: Recent advances in synthesis and application in catalytic elimination

of environmental pollutants. Chem. Eng. J. 2014, 236, 448–463. [CrossRef]
10. Moudgil, A.; Chaudhari, B.P. Fungi the crucial contributors for nanotechnology: A green chemistry perspective. In Advancing

Frontiers in Mycology & Mycotechnology; Springer: Berlin, Germany, 2019; pp. 279–298.
11. Verma, A.; Gautam, S.P.; Bansal, K.K.; Prabhakar, N.; Rosenholm, J.M. Green nanotechnology: Advancement in phytoformulation

research. Medicines 2019, 6, 39. [CrossRef]
12. Couvreur, P. Nanoparticles in drug delivery: Past, present and future. Adv. Drug Deliv. Rev. 2013, 65, 21–23. [CrossRef]
13. Stolyar, S.; Balaev, D.; Ladygina, V.; Dubrovskiy, A.; Krasikov, A.; Popkov, S.; Bayukov, O.; Knyazev, Y.V.; Yaroslavtsev, R.;

Volochaev, M. Bacterial ferrihydrite nanoparticles: Preparation, magnetic properties, and application in medicine. J. Supercond.
Nov. Magn. 2018, 31, 2297–2304. [CrossRef]

14. Gong, H.; Li, Z.; Chen, Z.; Liu, Q.; Song, M.; Huang, C. NiSe/Cd0.5Zn0.5S composite nanoparticles for use in p–n heterojunction-
based photocatalysts for solar energy harvesting. ACS Appl. Nano Mater. 2020, 3, 3665–3674. [CrossRef]

15. Bhalla, V.; Tyagi, H. Solar energy harvesting by cobalt oxide nanoparticles, a nanofluid absorption based system. Sustain. Energy
Technol. Assess. 2017, 24, 45–54. [CrossRef]

16. Schwarz, J.A.; Contescu, C.I.; Putyera, K. Dekker Encyclopedia of Nanoscience and Nanotechnology; CRC Press: Boca Raton, FL, USA,
2004; Volume 5.

17. Nasrollahzadeh, M.; Sajjadi, M.; Iravani, S.; Varma, R.S. Trimetallic nanoparticles: Greener synthesis and their applications.
Nanomaterials 2020, 10, 1784. [CrossRef] [PubMed]

18. Hasan, S. A review on nanoparticles: Their synthesis and types. Res. J. Recent Sci. 2015, 2277, 2502.
19. Iravani, S.; Varma, R.S. Bacteria in heavy metal remediation and nanoparticle biosynthesis. ACS Sustain. Chem. Eng. 2020, 8,

5395–5409. [CrossRef]
20. Vajtai, R. Springer Handbook of Nanomaterials; Springer Science & Business Media: Berlin, Germany, 2013.
21. Sharma, G.; Kumar, D.; Kumar, A.; Ala’a, H.; Pathania, D.; Naushad, M.; Mola, G.T. Revolution from monometallic to trimetallic

nanoparticle composites, various synthesis methods and their applications: A review. Mater. Sci. Eng. C 2017, 71, 1216–1230.
[CrossRef]

22. Ghosh Chaudhuri, R.; Paria, S. Core/shell nanoparticles: Classes, properties, synthesis mechanisms, characterization, and
applications. Chem. Rev. 2012, 112, 2373–2433. [CrossRef]
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