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Various methods for the synthesis of copper nanoparticles employing chemical, physical and
biological techniques considering bottom-up and top-down methods synthesis have been studied.
The properties of copper nanoparticles depend largely on their synthesis procedures. The results
from various investigations performed by different scientists using these methods have been
summarized. The applications, characterization techniques, advantages and disadvantages of
each synthesis method are also the point of discussion. A detailed study of the results reveals that
chemical reduction methods are most suitable for the synthesis of copper nanoparticles. Chemical
reduction of copper salts using ascorbic acid (Vitamin C) is a new and green approach in which
ascorbic acid is used both as the reduction and capping agent. This approach is the most effective
and is also economical. Wide applications have been reported in various fields, including heat
transfer, catalyst production, electronics and medicine at a commercial scale. This process is
nontoxic, environment-friendly and economical. The applications, characterization techniques,
advantages and disadvantages of each synthesis method have been presented.
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1. Introduction pharmaceutical, defense, transportations heat trans-

Nanotechnology (science at 1—100 nanoscale') is the fer to sports and aesthetics. The applications of

most promising technology that can be applied  nanotechnology are totally dependent on the types of
almost all spheres of life, ranging from electronics,  the nanoparticles. Many types of nanoparticles are
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being used for different applications, such as metallic,
nonmetallic and magnetic; oxides; nanoparticles
carbon and nanotubes.

Metallic nanoparticles are of great interest due to
their excellent physical and chemical properties,
such as high surface-to-volume ratio and high heat
transfer (thermal conductivity). Amongst them,
copper-based nanoparticles are of great interest due
to their low cost and easy availability and because
they possess properties similar to that of other
metallic nanoparticles.

2. Historical Background
of Nanotechnology

Feynman (1959), in his famous lecture There’s
Plenty of Room at the Bottom originated the idea of
molecular machines or nanotechnology.”

The journey of nanotechnology began when
Tanigushi (1974) used the term “nanotechnology”
for the very first time in his paper on ion-sputter
machining.® The concept of Molecular Nano-
technology was put forward by Drexler” in 1979. In
1981, Binnig and Rohrer invented the scanning
tunneling microscope.’ The first technical paper on
molecular engineering with atomic precision was
published in 1981, while Bucky-ball was discovered
in 1985.

Fullerene is any molecule that is made up of
carbon, in the form of a hollow sphere, ellipsoid or
tube. It was discovered by Kroto, Smalley and Curl
in 1985. In 1989, scientists at the IBM Research
Center, San Jose, California, spelled out the
company’s logo using 35 xenon atoms. By doing so,
they further demonstrated how nanoparticles can be
manipulated. The term Nanofluids® was coined by
Choi in 1995. Nanofluid is a system in which
nanoparticles are suspended in base fluids like
water, ethyl glycol, etc. The thermal properties of
nanofluids are better than those of their parent
(base) fluids. Commercial applications of nano-
technology were began in 2000.

Until the beginning of the 20th century, the atomic
theory was considered only as a mere hypothesis. It
was finally approved as a fact by the skillful exper-
iments of the French Physicist Jean Baptiste Perrin.”
During 2009, the Environmental Protection Agency
(EPA) changed their strategy in order to receive
more knowledge on how manufactured nanomater-
ials may harm human health and the environment.

In April 2010, researchers at the University of
California, Los Angeles (UCLA) reported in the
journal Cell that they have imaged a virus structure
at the atomic level. The electron-microscopic study
of nanoparticles was published in journal Nature
on 17 February 2011. For the first time in history,
the measurement of atomic structure of nano-
particle was possible. The first programmable
nanowire circuit for nanoprocessors was developed
in 2011.7

Catalysts are mostly composed of metals whose
selection significantly depends upon the surface
area. High surface-to-volume ratios are the most
crucial parameter for the selection of a catalyst,
which is why this factor is investigated intensely.®
Nanoparticles of copper and its alloys have been
applied more often as catalysts due to their high
surface-to-volume ratio and less cost compared to
noble metals. They are used as water—gas shift
catalysts and gas detoxification catalysts.” The
most critical factor of a copper-based catalyst is the
control of size, shape and surface properties of
the copper nanoparticles.'?-!!

Copper nanoparticles have also been con-
sidered'”"!! as an alternative for noble metals in many
applications, such as heat transfer and microelec-
tronics.'> The microfabrication of conductive fea-
tures like ink-jet printing technology is common. So
far, electronic devices have utilized noble metals like
gold and silver for printing highly conductive
elements. While the cost of noble metals is very high,
copper is a low-cost and conductive material and is
therefore, more promising for this technique.?

3. Synthesis Methods of Copper
Nanoparticles

The production of copper nanoparticles is much more
challenging in comparison to noble metals because
copper nanoparticles are quite sensitive to aqueous
solutions, and air is stable at these conditions.

