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ABSTRACT

Over the last few decades, several studies have been undertaken to determine the benefits
and drawbacks of various copper nanoparticle synthesis processes. Copper nanoparticles have
gathered considerable attention because of their remarkable optical and electrical properties.
CuNPs' optical, electrical and chemical characteristics are substantially depending on their synthesis
procedures. Copper is less expensive than precious metals such as gold and silver, and it also
possesses strong photocatalytic and antimicrobial competencies.In this review, synthesis of copper
nanoparticles by various methods such as physical, chemical and biological is elaborately illustrated
and in the meantime it's also explained how different reaction variables like temperature, pressure,
reaction time, and reactor properties affect the size, shape, and surface area of produced copper
nanoparticles. Moreover, photocatalysis and antibacterial mechanism for copper nanoparticles are

also illustrated with proper illustration.
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INTRODUCTION

A material is said to be nanomaterial,
when its size in the range of 1-100 nm(at least
in one dimension). Nanomaterials has been
used in various fields such as physics, chemistry,
biology, nanomedicine, electronics, agriculture,
textiles, pharmaceuticals, aerospace, construction,
environmental sciences etc. because of the unique

properties such as largesurface area to volume
ratio, optical, mechanical, magnetic, electrical
and properties etc'. Till date, various kinds of
nanomaterials such as metallic and nonmetallic
nanomaterial, core-shell nanomaterials,composites,
organic nanomaterial,and metal oxide nanoparticles
has been synthesized?2. Among these nanomaterials,
copper nanoparticles are considered as a potential
material for different purposes such as catalyst, se
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miconductormaterials,sensors,capacitor materials,
construction materials, nano-metal lubricants,
antimicrobial agents, sintering additives etc.*".

Copper is a transition metal having atomic
number®, atomic mass 63.546, density greater
than 5g/cm?. It has unique properties such as
good ductility, malleability, highthermal, electrical
conductivity, extraordinary corrosion resistance, low
chemical resistivity etc. For the abovementioned
properties, copper nanoparticles become a promising
material in the various branches of science®®.

Copper nanoparticles are synthesized
by various techniques typically physical methods,
biological methods and chemical methods™.
However, synthesis of copper nanoparticles is much
more complex because in the contact of air copper
nanoparticles oxidized and aggregates. In order
to overcome the aforesaid problem, synthesis of
copper nanoparticles is carried out in presence of
inert gas or sometimes polymers and surfactants
are used as stabilizing agent during the synthesis
of copper nanoparticles™-'4.

In this review, we first introduce various
methods for synthesizing copper nanoparticles
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followed by its characterization. Furthermore, the
applications of copper nanoparticles in various
sectors particularly environmental remediation and
antibacterial activity are also reviewed.

Methods of Synthesis

Copper nanoparticles are synthesized
by physical. biological and chemical methods.
Physical methods include pulse laser ablation, ball
milling and pulse wire discharge method. During
the synthesis of copper nanoparticles by biological
methods, bacteria, fungi and plants extract are used.
Chemical methods for the fabrication of copper
nanoparticles are chemical reduction,microwave
reduction, sonochemical, electrochemical,
sonoelectrochemical, microemulsion, photochemical,
hydrothermal, sol-gel and thermal decomposition.
Each process has its own pros and cons. In
addition, the size, morphology and particle size
distribution of the copper nanopatrticles depends on
the applied synthesis method. Therefore, synthesis
methodsarechosen considering the nanoparticle
size, size distribution, morphology, production cost,
percentage of yield and hazard™. Following Table 1
displays the various synthesis methods for copper
nanoparticle fabrication.

Table 1: Various methods of Copper nanoparticles fabrication

Copper Nanoparticle Synthesis

Physical

Chemical

Biological

Methods Ball Milling Pulse laser ablation Pulsed

wire discharge

Chemical reduction Photochemical

Bacteria Fungi Plant or leaf extract

Electrochemical Thermal

decomposition Microwave
Microemulsion reduction
Sonochemical &
Sonoelectrochemical

Physical Methods
Ball Milling

Ball milling is a cost effective top down
method of nanoparticle fabrication. It is a solid state
processing technique where solid state nanopatrticle
is produced. Numerous ball mill of various capacity is
available for the production of copper nanoparticle.
Among these planetary, vibratory, uniball and attritor
ball mills are frequently used. The size of copper
nanoparticles fabricated by ball milling hinges on
the type of ball milling machine, design of container,
rotation speed, time, and temperature inside the

container, atmosphere,grinding medium and weight
ratio of ball to powder. In addition, capacity of ball
mills also impacts on the size of nanoparticles’s's.
Yadav et al., synthesized 21nm copper nanoparticles
by wet ball milling process and also showed how size
of copper nanoparticles fluctuated with ball size, ball
to powder ratio, grinding medium and milling time'”.

