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ABSTRACT

Controllable synthesis of uniform spherical silver nanoparticles was investigated by carrying
out a chemical reduction reaction in a micro emulsion, formed under high shear mixing of aqueous
silver nitrate solution and 2-ethyl hexanol as organic phase. Sodium borohydride was used as reducing
agent and sorbitan monooleate (span-80) as stabilizer. Further, a study has been performed to
observe the effect of silver nitrate concentration, reducing agent concentration, amount of surfactant
and organic phase on the size and shape of silver nanoparticles. Transmission electron microscopy
(TEM) and dynamic light scattering (DLS) techniques were used for elucidating the shape, size and
size distribution of the synthesized silver nanoparticles. Crystal structure of silver nanoparticles thus
prepared has been studied by X-ray diffraction analysis (XRD). Uniform silver nanoparticles of average
diameter 15-20 nm with high purity and well crystalline nature were obtained under optimized set of
conditions. The results of synthesis of these nanoparticles in present study were excellent and may
also be used at larger scale.
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INTRODUCTION

In recent years, a great interest in
metal nanoparticles with controlled size and size
distribution has been observed. Because of unusual
properties of nanostructured silver particles, these
nanoparticles have been the subject of numerous
intensive researches. In comparison with larger

particles, these exhibit new/ improved properties
(e.g. higher surface to volume ratio, changes in total
energy, changes in conductivity, different optical
features)'. To prepare silver nanoparticles with
specific size and size distribution has thus become
an essential research area in recent years.Many
methods have been exploited for the synthesis of
silver nanoparticles in the past few years; where-
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in chemical reaction in micro emulsion is one
of the most important methods for synthesis of
monodisperse nanoparticles?.

Chemical reduction method can be
considered suitable for the production of large
quantities of nanoparticles in relatively shorter period
of time3. A typical synthesis of silver nanoparticles
by chemical reduction process consists of three
main stages. The first one is the reduction of a silver
salt by a reducing agent. AQNO, is most frequently
used as a source of silver ions and NaBH, as a
reducing agent. In the second stage, neutral silver
atoms collide with each other, forming stable nuclei
and a growth of the nanoparticle occurs until all
metals ions are consumed. The final stage involves
prevention of nanoparticles agglomeration by the
addition of protecting agents. Stabilizers prevent
the agglomeration via their interaction with small
particles*5. Moreover, by chemical reduction method,
morphology (i.e. diameter, size distribution, shape) of
nanostructured silver nanoparticles can be controlled
by various parameters. The important key in this
approach is to avoid the agglomeration of silver
nanoparticles during the synthesis and preservation
procedure. Usually special organic compounds such
as surfactants are used for the purpose. Depending
on the proportions of various components employed,
a surfactant with specific hydrofilic-lypofilic balance
(HLB) value is used. The microdroplets in the
microemulsion can be in the form of oil-swollen
micelles dispersed in an aqueous phase as o/w
microemulsion or water-swollen micelles dispersed
in oil phase as w/o microemulsion®7:8 9,

Nanoemulsions are non-equilibrium
systems and cannot be formed spontaneously. They
can be produced using two different approaches:
high energy and low energy methods. High energy
methods use intense mechanical forces to break
up macroscopic phases or droplets into smaller
droplets and typically involve the use of mechanical
devices known as homogenizers, which may use
high-shear mixing, high-pressure homogenization
or ultrasonification. In contrast low-energy methods
rely on the spontaneous formation of emulsion under
specific system compositions or environmental
conditions as a result of changes in interfacial
properties. Spontaneous emulsification is a less
expensive and energy efficient alternate that takes
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advantage of the chemical energy stored in the
system. High energy methods are effective in reducing
droplet size and with the aid of proper stabilizer
called surfactants. Surfactants can be employed
effectively for the synthesis of various nanoparticles
101112 Generally, sodium borohydride, hydrazine,
ascorbic acid and cetyltrimethylammonium bromide,
sodium dodecyl sulphate, poly (vinyl alcohol), poly
(vinylpyrrolidone), are used as the reducing- and
stabilizing-agents respectively to prepare silver
nanoparticles with controlled size and shape®.

In the present paper we have described an
efficient and cost effective method for production of
large quantity of uniform silver nanoparticles using
high energy microemulsion method. Silver nitrates
as silver ion source, sodium borohydride as reducing
agent, 2- ethyl hexanol as organic phase and span-80
as stabilizer have been used. Further, investigations
have also been carried out to see the effect of silver
salt concentration, strength of reducing agent,
concentration of stabilizer and amount of organic
phase on the size of silver nanoparticles along with
their particle size distribution. Transmission electron
microscopy (TEM) and dynamic light scattering
(DLS) techniques were used for elucidating the
shape, size and size distribution of the synthesized
silver nanoparticles. Crystal structure of silver
nanoparticles thus prepared has been studied by
X-ray diffraction analysis (XRD).