When copper nanoparticles are placed in the
open air, aggregation appears immediately due to
surface oxidation. To avoid this problem, an inert
environment, such as argon or nitrogen'*'" is used.
In some cases, inorganic solvents have been used.
The presence of protective polymers'®2! or
surfactants,??~2° are also employed for the synthesis
of copper nanoparticles. However, copper is signifi-
cantly less expensive than silver and gold, therefore,
it is economically attractive.
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Copper nanoparticles can be produced using
many different techniques, typically classified as
bottom-up or chemical methods and top-down or
physical methods.?°

In the bottom-up approach, the structure of
nanoparticles is constructed by atoms, molecules or
clusters. In top-down approaches, a bulk piece of a
required material is reduced to nanosized dimen-
sions using cutting, grinding and etching tech-
niques, i.e., nanomaterials are prepared from larger
entities without atomic-level control.?”

Chemical reduction,” microemulsion (colloidal)
techniques,?” sonochemical reduction,*® electro-
chemical,®® microwave-assisted,”> and hydrother-
mal®® syntheses are the main techniques for the
synthesis of nanoparticles through the chemical
approach. Biological or biosynthesis** techniques are
also considered as bottom-up or chemical processes.

Physical methods for nanoparticles synthesis are
laser (pulse) ablation,*” vacuum vapor deposition,*°
pulsed wire discharge (PWD)*" and mechanical
milling.*®

A wide range of nanoparticles can be produced
using physical methods with little modification for
different metals, but the main disadvantages of
these methods are the quality of the product, which
is less as compared to nanoparticles produced by
chemical methods. Usually these methods require
costly vacuum systems or equipments to prepare
nanoparticles (plasmas).

During the chemical synthesis process of copper
nanoparticles, the growth and morphology can be
controlled by optimizing reaction conditions, such
as surfactant’s temperature and concentration,
precursor, capping/stabilizing agent and the type of
solvent.*’

Using these optimum reaction conditions, a
narrow size distribution during chemical synthesis
can be achieved. These methods for the production
of copper nanoparticles are appropriate for labora-
tory-scale synthesis but are not economical for a
large-scale or commercial setup.

4. Chemical Methods
4.1. Chemical reduction method

In 1857, Michael Faraday, for the first time reported
a systematic study of the synthesis and colors of
colloidal gold using chemical reduction route. The
chemical reduction of copper salts is the easiest,

Table 1. Standard reaction conditions for the production of
Cu nanoparticles.

Reducing

agent Capping agent Conditions Rate Ref.

Sodium PVP/PEG Ambient Fast 49
borohydride

Polyol PVP/PEG >120°C Slow 49

Isopropyl PVP/PEG 70—100°C Slow 49
alcohol

Sugar PVP/PEG 70—100°C Slow 49

Hydrazine PVP/PEG <70°C  Moderate 49

Ascorbic Ascorbic acid ~80°C Moderate 58
acid

PVP = polyvinylpyrrolidone, PEG = polyethylene glycol.

simplest and the most commonly used synthetic
method for copper nanoparticles. In fact, the pro-
duction of nanosized metal copper particles with
good control of morphologies and sizes using
chemical reduction of copper salts can be
achieved.?’~*? The standard reaction conditions are
mentioned in Table 1.

In the chemical reduction techniques, a copper
salt is reduced by a reducing agent such as sodium
borohydride,”*"~** hydrazine (N,H,),***** ascor-
bate,*® polyol,*” isopropyl alcohol with cetyltrimethy-
lammonium bromide (CTAB),* as well as glucose.”
Table 2 presents the published methods to synthesise
copper NPs by chemical reduction in solution.

4.2. Microemulsion/colloidal method

In 1943, Hiral et al. observed that an appropriate
amount of water, oil, surfactant and an alcohol- or
amine-based co-surfactant produced clear and homo-
geneous solutions that Hirai called microemulsions."
Microemulsion is a technique for the synthesis of
nanoparticles in which two immiscible fluids such as
water in oil (W/O) or oil in water (O/W) or water in
supercritical carbon dioxide (W/Sc. CO3) become a
thermodynamically stable dispersion with the aid of
a surfactant. A typical emulsion is a single phase of
three components, water, oil and a surfactant.”*!42
Normally oil and water are immiscible but with the
addition of a surfactant, the oil and water become
miscible because the surfactant is able to bridge the
interfacial tension between the two fluids.*!%%:%0
Microemulsion consists of surfactant aggregates
that are in the ranges of 1nm to 100 nm. The lo-
cation of water, oil and surfactant phases affects the
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Table 2. A list of published methods to synthesis copper NPs by chemical reduction in solution.