Pulse Laser Ablation Method

Pulse laser ablation is a physical synthesis
method of small sized nanoparticle fabrication,
which is carried out in a vacuum chamber in the
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presence of inert gas or liquid. In this process,
nanoparticles formed via three steps: 1. generation,
2. transformation and 3. condensation of plasma
mass. Furthermore, wavelength and energy of laser,
duration of pulse, types of solvent are optimized to
produce desired nanoparticles. Copper nanoparticles
is also fabricated through pulse laser ablation or
deposition method'®28. Forinstance, Raffi et al.,
fabricated zero valent copper nano-particles of 12nm
size by pulse ablation method in presence of argon'®.
In another study, Budiati et al., fabricated Cu NPs
using Nd. YAG laser method with wavelength, energy
and pulse width 1064nm, 45mj and 7s respectively'®.
Solvent used in laser ablation method also affects the
copper nanoparticles size. For example, Cu NPs of
5-15nm, 2-20nm and 10-30nm size were synthesized
using solventpropanol,polysiloxane and pure acetone/
water respectively?6-22,
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Pulse Wire Discharge Method

Pulsed wire discharge is a cost effective
physical method for the mass production of nano-
materials?*®, In this method, a solid wire(copper),
which is kept in ambient gas, is converted into vapor
by using pulsed current and thus produced vapor
is condensed to nanoparticles (copper) by ambient
gas®3. Furthermore, nanoparticles produced by
this process depend on the ambient gas pressure
(p) and relative energy (K=Ec/Ev), where K is
the ratio of a charged energy of a capacitor (Ec)
and a vaporization energy of the wire (Ev). It is
well established that nanoparticle size decreases
with decreasing P and increasing K. Tokoi et al.,
prepared around 95% copper nanoparticles of
median diameter of 48 nmat relative energy (K) of
0.832. Table 2 figures out the synthesis of Cu NPs
by various physical methods.

Table 2: Physical methods for the fabrication of Copper Nanoparticle with working
conditions and Morphology followed by product size

Method Material Conditions Morphology Size Ref.
Pulse laser Bulk copper 900 mJ, 1064nm Quasi-spherical 51nm [20]
ablation Media: DI water and Ethanol
Pulse laser Copper metal plate(99.9%) 60mJ, 532nm and Spherical and 3.2+0.1nm [21]
ablation Solvent: Ethylene glycol 1064nm, 60 minutes mono-dispersed
Laser ablation Copper plate 69mJ for 2.2J cm2, 1064nm, Spherical 60nm for [22]
Solvent : Ethylene glycol 10 min, room temperature. 2 Jecm-2
Laser ablation Copper plate 1200mJ, 532nm, 10 min, Spherical 10nm [23]
VCO capping agent room temperature.
Pulsed wire Copper wire 5.2kV,10 pyF, N2, 100kPa, Spherical Mostly Below [31]
discharge Evaporation energy:68J 100nm
Pulsed wire Copper wire Ev 97J,Ec (80 to540)J, 48nm [32]
discharge
Pulsed wire Copper wire 67.6J, 10 uF, (4,5.2,6)kV, Spherical Mostly Below [33]
discharge (80,135.2,180)J,N,, 100 nm
13.3to 101.3 kPa
Pulsed wire Copper wire 68J,5.2kV,100kPa,135.2J Spherical Mostly Below  [34]
discharge He-N, mixture 100nm

Biological Methods

Although Copper nanoparticlesare
synthesized by various physical and chemical
methods, biological methods are also becoming more
and more emphasized because of its cost effective,
nontoxic and eco-friendly nature®%". In this method,
copper nanoparticles are synthesized using either
microorganism (microbial) or extract of different
parts of plants(phytochemical methods). Between
phytochemical and microbial synthesis methods,
microbial synthesis method is costly because the
considerable cost involved in the separation of
microorganism and their culture maintenance.