MATERIALS AND METHOD

A synthetic method developed for the
purpose of this experiment enables the production
of stable silver nanoparticles under optimized set
of conditions. The silver nitrate (> 99.0%, AgNQO,)
and sodium borohydride (> 96.0%, NaBH,) were
purchased from Sigma-Aldrich and Merck chemicals
respectively. Span-80 (non-ionic, HLB= 4.3)
and 2-ethyl hexanol were purchased from Fluka
chemicals. All chemicals were used without further
purification. Double distilled water was used for the
preparation of all samples.

Synthesis of Silver nanoparticles

Synthesis of silver nanoparticles by chemical
reduction method using silver nitrate as a source of
silver ion and sodium borohydride as reducing agent
have been used by many researchers. However
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fewer claimed their work suitable for bulk synthesis
with controlled particle size distribution. A. Katiyaret
al. have reported synthesis of Fe-Ni nanoparticles
with controlled morphology for preparing magnetic
nanofluid'. In the present study, span-80 stabilized
spherical silver nanoparticles were synthesized
via forming a microemulsion by high energy
methods''. Here microemulsion is formed by mixing
bulk amount (250 ml) of aqueous silver nitrate
solution (as water phase), 2-ethyl hexanol (as oil
phase) and span-80 as surfactant. IKA T25 digital
ultra turrax, a high speed homogenizer was used to
homogenize all components at a speed of 22000
rom in a vessel and temperature is maintained at
40°C in a water bath.Aqueous solution of sodium
borohydride was added drop wise (2-3 drop/sec.)
in the mixture under high shear mixing conditions.
A spontaneous reduction reaction occurred due to
exothermic nature of reaction. Formation of black
colloidal suspension reveals the formation of silver
nanoparticles.

A reaction between silver nitrate and
sodium borohydride in water solution could be

described by following chemical reaction '

AgNO, + NaBH, — Ag + % H, + % B,H, + NaNO

i
_

(1)
B,H, + H,O0 — 6H, + 2H,BO, ...(2)
NaBH, + 2H,0 — NaBO, + 4H, ...(3)
BH, + H,O* + 2H,0 — H,BO, + 4H, ...(4)

Alongwith reaction (1), simultaneous
reaction (3, 4) and coupled reaction(2) could proceed
in a water environment'é. A decrease in pH value is
resulted from the formation of boric acid. According
to Song et al. 4, metal reduction generally proceeds
according to the following reaction:

Ag*+BH, + 3H,0 — Ag + B(OH), + 3.5H, ...(5)

Taking into consideration reaction (1)
proposed by Bruzzoniti et al. '*, one product
(diborane) is absent in reaction (5).

Characterization of silver nanoparticles

The silver nanoparticles are characterized
for size and shape by TEM analysis using FEI Tecnai
G2 F20 X-TWIN transmission electron microscope.
Particle size distribution is taken with the help of
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Malvern Zeta sizer ZS90 instrument. XRD analysis
is done by X-ray diffractometer, model ISO Debyeflex
2002.

RESULTS AND DISCUSSIONS

Effect of Ag lon concentration

The variation in average particle size of
silver nanoparticles with concentration of silver
nitrate along with DLS particle size distribution
histograms is shown in fig.1. Hereit was observed
that the size of silver nanoparticles increased with
the increase insilver nitrate concentration. This is
attributed to increase in the number of nuclei formed
on increasing concentration'”.

The average diameter of silver nanoparticles
obtained with 0.05M, 0.08M and 0.1M concentration
of silver nitrate were 19.13 nm, 16.29 nm and
68.86 nm respectively. On increasing the AgNO,
concentration from 0.05M to 0.08M, the nuclei
formation rate increased more significantly than the
growth rate of silver nanoparticles and it led to large
amount of small nanoparticles, which absorb span-
80 (taken as 4.5 mmol), thus preventing any further
agglomeration '® On increasing AGNO, concentration
further up to 0.1M, the collision frequency of silver
nanoparticles increased significantly. Thus protection
by span-80 obtained on silver nanoparticles surface
by adsorption of span-80 molecules was weakened
and small nanoparticles could aggregate into larger
particles and attained different shapes as well as
spherical ones. Thus a transition in morphology from
spherical to triangular shape is observedonincreasing
concentration of AGQNO,up to 0.1M. However, it was
observed that further increase in concentration of
silver salt did not cause very much increment in
size.