Sr. # Solvent Cu precursor Reducer Stabilizer Particle size Ref.
1. Water CuSOy - 5H,O Sodium borohydrate SDS 2—10 nm 40
2. Water CuCl, - 2H,O Hydrazine CTAB 5 nm 38
3. Ethylene glycol CuSO, - 5H,O  Ascorbic acid (Vitamin C) PVP 40 100 nm (cubes) 46
4. Water Cu(NO3), Ascorbic acid PVP 58 3 nm 50
5. Di-Ethylene glycol CuSO, - 5H,O Sodium phosphinate PVP 40 45 nm 48, 51
6. DI water CuSO, - 5H,O  Ascorbic acid (Vitamin C) Hypophosphate/ 70 nm 52

Oleic acid/NH,
7. Toluene + water CuCl, - 2H,O Sodium borohydrate Lauric acid + TOAB 3 nm 53
8. Di-Ethylene glycol  CuCl, - 2H,O SFS PVP 50 nm 54
9. Water Cu(NO3), Hydrazine PAA Na 20—100 nm 55

10. DI water CuSOy - 5H,O Ascorbic acid PEG >10 nm 56

11. DI water CuSOy - 5H,O NaBH, PVP 30 nm 57

12. DI water CuCl, - 2H,O Ascorbic acid Ascorbic acid 2 nm 58

SFS = sodium formaldehyde sulfoxylate; HDEHP = bis(ethylhexyl)hydrogen phosphate; SDS = sodium dodecyl sulfate;
CTAB = cetyltrimethylammonium bromide; PVP = polyvinylpyrrolidone; TOAB = tetraoctylammonium bromide; PAA
Na = polyacrylic acid sodium salt.; HMP = hexameta phosphate.; Qr = quercetin (Natural plant pigment of slovonoid);

PEG = polyethylene glycol.

geometry of aggregate. The micro-emulsion is said
to be oil in water (O/W) if water is the bulk fluid
and oil is in less quantity, with small amounts of
surfactant. Similarly, the system is said to be water
in oil (W/O), if oil is the bulk fluid and water is
present in less quantity. The product of oil in water
and surfactant (O/W) is called micelles, which is an
aggregate formed to reduce free energy. Hydro-
phobic surfactants in nanoscale oil and micelles
point toward the center of aggregate, whereas the
hydrophobic head groups toward water, the bulk
solvent. The water in oil microemulsion carries oil or
organic solvent as bulk. The system is thermo-
dynamically stable and called reverse micelles.®’

The minimum concentration of surfactants
required to form micelle is termed as critical micelle
concentration (CMC). CMC is affected by various
characteristics of reverse micelles such as solvent
interaction between bulk organic solvent tail, sur-
factant tail and geometry, temperature and quan-
tity of co-solvent or salt.’!

The control of metallic nanoparticles synthesis
within the reverse micelle system requires an
understanding of the physical properties, control-
ling thermodynamics and reaction mechanism. Use
of the reverse micellar system for nanomaterial
synthesis began in the early 1990s by a few promi-
nent and influential research groups. Purely metallic
nanoparticles (Cu, Ag, Co, Al), oxides (TiO,, SiO,),
metal sulfides (CdS, ZnS) and various other nano-
materials are prepared using this technique.®>~°7

The pioneering work by Pileni and his group
investigated the capability to prepare copper and
silver nanoparticles using reverse micelle system.® ="

A reaction mechanism is shown in Fig. 1. Metal
ion (starting materials) is introduced into the sys-
tem either as a metal salt dissolved in the aqueous
micelle core or by functionalization of the AOT =
Sodium bis (2-ethylhexyl) sulfosuccinate surfac-
tant head group where the sodium counter ion is
exchanged with the desired metal ion. The purpose
of the second method is to eliminate the presence of
the salt anion from the core of the reverse micelle.
The use of salts and the presence of anions within
reverse micelles have been shown to alter the
physical properties of the water environment and
surfactant layer resulting in variations in the size
and shape of the reverse micelles and metallic par-
ticles synthesized.” ="

A group of researchers developed copper nano-
particles by extensively synthesis using the micro-
emulsion (reverse micelles or colloidal) technique.
They have also investigated the most suitable par-
ameters which are best for the precise control of size
and shape during in situ microemulsion. They also
studied the effect of most critical operating factors
such as molar ratios (water-to-surfactant) on the
final produced nanoparticles, i.e., the size, size dis-
tribution and morphology of the product.

Bagwe and Khilar,” and Cason’® studied the
effect of different solvents on various systems (AgCl,
Cu). They used different solvents and reported their
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Fig. 1. Reaction mechanism via chemical reduction of the copper functionalized AOT surfactant.
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effects on the growth rate, final size and poly-
disparity of the nanoparticles. Larger particle size
was obtained when they used cyclohexane in the
system for very long time periods.

The shape of the micellar aggregates depends on
the nature of the counterion.”” Many scientists
reported that the initial concentration of water (w;)
strongly affects the final size of the particle.?6:21:78=86

Pileni and his group are said to be pioneers and
inventors of microemulsion. Pileni’s group,®”*® in
two excellent review papers, studied different par-
ameters and their effect on the particle shape. The
effect of the micellar template, anions and molecular
adsorption on the particle shape were also studied in
these review papers. Recently, defect engineering is
added to these factors.®”:"Y Table 3 summarized the
outcome of various studies for the synthesis of
copper nanoparticles.