A general flow-sheet for the synthesis of copper
nanoparticles is shown in the following Figure 1.

Fig. 1. Generalized flow chart for Biosynthesis of
Copper nanoparticles
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Microbial method

Microbial method is one of the promising
green synthesis methods for Cu nanoparticle
production. In this method, biomolecules present
in the microbe act as both reducing and stabilizing
agents. There are two types of microbial synthesis
method-intracellular and extracellular method. In
intracellular method metal ions transported inside the
microbial cell where metal ions are reduced to metal
nanoparticles by the enzymes while in extracellular
method, metal ions absorbed on the surface of the
cells where it is reduced to nanopatrticles with the
aid of enzyme®. Bacteria and fungi are usually used
as microbe in the synthesis of copper nanoparticles.
In this method, there are three steps-culturing of
microorganism, separation of cell free metabolite
and reduction of metal ions. An overview of microbial
synthesis of Cu NPs is illustrated in the following Fig.
2. In the table, synthesis of copper nanoparticles by
microbial method is listed.®®

Fig. 2. Microbial method for the production of
Cu nanoparticles
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Fungi

Various fungi were utilized for the
biosynthesis of copper nanoparticles. They produce
variety of extracellular enzyme which plays vital
role in the reduction of copper ions into copper
nanoparticles. Noor et al., prepared Cu nano-particles
using Aspergillusniger strain STA9 at neutral pH*.
The filamentous fungi have advantages over other
microorganism such as bacteria and algae, like
high wall-binding capacity, intracellular metal uptake
capacity, metal tolerance, capable of withstanding
high flow pressure and agitation in the bioreactor,
ease of handling and culturing on a large scale*.

Bacteria

Various bacterial stains were used for
the fabrication of copper nanoparticles. Here
biomolecules act as both reducing and capping
agent. Among all biological systems used until now,
bacteria is regarded as promising microbes for the
manufacture of nanoparticles because culturing of
bacterial stain is easy, as they are easy to culture,
bacterial stain are able to produce extracellular
NPs with easy downstream processing. Noman
et al., fabricated Cu nanoparticles of 22.33nm to
3nm using bacterial strain Escherichia sp. SINT7
as a microbial source and 5mM CuSO, solution as
a copper precursor*'. Table 3 displays the synthesis
of CuNPs by microbial method.

Table 3: Microbial methods for fabrication of Copper Nanoparticle with working conditions and Morphology

Method Material Conditions Morphology Size Ref.
Bacteria Serratia sp., CuSO, 10,000rpm, Cubic 10-30nm [42]
20 min, 30°C
Bacteria Pseudomonas fluorescens, 10,000rpm for Spherical and 20-80nm [43]
Copper sulphate (CuSO,) 20 min at 30°C hexagonal
Fungal Aspergillusflavus, 1:1,5mL, 24 hona Spherical 20nm [44]
1mM of CuSO,.5H,0 shaker at 120rpm
Fungal A. niger, Copper sulphate (CuSO,) 1:1, 4 mL, shaker for Spherical 5to 100 nm [39]
24 h at 30°C
Fungal S. hirsutum, CuSO,, Cu(NO,),, and CuCl, shaker (100rpm) for spherical 5-20nm [45]

24 h at 25°C

Phytochemical synthesis method
Phytochemical synthesis method for
nanoparticle synthesis is always prioritized because
of its low cost and less reaction time. In this method,
extract of different parts of a plants such as stem,
leaves, roots, flower are mixed with copper solution for
synthesis of Cu nanoparticles*. Plant extract contains
terpenoids, flavones, ketones, aldehydes, proteins,
amino acids, vitamins, alkaloids, tannins, phenolics,
saponins and polysaccharides, which acts as a
reducing and capping agent during the synthesis of
nanoparticles*’. In general, phytochemical synthesis
is carried out at room temperature, optimum pH

and with or without agitation. A flow diagram of Cu
nanoparticles synthesis is outlined in the Figure 3.