A typical XRD pattern of the silver
nanoparticles prepared at 0.08 M concentration of
silver nitrate (sample b-2 in fig.1) is shown in fig.2.
The X-ray powder diffraction (XRD) pattern was
recorded with Cu Ka radiation (A= 1.54184 A°) in
2-theta ranging from 10° to 100° (scan speed of
3%min). Here, the Bragg’s reflections observed at
2-theta values of 38.115, 44.229, 64.443, 77.397
and 81.541 representing [111], [200], [220], [311]
and [222] planes respectively; which indicate the
formation of silver nanocystals with cubic face
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Fig. 1: (TEM images and DLS size distribution histograms of silver nanoparticles synthesized
with different concentration of silver nitrate: (a)-1 and (a)-2 at 0.05M, (b)-1 and (b)-2 at 0.08M, (c)-1
and (c)-2 at 0.10M.)
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centered (FCC) structure. The peaks obtained are
consistent with JCPDS card no. 87-0597. Since any
other peak was not observed, it indicates the purity
of silver nanoparticles.

Effect of concentration of reducing agent

In the proposed synthesis process,
concentration of reducing agent was found as an
important factor which affects the silver nanoparticle
size (Fig.3). An increment in the concentration of the
NaBH,was carried out w.r.to constant concentration
of silver salt (0.08M), in a simple multiple ratio as
0.08M, 0.16M, 0.24M and 0.32M. It was observed
from particle size distribution histograms of silver
nanoparticles that, at low conc. of NaBH, (e.g.
0.08M and 0.16M) only few and not all Ag* ions were
reduced (Fig.3a, 3b). Thus overlapping of nucleation
and growth process, which is more pronounced as
the slower chemical reaction, led to larger and more
polydisperse final nanoparticles sizes. The average
diameter of the silver nanoparticles at 0.08M and
0.16M concentration of NaBH, was observed as
45.33 nm and 83.80 nm. At very high conc. of
NaBH, (0.32M), the anion (i.e. BH,") occupancy
per reverse micelle increased (Fig.3d). This can
promote intermicellar nucleation and growth,
leading to increase in the average particle size and
polydispersity?. The average diameter of the silver
nanoparticles here observed as 296.29 nm. At
an intermediate conc. of NaBH, (i.e. 0.24M), both
nucleation and growth process were so controlled,
that nearly monodisperse particle size distribution

(111}

(200

(311)
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histogram (fig.3c) was obtained. At this optimum
concentration of reducing agent (i.e. 0.24M),
nucleation was faster when the chemical reaction
was faster. Since growth is strongly influenced by
the nuclei number already formed at a given time,
a great number of nuclei favor a fast autocatalytic
growth, giving rise to a large number of small
nanoparticles'. The average diameter of the silver
nanoparticles at this concentration was observed as
20.42 nm. TEM monograph of silver nanoparticles
synthesized at 0.24M conc. of NaBH, is shown in
fig.3e which was in accordance with the particle size
distribution pattern obtained here.

Effect of concentration of Surfactant

In view of all the parameters related
to experiment, when concentration of span-80
decreased keeping allother parameters constant
[conc. of silver salt (0.08M), conc. of reducing agent
(0.24M) and 2-ethyl hexanol (10% by volume)], it
was observed that average size and polydispersity
of silver nanoparticles increased. Since our proposed
synthesis procedure utilizes high shear mixing of bulk
water phase (250 ml) and 2-ethyl hexanol (10% by
volume), variation in the concentration of surfactant
was done on the basis of ratios (F,), which was ratio
of 2-ethyl hexanol (ml) tospan-80(ml). An increase
in F,value was associated with decrease in amount
of span-80. Six ratios (Fs) have been studied viz,
Fs = 8, 10, 12, 15, 20 and 30. The variations in
particles distribution for different ratios (F,) are
given in fig.4. The average diameter of the silver

20 M 40 =50 &0 T BO

Degrees 1-Theta

SAD Pattern

Fig. 2: (XRD and SAD pattern of silver nanoparticles synthesized with 0.08M AgNO, solution.)
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nanoparticles synthesized at above mentioned
ratios obtained as 13.02 nm, 15.62 nm, 25.10 nm,
65.36 nm, 133.28 nm and 300.12 nm, respectively.
Therefore, tremendous increase in particle size
with polydispersity was observed on decreasing the
amount of surfactant.

This could be possibly as microemulsion
consists of nanometer size water droplets which are
dispersed in a continuous oil medium and stabilized
by surfactant molecules accumulated in the oil-water
interface. The main function of the droplet nanoreactor
is to provide a compartmentalized medium in order
to prevent phase separation of the particles®®2'. An
increase in the concentration of span-80 produced

T | e beB e e Py el
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large number of span-80 reverse micelles. Hence,
solubilization capacity of the reactants in the reverse
micelle increased in conjunction with a decrease in
the radii of the reverse micelle. These resulted in an
increase in the amount of nanoparticles formed and
a simultaneous decrease in the average size of the
silver nanoparticles.