4.3. Sonochemsical method

In the sonochemical process, powerful ultrasound
radiations (20 kHz to 10 MHz) were applied to mol-
ecules to enhance the chemical reaction.”” Acoustic
cavitation is a physical phenomenon which is re-
sponsible for sonochemical reaction. This method,
initially proposed for the synthesis of iron nano-
particles,”® is nowadays used to synthesize different
metals and metal oxides.””

The main advantages of the sonochemical
method are its simplicity, operating conditions
(ambient conditions) and easy control of the size of
nanoparticles by using precursors with different
concentrations in the solution.'®

Ultrasound power affects the occurring chemical
changes due to the cavitation phenomena involving

/'. via. Intermicellar

Nanoparticles
Exchange i

s

/

~

.

Growth of Metal %@%ggj
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the formation, growth and collapse of bubbles in
liquid'loogm

The sonolysis technique involves passing sound
wayves of fixed frequency through a slurry or solution
of carefully selected metal complex precursors. In a
solvent with vapor pressure of a certain threshold,
the alternating waves of expansion and compression
cause cavities to form, grow and implode.””

Sonochemical reactions of volatile organome-
tallics have been exploited as a general approach to
the synthesis of various nanophase materials by
changing the reaction medium.

There are many theories presented by different
researchers that have been developed to explain the
mechanism of breakup of the chemical bond under
20 KHz ultrasonic radiations. They have explained
the sonochemistry process in these theories i.e., how
bubble creation, growth and its collapse is formed in
the liquid.'??

One of these theories explains the mechanism
of breaking of a chemical bond during a bubble
collapse. According to one of these theories, bubble
collapse occurs at very high temperatures (5000—
25000 K) during the sonochemical process.'’® Upon
collapse of the bubble, which occurs in less than
a nanosecond, the system undergoes a very high
cooling rate K/Sec. The organization and crystal-
lization of nanoparticles is hindered by this high
cooling rate.

The creation of amorphous particles is well-
defined while the nanostructured particles are not
clear. The reaction will occur in a 200-nm ring sur-
rounding the collapsing bubble if the precursor is a
nonvolatile compound. The temperature of the bulk
is lower compared to the ring, and temperature of
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Table 3. Summarized the outcome of various studies for synthesis of copper nanoparticles.

Sr. # Solvent Cu precursor Reducer Stabilizer Particle size (nm) Ref.
1. Isooctane Cu(AOT), NaBH, HMP 1-5 91
2 Water/Isooctane, Cu(AOT), Hydrazine Na(AOT), 10-12 21, 87

cyclohexane
3. Water + n-hexanol/ CuCl, Sodium borohydrate TX-100 5—15 92
cyclohexane
4. Air O, in water/n-alkane Cu(NOs3), Quercetin Radius 1-1.5 93
5. SCF /Propane, Ethane Cu(AOT), Hydrazine Na(AOT) <20 94
6. Water + n-Heptane, CuCl, Sodium borohydrate HDEHP 40—80 95
n-Octane, n-Hexane
7. Isooctane Cu(AOT), Hydrazine Na AOT 10-30 89
8. Octyl ether Cu(acac), 1,2-hexadecanediol Oleic acid, 5—200 31
oleyl amine
9. Water CuCl, Hydrazine/SFS PVP 30 54
10. CuSO, N,H, - H,O SDS 35 96
11. Cu(AOT),, Cu(AOT),  Hydrazine, NaBH,  AOT, AOT 2-10,20-28  36-91

SFS = sodium formaldehyde sulfoxylate; HDEHP = bis(ethylhexyl)hydrogen phosphate; SDS = sodium dodecyl sulfate; Na
AOT = sodium bis(2-ethylhexyl) sulfosuccinate; CTAB = cetyltrimethylammonium bromide; PVP = polyvinylpyrrolidone;
TOAB = tetraoctylammonium bromide; PAA Na = polyacrylic acid sodium salt; HMP = hexameta phosphate.; Qr = Quercetin
(Natural plant pigment of slovonoid); PEG = polyethylene glycol.

collapsing bubble will be higher than the tempera-
ture of the ring.'’® Sonoelectrochemical synthesis
employs both electrolytes and ultrasonic pulses for
the production of nanoparticles. Bath temperature,
current density, current pulse time, ultrasound
intensity, ultrasound pulse time and stabilizer are
required to control the formation of copper nano-
particles. Table 4 represents the experimental con-
ditions for pulse sonoelectrochemistry synthesis for
copper NPs using 20 KHz titanium horn as working
electrode.

4.4. Microwave method

In the microwave method of synthesis, microwave
radiations are introduced in the reaction solution.
The microwave-assisted synthesis of copper nano-
particles has become popular due to its simplicity,
ease of operation, rapid volumetric heating and
kinetics, short reaction period and increasing yield
of products compared to the conventional heating
methods.!%1% Microwaves are a form of electro-
magnetic energy, with frequencies in the range of
300 MHz to 300 GHz. The commonly used frequency
is 2.456 GHz.