Fig. 3. A general process outline of phytochemical
method for Cu nanoparticle Synthesis
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In brief, at first biomass (plant parts) is
collected, washed and dried. It was then subjected
to extraction using solvent followed by reduction of
copper salt with plant extract. Chandraker et al.,
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synthesized copper nanoparticles of 80nm using
leaf extract of AgeratumHoustonianum Mill. (AHLE).
Table 4 figures out the synthesis of CUNPs by various
plant extract.

Table 4: Phytochemical synthesis method for CuNPs

Plant & Precursor Conditions Morphology Size Ref.

Syzygiumaromaticum, CuSO, 1:1,5mL, 1h 14 to 50 nm [49]

Allium eriophyllumleaf, CuSO,, refluxed for 16 h at 80°C, Spherical 30-35 nm [501]
10 000 rpm for 15 min,

Eryngiumcaucasicum Cupric nitrate 60°C for 24 h, Spherica less than [51]
10,000 rpm for 10 min 40 nm

Bambusaarundinacea, Cupric acetate 65°C,4 h, stirring, Spherical 23nm [52]

Allium noeanum, Cu(NO,),.2H,0 stirring at 25°C for 1 h Spherical 10-12 nm [53]

Ipomea sp. L. leaf, Copper (ll) Sulphate 2:1, 60°C for 4 h, 3000 rpm 35.79 nm [54]
for about 30 minutes

Neem flower extract, CuSO,.5H,0 80°C, stirrer 700 rpm, centrifuged 44.9 nm [55]
for 10 min at 4000 rpm

Passiflorafoetida sp. Leaves, copper sulphate 80°C for 4 hours 40 nm [56]
pH 11, 9,000 rpm for 30 min

Tomato juice, Copper sulfate 70°C in water bath, 15 hours 40-70 nm [57]

Piper nigrum leaf, Copper chloride 100°C magnetic stirrer for 3 hours Cubic 13-23 nm [58]

Chemical methods
Chemical reduction method

Chemical reduction method for the
synthesis of Cu nanoparticles is the easiest and
simplest method. In this technique, Cu salt is
reduced to Cu nanoparticles by various reducing
agents such as sodium borohydrate, hydrazine,
ascorbic acid, sodium phosphinate, vanadium
sulfate, sodium formaldehyde, sulfoxylate (SFS),
Sodium phosphinate monohydrate®-53. Sometimes,
capping and stabilizing agents are used to stabilize
the copper nanoparticles and such agents are
astetraethylenepentamine, cetyltrimethylammonium
bromide, tetraoctylammonium bromide,
polyelectrolytes such as poly (ethylene imine),
polyethylene glycols, polyvinylpyrrolidone and
poly(etherether ketone). The growth, morphology,
shape, size of Cu nanoparticles synthesized by
chemical reduction method depend on concentration
of stabilizing agent and reducing agent, nature of
copper precursor, solvent and temperature®. The
diameter of Cu-NPs increases at lower precursor
concentrations and decreases at higher surfactant
concentrations. The nanoparticle shape depends on
the concentration of reducing agents, with spherical
shapes formed in lower concentrations and other
shapes such as pentagons, cubes, tetrahedra, and
elongated forms in higher concentrations. Size and
dispersion of copper nanoparticle are also controlled
by the molar ratio of the stabilizer to the precursor

salt and the fraction of reducing agent with the
precursor salt®. For instance, Ayesha et al., reported
that Cu nanoparticles was successfully synthesized
utilizing ascorbic acid and starch as reducing agent
and capping agent respectively at 80°C for 2 houre®.

Photochemical methods

In photochemical synthesis method,
copper nanoparticles were synthesized utilizing
light intensity®”¢. This method of nanoparticles
production has several advantages over other
chemical methods, such as there is no byproducts
in this process due to the reduction of metal ions
by light in lieu of chemical agent, reaction can
be controlled by suitable wavelength of light and
concentration of copper precursor, light is distributed
throughout the solution, and synthesis can be
carried out at room temperature. Guiffrida et al.,
synthesized copper nanopatrticles of 30nmto 4.0nm
by experimental variables, such as light intensity,
nature of sensitizer and concentration. Light of 254
nm and capping agent PVP(polyvinylpyrrolidone)
were used in this method®”.