Effect of content of oil phase

The variation in oil phase content (i.e.
2-ethyl hexanol) was done and it was taken at the
levels of 5%, 10%, 15%, 20% and 30% by volume,
keeping all other parameters [conc. of silver salt
(0.08M), conc. of reducing agent (0.24M) and
surfactant (6.44 mmol)] constant. Effect of increasing
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Fig. 3: DLS size distribution histograms of silver nanoparticles synthesized at different
concentration of NaBH,: (3a) 0.08M, (3b) 0.16M, (3c) 0.24M, (3d) 0.32M and (3e) TEM image of silver
nanoparticles prepared at 0.24M NaBH,
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oil phase content on size and distribution of silver
nanoparticles is shown in fig.5. It was found that,
an increase in the oil phase content led to increase
in the averagesize of the silver nanoparticles. The
average size of the silver nanoparticles at 5%, 10%,
15%, 20% and 30% (by volume) oil phase content
was observed to be 22.98 nm, 23.46 nm, 135.98 nm,
157.30 nm and 193.84 nm, respectively. This could be
explained asat an optimum value of oil phase content,
with the continuous addition of aqueous solution
of NaBH, up to pH= 9 under high shear mixing
condition, phase inversion of microemulsion occurs.
In our study, during phase inversion conditions a
lot of physical changes occurred including change
in particle size. By successively addition of NaBH,,
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pH of the medium increased and a transition in
the spontaneous radius of curvature of span-80 is
observed. At this time system crosses a point of
zero spontaneous curvature and minimal surface
tension, promoting the formation of finely dispersed
droplets?2. At higher oil phase content (i.e. more than
10% by volume), phenomenon of phase inversion
occurred after a long time and relatively a large
amount of aqueous solution of NaBH, consumed up
to pH=9. Evidently avg. particle size with polydisperse
nature increased. At a very low oil phase content (5%
by volume), the content of continuous phase is very
small w.r.to surfactant (span-80), therefore phase
inversion occurred very quickly with the addition of
aqg. NaBH,. Thus silver nanoparticles obtained here

Bia bl im i it el

L ifikiai

e Uk, b i S Dl by by
= e LI 1
. : - - - ; » - -
Jewiam ra o el
iy Al
i ;. i -
' [ - ;
404 dieh
fum i Ty by
- U P —
i

Fig. 4: DLS size distribution histograms of silver nanoparticles synthesized at different F ratios
(i.e. amount of organic phase/amount of surfactant): 4(a) F.=8, 4(b) F,=10, 4(c) F,=12, 4(d) F =15,
4(e) F,=20 and 4(f) F;=30
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Fig. 5: DLS size distribution histograms of silver nanoparticles synthesized by taking different
amount of organic phase (% by volume): (a) 5%, (b) 10%, (c) 15%, (d) 20% and (e) 30%

show a little bit high particle size distribution from
6-20 nm due to insufficient adsorption by surfactant
molecules.

CONCLUSION

Silver nanoparticles with uniform particle
size distribution were successfully synthesized
by carrying out a chemical reduction reaction in a
microemulsion media, prepared under high shear

mixing conditions. Aqueous solution of silver nitrate
was taken as silver ion source, sodium borohydride
as reducing agent, 2- ethyl hexanol as organic
phase and span-80 as stabilizer. The effect of
silver ion concentration, strength of reducing agent,
amount of surfactant and content of oil phase
(i.e. organic phase), on size and size distribution
of silver nanoparticles were investigated. It was
found that size of silver nanoparticles increased
on increasing silver nitrate concentration; also a
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deviation in morphology from spherical to triangular
shape is observed. Concentration of reducing agent
was found to play a key role in this reaction process, a
sharp increase in size is observed on increasing conc.
of reducing agent. Stabilization of synthesized silver
nanoparticles by adsorption of span-80 surfactant
showed that decrease in amount of surfactant w.r.to
continuous oil phase led to increase in avg. particle
size of silver nanoparticles. Amount of oil phase
content is also found as important parameter in
tuning the synthesis process for smaller size silver
nanoparticles with narrow size distribution.
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The synthesized silver nanoparticles
were successfully characterized via TEM and DLS
analysis for their size, shape and size distribution.
XRD analysis showed their good crystalline nature.
Thus silver nanoparticles synthesized by this process
have an extensive application prospects and can be
preserved for a long time.
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