Blosi''" reported microwave-assisted polyol syn-
thesis of crystalline particles with radius ranging
from 90 nm to 260 nm (dia 45nm to 130 nm). Very
small size nanoparticles can be synthesized in cases

where microwave is applied to the reaction solution.
The main reasons for using microwave are the fast
and homogeneous reaction conditions during the
microwave synthesis. Blosi'" also reported synthesis
parameters for copper nanoparticles.

Zhu''! found a fast method for the production of
copper nanoparticles by using copper sulphate as a
precursor and sodium hypophosphite as the redu-
cing agent in ethyl glycol under microwave ir-
radiation. He also studied the parameters like
concentration of reducing agent and microwave ir-
radiation time. The size of copper nanoparticles
prepared by this method was 10 nm.

4.5. FElectrochemical method

In the electrochemical synthesis method for the
production of copper nanoparticles, electricity is
used as the driving or controlling force. Electro-
chemical synthesis is achieved by passing an electric
current between two electrodes separated by an
electrolyte. That is, the synthesis takes place at the
electrode—electrolyte interface. Usually, the elec-
trolytic solution of copper salt and sulphuric acid is
used for the production of copper nanoparticles.
The main advantages of electrochemical tech-
niques include avoidance of vacuum systems as used
in physical techniques, low costs, simple operation,
high flexibility, easy availability of equipment and
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Table 4. Experimental conditions for pulse sonoelectrochemistry synthesis for copper nanoparticles using 20 KHz titanium horn as

working electrode.

Electrochemistry Experiment
Solution Tus/W cm~2  Tyg/ms conditions Ton/ms Topp/ms  duration Size Ref.
CuSO, HySOy 62 100—600 440—480mA cm~2 250—900 150—300 30 min ~ With PVP 29—-34 nm 104
CuSO, H,S0, 62 100—600 440—480 mA cm~2 250—900 150—300 30 min Without PVP 104
29—-200 nm
CuSO, H250, 100-600 160 mA 250—-300 150—300 10—30 min 33+2 nm 105
(PVA + Dist
Water)
CuSO, and H,SO, 76 x 1.23  100—600 440—480 mA cm~—2 250—900 150—300 30 min 50 £ 20 nm 106
(CuSO,: CTAB)
CHC, Distilled water 100 NI NI NI NI 2—-3h 50—70 nm 107

Copper hydrazine carboxylate (CHC), ultrasound pulse time (Tyg), rest time (Topy ), current pulse time (Toy ), not indicated (NI).

instruments, less contamination (pure product) and
environment-friendly process (eco-friendly).

Much research work has been done on the elec-
trochemical technique in advancing the basic
understanding and industrial applications, but still
many aspects of this technique are under study.

Raja''? uses copper sulphate and sulphuric acid
as the electrolytic solution and supplied 4 V, 5 A for
30 min with the resulting 40—60 nm sized copper
nanoparticles. Many other investigations regarding
electrochemical synthesis are reported. A few are
listed in Table 5.

4.6. Solvothermal decomposition

In the solvothermal processes, the chemical reaction
takes place in a sealed vessel such as bomb or
autoclave, where solvents are brought to tempera-
tures well above their boiling points. When water is
used as solvent, it is called a hydrothermal process.
Review articles devoted specifically to these
methods appear frequently in the literature.!'6—11%

According to Byrappa and Yoshimura''® the
hydrothermal process involves a heterogeneous
chemical reaction in a closed system, in the presence
of aqueous or nonaqueous solvent above the room
temperature and at pressure >1 atm.

At 647.15°K and 221 bar, water is said to be a
supercritical fluid. Supercritical water/fluid act
both as a liquid and gas. A supercritical fluid
decreases the surface tension at the interference of
solid and dissolves the chemical compounds which
are very difficult in ambient conditions. Mostly,
these techniques employed to take advantage of the
enhanced solubility and reactivity of metal.

There are many advantages in using supercritical
conditions such as, simplicity, very low grain size,
presence of a single phase and synthesis of high-
purity nanocrystals with high crystallinity and eco-
friendliness nature.**’

The use of supercritical conditions is becoming
very popular for the synthesis of nanoparticles such
as copper, silver, gold, platinum, germanium, sili-
con, etc. because of its short residence time with
rapid reaction rates and particle growth. Super-
critical water (SCW) conditions for the production
of nanoparticles have been reported by many
scientists.'?! 123

Yang et al. used solvothermal reduction process
for the preparation of nanoparticles. The reaction
was initiated under ambient conditions before the
mixture was transferred to an autoclave and heated
to 80—200°C. By varying the solvent and reaction
temperatures, they were able to vary the sizes and
morphologies of the products from filament-like to
octahedral to spherical.'?*

Chen and Lee used surfactant sodium dodecyl
benzenesulfonate (SDBS) as surfactant which was
also acted as stabilizer during hydrothermal re-
duction of CuCl, - 2H,0O. Various shape and struc-
ture of copper nanoparticles greatly depend upon
the reaction temperatures and quantity of SDBS.'?°

5. Physical Methods

5.1. Pulse laser ablation/deposition

Laser ablation method is a commonly used tech-
nique for the preparation of copper nanoparticles in
colloidal form in a variety of solvents.'?%'?” Copper
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Table 5. Investigations reports on Electrochemical Synthesis of copper NP’s.