Electrochemical methods

Electrochemical method for the production
is a simple, fast, economically feasible, environmental
friendly, nontoxic flow process, which is carried out
at room temperature. In this method, electric field is
applied between electrodes in the electrolyte solution
and metal nanoparticles deposited on the cathode
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surface as the reduction of metal ions occurs at the
cathode. In the similar manner, copper nanoparticles
were synthesized using copper salt as electrolyte®.
Kadem et al. synthesized Cu nanoparticles at room
temperature by applying voltage 2V and current 1.5A
through copper sulfate solution for about half an hour™.

Thermal decomposition

In thermal decomposition technique,
copper nanopatrticles are synthesized in pressurized
containers at controlled temperature such as
autoclaves, where the temperature of the solvent
exceeds its boiling point’*72. According to the
solvent, this process is known as solvothermal and
hydrothermal. Betancourt-Galindo et al., used phenyl
ether as solvent during the solvothermal synthesis
of spherical copper nanoparticles of 4-18nm™".

Microwave

In the microwave synthesis method,
electromagnetic energy in the frequency range
between 300MHz to 300GHz is applied into the
reaction solution. In this method, nanomaterial is
synthesized using weak reducing agents, such
as alcohol that is used as solvent and reducing
agent, with efficient heating, which is due to the
improvement of the reducing power of alcohol.

There are several advantages of microwave
synthesis method of nanoparticles production over
other methods such as simplicity of operation, rapid
volumetric heating and kinetics, well controlled
heating, short reaction duration, minimum side
reaction and higher yield of products’. For
abovementioned advantages, microwave method
of nanomaterial fabrication becomes popular
nowadays. Copper nanoparticles were synthesized
by this method”*7%. For instance, Nakamura
et al., fabricated Cu nanoparticles of via microwave
assisted alcohol process of 5-6 nm (with the surface
plasmon absorption) and 2-3 nm (without the surface
Plasmon absorption). The reaction was carried out
at 443k for 20 minutes™.

Microemulsion reduction

Microemulsion reduction is a nanomaterial
synthesis method in which chemical reduction is
carried out in an organic solvent in the form of
microemulsion such as water in oil, oil in water,
water in supercritical carbon dioxide. There are
two types of microemulsion system-one is micelles
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(oil in water) and other is reverse micelles(water
in oil). Microemulsion (Reverse micelles) method
was used to synthesis copper nanoparticles™ 8.
Salzemann et al., synthesized copper nanoparticles
of 3-13nm using microemulsion (reverse micelles)
techniques™. Advantages of this process is that
size distribution of produced copper nanoparticles
was more uniform. However, main drawback of this
process is high operation cost, which is involved in
the separation of solvent from product.

Sonochemical & Sonoelectrochemical

In sonochemical method, powerful
ultrasound (frequency: 20 KHz to 10MHz) is applied
to the electrolyte solution(copper salt) in order to
enhance chemical reduction process. Acoustic
cavitation is responsible for the enhanced reductionin
the sonochemical process™. There are positive sides
of this process. The key advantages of this method
are its simplicity, ambient operating conditions
and easy control of the size of nanoparticles by
using precursors with differentconcentrations in the
solution, purity of the product®.

In sonoelectrochemical process,
ultrasound is applied to the electrochemical
process. Copper nanoparticle was synthesized by
sonoelectrochemical methods®'-#2. Murtaza et al.,
fabricated monodisperse, highly pure and uniform
sized copper nanoparticles by sonoelctrochemical
method®'. Table 5 figures out the synthesis of
Cu NPs by various chemical methods.

Applications of copper nanoparticles
Environmental applications
Photo degradation of dyes

There are many organic pollutants
entering into the water stream due to the rapid
growth of various chemical industries. Dye is one
the most carcinogenic organic pollutants, which
is discarded into the environment mostly from
textile, paper and leather industry®. Chemically,
dye is a colored organic compound, which is
mostly water soluble. It has adverse impacts
on the environment as well as civilization due
to its potential negative properties such as
toxicity, carcinogenic nature, persistency in the
environment, non-biodegradability etc.84#. In order
to avoid the bad effect of dyes, some promising
materials need to be developed for degrading dye
from effluent of various industries such as textile,
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paper, leather etc. Up to date, many nanomaterials,
metallic oxides, composites and organometallic
compounds are developed for the degradation of
dyes from industrial waste andcoppernanomaterials
is one of them. From previous study, it has been
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found that copper nanoparticles were thoroughly
used for the degradation of different dyes such
as methylene blue, methyl orange, congo red etc.
Copper nanoparticles were capable of degrading
dyes upon the adsorption of solar light.