Particle
Electrolytes identification
Sr. # Electrolytic solution DC Voltage Time Anode Cathode techniques  Particle size Ref.
1. H,50, 4+ CuSO, - 5H,O 4V,5A 30 min Cu plate Cu plate SEM, TEM  40—-60 nm 112
CuSOy - 5H50 Deionized 30 min TEM, EDS 8§—12 nm 113
water
3. H,S0, VDC PD 2h  Cu (Metal sheet) Cu (Cylinder) SEM, TEM 114
4. H,S0, + CuSO, -5H,0 32VDCPD 2h  Cu (Metal sheet) Cu (Cylinder) TEM, EDS  10-50 nm 114
5. H,S0, 4+ CuSO, - 5H,O 15V,6 A Cu Cu XRD, FTIR 24 nm 115

Transmission electron microscope (TEM), scanning electron microscope (SEM), atomic force microscopy (AFM), dynamic light
scattering (DLS), X-ray photoelectron spectroscopy (XPS), powder X-ray diffraction (XRD), fourier transform infrared spec-

troscopy (FTIR), PD = potential difference.

nanoparticles are prepared in colloidal form to avoid
oxidation. The pulse laser ablation process takes
place in a vacuum chamber and in the presence of
some background/inert gas.

In this technique, a high-power pulsed laser beam
is focused inside a vacuum chamber to strike a tar-
get in the material and plasma is created, which is
then converted into a colloidal solution of nano-
particles. Mostly Second Harmonic Generation
(ND: YAG) type Laser is being used to prepare the
nanoparticles.

There are many factors that affect the final pro-
duct such as the type of laser, number of pulses,
pulsing time and type of solvent. Marine'?® reviewed

the recent development and reported an analysis of
this method.

Many researchers have used different solvents
such as, 2-propanol, polysiloxane, Deionized water
and pure acetone/water'??~1%? for synthesizing the
colloidal solution of copper nanoparticles, also called
Nanofluids. A few investigations have been sum-
marized in Table 6.

5.2. Mechanical/ball milling method

Milling is a solid state processing technique for the
synthesis of nanoparticles. This technique was first
used by Benjamin for the production of super
alloys. 134,135

Table 6. A list of investigation for the preparation of Cu NPs using pulse Laser Ablation method (Commonly Nd: YAG type laser

is used).
No. of Time for
Sr. # Laser specs pulses Frequency pulse Solvent/Media Particle size (nm) Ref.
1. wavelength =532 nm Pulse 6000 10 Hz 10 min Polysiloxane 2-20 129
energy = 0.2 J Pulse
duration =5 ns
2. wavelength =532 nm Pulse 10 Hz 20 min PDPhSM/TPDC 5—15 130
duration =10 ns
3. wavelength = 355 nm Pulse 18 000 10 Hz 30 min DI water 10—-50 131
energy =0.16 J Pulse
duration =6 ns
4. wavelength; = 532nm 10 000 10 Hz 10—30 min Pure acetone 10—-30 132
wavelengthy = 1064 nm and DI water
pulse energy =0.02 J
pulse duration =6 ns
5. wavelength =532 nm Pulse 10 Hz 30 min 2-propanol 5—15 133
energy =0.1J

PDPhSM = polydiphenylsilylenemethylene, TPDC = 1,1,3,3, tetraphayle-1,3 disilacyclobutane.

1230005-8



NANO 2012.07. Downloaded from www.worldscientific.com
by 204.47.179.116 on 04/16/15. For personal use only

Selection of a Suitable Method for the Synthesis of Copper Nanoparticles

In the milling process, raw material of micron size
is fed to undergo several changes. Different types of
mechanical mills are available which are commonly
used for the synthesis of nanoparticles.

These mills are categorized according to their
capacities and applications. Mechanical mills which
are commonly used for the synthesis of copper
nanoparticles are planetary, vibratory, uniball and
attritor.

Due to mechanical limitations, it is very difficult
to produce ultrafine particles using these techniques
or it takes very long time. However, simple oper-
ation, low cost of production of nanoparticles and
the possibility to scale it to produce large quantities
are the main advantages of mechanical milling.'*¢

The important factors affecting the quality of the
final product are the type of mill, milling speed,
container, time, temperature, atmosphere, size and
size distribution of the grinding medium, process
control agent, weight ratio of ball to powder and
extent of filling the vial.'?*

5.2.1. Mechanochemical synthesis

In this process, chemical reaction is induced by
mechanical energy. The chemical forerunners are
mostly a mixture of chlorides, oxides and/or metals
that react during milling or subsequent heat treat-
ment to produce a composite powder in which
ultrafine particles in a stable salt matrix are dis-
persed. These ultrafine particles are recovered by
washing with suitable solvent from selective
removal of the matrix.

The basic displacement reaction taking place is
mentioned below!#%139:

XaY +bY - aX +YbZ.

In the above equitation, XaY and Y are precursors
while X and YbZ are desired product and byproduct,
respectively. Many different types of nanoparticles
can be produced using mechanochemical method
such as transition metals, oxide ceramics and oxide
semiconductors. Different mechanical mills and their
capacities are mentioned in Table 7.

When copper nanoparticles were prepared using
SPEX 8000, the only contamination recorded is
(2%) iron'*" while for planetary ball mill under
tempered steel as the milling medium, with milling
time of about 240h, iron and chromium contami-
nation were 12.7% and 0.8%, respectively.'*!

Table 7. Different mechanical mills and
their capacities.'®”

Mill type Sample weight
Mixer Uptod0 g
Planetary Up to 1000 g
Attritors 0.5t04 x25000g
Uni-ball Up to 8000 g

5.3. Pulsed wire discharge method

Pulsed wire discharge (PWD) is a physical tech-
nique to prepare nanoparticles.”” Compared to all
the other previously mentioned methods, metal
nanoparticles synthesis by the PWD technique fol-
lows a completely different mechanism. In PWD, a
metal (copper) wire is evaporated by a pulsed cur-
rent to produce a vapor, which is then cooled by an
ambient gas to form nanoparticles. Preparations of
metal, oxide and nitride nanoparticles by PWD
have been reported.'#?~14°

This method has potentially a high production
rate and high energy efficiency. Furthermore, the
nanoparticles are prepared using a simple apparatus
consisting of a vacuum chamber, a powder collec-
tion filter and a discharging circuit. This process is
not used conventionally for common industrial
purposes because it is not only very expensive but
also impossible to use explicitly for different metals.
It is mainly useful for those metals of high electrical
conductivity that are easily available in the thin
wire form.*°

Dash'* applied 22 KV power with 3 uF capaci-
tance under pressure of 0.1 MPa and prepared cop-
per nanoparticles of size 16.11—43.06 nm. Similarly
Jiang'" applied 4 KV power with 10 uF capacitance
and got average copper nanoparticles of size
62.2 nm. Both these scientists used inert media
(argon, nitrogen) to avoid the oxidation of copper
nanoparticles.

Muraia and coworkers found that copper
nanoparticles covered with organic matter can also
be successfully prepared by evaporation of copper
wire in an oleic acid vapor/mist, with the thickness
of the coating layer upto few nanometers. They
prepared nanoparticles of size 10—25nm using
pulsed wire technique. Sen also reported the prep-
aration of metallic nanoparticles such as copper,
silver, iron and aluminum nanoparticles using the
same technique'®” with resultant nanoparticles in

148
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the range of 20—100nm while the copper nano-
particles prepared by this technique were of
27—72nm in size.

6. Biological Synthesis

The need for biosynthesis of nanoparticles rose as the
physical and chemical processes are costly and
hazardous. Therefore, in the search for cheaper path-
ways for nanoparticle synthesis, scientists used
microorganisms and then plant extracts for synthesis.
Nature has devised various processes for the synthesis
of nano- and micro-length scaled inorganic materials
which have contributed to the development of rela-
tively new and largely unexplored area of research
based on the biosynthesis of nanomaterials.'?%1%!

Biosynthesis of nanoparticles is also considered to
be a bottom-up technique, where the oxidation/re-
duction is the main reaction that occurs during the
production. Metal compounds usually reduce into
their respective nanoparticles because of microbial
enzymes or the plant phytochemicals with anti-
oxidant or reducing properties.'*?

In the biosynthesis of nanoparticles, the three
important parameters that should be evaluated
are (a) the choice of the solvent medium used,
(b) the choice reducing agent and (c) the choice
of a nontoxic material for the stabilization of
the nanoparticles. The use of organisms, bacteria

actinomycetes, fungi and plants to synthesize
nanoparticles is being practised.'”’

The biosynthesis of nanoparticles involves easy
preparation protocols and less toxicity and include a
wide range of applications according to their mor-
phology. The size of nanoparticles can be controlled
using this technique, but not in a complete manner.

The field of nanobiotechnology is still in its
infancy, and more research needs to be focused on
the mechanistics of nanoparticles formation, which
may lead to fine tuning of the process, ultimately
leading to the synthesis of nanoparticles with a
strict control over the size and shape parameters.

Ramachandra'® reported protein-mediated syn-
thesis of nanosized copper particles. In his investi-
gation, he used protein solution with copper
sulphate solution and reduced the solution with
sodium borohydrate. Argon gas was used as inert
medium during the process to avoid oxidation.

Nanoparticles of copper have also been syn-
thesized inside the live plants'®® of Brassica juncea
(Indian mustard), Medicago sativa (Alfa alfa) and
Helianthus annus (Sunflower).