Fig. 4. Photo degradation of Organic pollutant (Dye)
by solar power

Upon adsorption of solar light, Cu
nanoparticles excited and produce electron and
hole. Thus produced electron and hole react with
oxygen and water to produce superoxide radical
and hydroxyl radical. Dye undergoes degradation
through oxidation and reduction reaction due to
the chemical reaction between dye and superoxide
anion or hydroxyl ion. A general photo degradation
reaction is illustrated in the followings.

Cu + hy— Cu (e-) + Cu (h%) (i)
Cu(e)+0,-0, (ii)
Cu (h*) + H,O0 —» OH- (iii)
O, or OH" + Dye - CO, + H,O (iv)

In the Table 6, photocatalytic performance
of Cu nanoparticles towards various dyes is listed.

Antimicrobial activity

According to EPA (Environmental Protection
Agency), copper nanoparticle is regarded as
potential antimicrobial agent. Several studies have
been carried out to evaluate the antimicrobial
activity of copper against various microorganisms.
It has been reported in a study by Renganathan
et al., that cubical nano-sized copper showed
better antimicrobial activity against Gram-negative
bacteria (E-coli, Pseudomonas aeruginosa) than
Gram-positive bacteria (Staphylococcus aureus)
and antimicrobial activity or zone of inhibition also
increased with the increase of concentration of
copper nanoparticles®.
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Table 6: Photodegradation of dyes by Cu NPs various synthesis method with degradation percentage

Material Synthesis Method Degradation (%) Dye Ref.
Cu NPs Chemical reduction method 91.53 Methylene blue [86]
73.89 Methyl red
84.89 Congo red
Cu NPs Biological Method 92.2 Methyl violet [87]
94.9 Malachite green
78.8 Coomassie brilliant blue
Cu NPs Biological Method 97.09 Congo red [41]
90.55 Malachite green
88.42 Direct blue-1
83.61 Reactive black-5,
Cu NPs Green synthesis 96 Methylene Blue [88]
Cu NPs 75 Cresyl blue [89]
Cu NPs Green synthesis 95 Methylene blue [90]
Cu NPs 90 Reactive Blue 4 [91]
Cu NPs 96 Congo red [92]
Cu NPs Biomimetic 90 Methylene blue [93]

Fig. 5. Possible antimicrobial mechanism of Cu NPs

Copper nanoparticles are also
considered as potent fungicide. Pariona et
al., synthesized Cu nanoparticle by green
method and evaluated its anti-fungal activity
against F. solani, Neofusicoccum sp., and F.
oxysporum and found that Cu nanoparticle
showed potential antifungal activity against
them?®. The mechanism of antimicrobial activity
of copper nanoparticles is illustrated in the Fig.
5. From the Fig. 5 it is apparent that copper
nanoparticle release reactive oxygen species
(ROS.), which disrupts the cell wall of bacteria
and fungi through destroying DNA and protein
of the microbe®. In the Table 7, antimicrobial
activity of copper nanoparticle against various
microorganism are listed.

CONCLUSION

The synthesis of copper nanopatrticles using
a variety of methods, including physical, chemical,

and biological, has been comprehensively
documented in this review. Each method
has its own advantages and disadvantages.
Overall, although biological method for copper
nanoparticle fabrication is, economical and eco-
friendly, its reaction time is too long compared
to physical and chemical methods. In addition,
physical methods for copper nanoparticles
synthesis are environmentally benign but costly
while chemical methods are utilized frequently
but toxic to environment. Due to excellent
physical and chemical properties of copper, it
is used in environmental and biological fields.
Here, we also discuss the potentiality of copper
nanoparticles as photocatalyst for recalcitrant
organic pollutants such as dye and antibacterial
agent. Nowadays, researchers are searching an
eco-friendly, economically feasible method for
the fabrication of copper nanoparticles.
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