Certain plants are known to accumulate higher
concentrations of metals compared to others and
such plants are termed as hyper-accumulators. Of
the plants investigated, Brassica juncea had better
metal-accumulating ability and later assimilated
the metal as nanoparticles.'”®

Table 8. A summary of characterization techniques.

Technique Measures Sample Sensitivity

TEM particle size and Required <1 pg sample down to 1 nm
characterization Solid on substrate

SEM particle size and conductive or sputter down to 1 nm
characterization coated

AFM particle size and Air or liquid. 1 nm—-8 pum
characterization

Photon correlation average particle size and
spectroscopy (PCS) size distribution
X-ray photoelectron Solid
spectroscopy (XPS),
X-ray diffraction (XRD) average particle size for a
bulk sample
Fourier transform infrared Substituent groups
spectroscopy (FTIR)
RAMAN

UV visible

SP3 indicated by D mode
Sidewall functionalization

very dilute suspension 1nm—10 pm

Elements, functionalization  3—92nm
ratio

arger crystalline samples
(>1 mg) required

Solid for ATR-IR or liquid

down to 1nm
20A—1 ym

Solid 0.2—10 pm

Solution Scanned & visible regions
are 200—400 and
400—800 nm,
respectively
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7. Applications of Copper Nanoparticles

Copper nanoparticles, due to their excellent physi-
cal and chemical properties and low cost of prep-
aration, have been of great interest. Copper
nanoparticles have wide applications as heat trans-

fer systems,'? antimicrobial materials,'”%'°" super
strong materials,'”%'*” sensors,'°71%? and cat-
alysts. 163165

Copper nanoparticles can easily oxidize to form
copper oxide. To protect copper nanoparticles
from oxidation, they are usually encapsulated in
organic and inorganic coating such as carbon and
silica, 156,162,166,167

Copper nanoparticles are very reactive because of
their high surface-to-volume ratio and can easily
interact with other particles and increase their
antimicrobial efficiency. Colloidal copper has been
used as an antimicrobial agent for decades.

Copper monodispersed nanoparticles (2—5nm)
have revealed a strong antibacterial activity and
were able to decrease the microorganism concen-
tration by 99.9%.%°¢

Copper nanoparticles (about 6 nm) embedded in
polyvinyl methyl ketone films exhibit a noticeable
inhibitory effect on the growth of microorgan-
isms.'°” Due to the stability of copper nanoparticles
supported on a matrix and their disinfecting prop-
erties, copper nanoparticles can be used as a bac-
tericide agent to coat hospital equipment.

Recently, after the introduction of nanofluids,’
copper nanoparticles get more attention due to its
excellent thermal properties. Nanofluids of copper
nanoparticles are used in both heating and cooling
applications.

8. Characterization Techniques

To understand the control of synthesis and their
applications, it is very important to characterize the
nanoparticles. There are many different techniques
available for the characterization of nanoparticles.
For particle size and characterization, microscopy
techniques have been commonly used. Some of these
techniques are transmission electron microscopy
(TEM), scanning electron microscopy (SEM) and
AFM. Fourier transform infrared spectroscopy
(FTIR) is used for the identification of unknown
materials. Atomic absorption spectrophotometer
(AAS) is also used to check the concentration of
metallic nanoparticles.

The commonly used techniques are summarized
in Table 8. Small variations on a technique can
generate a different name and abbreviation for a
very similar technique.

9. Conclusions

Top-down (physical) and bottom-up (chemical and
biological) methods are two main techniques for the
synthesis of copper nanoparticles. Physical methods
usually require high temperature, vacuum and ex-
pensive equipments, which makes this technique
uneconomical. Biological methods are also being
employed for the synthesis of copper nanoparticles,
but due to lack of knowledge and experience of the
process, it is not suitable in our case.

Chemical methods are very simple, are highly
versatile, are of low cost, provide high yield, are
environment-friendly and can be prepared in simple
laboratory equipments in ambient conditions. Using
these methods, we can produce uniform nano-
particles with narrow size distribution, controllable
particle shape and size. After reviewing chemical
methods for the synthesis of copper nanoparticles,
we have found that chemical reduction method is
most suitable for the production of copper nano-
particles. Also, there are numerous techniques to
produce copper nanoparticles using chemical re-
duction method. Some scientists use inert media
to avoid oxidation and different types of toxic
and costly chemicals as reducing and capping
agents which makes the production costly and
hazardous.

Chemical reduction methods were also studied
and research revealed that the reducing and capping
agents/chemicals, except ascorbic acid, are very
costly and toxic. We have selected ascorbic acid
(Vitamin C) for our synthesis process as it is non-
toxic, economical and have both reducing and pro-
tecting properties. It will reduce copper salt and also
protect copper nanoparticles from oxidation. The
uniqueness of our selected method is that it is a cost-
effective and environment-friendly green approach
for the production of copper nanoparticles. Also,
there is no need of inert media in this technique.
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