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Abstract—Colloidal silver nanoparticles were obtained by chemical reduction of silver nitrate in water and organic
solvent with sodium borohydride. The effects of oxidant, reducing agent, stabilizer, and temperature, during the growth
of silver nanoparticles were discussed. As the reaction proceeded in aqueous medium a characteristic plasmon absorp-
tion peak between 390-420 nm appeared as presence of silver nanoparticles. The peak intensities and shifting (blue or
red) were altered in accordance with some applied factors. The formed silver nanoparticles were found to be with par-
ticles size range from 3 to 20 nm. The change rates of Ag" ions to Ag” in aqueous and organic solvent are strongly tem-
perature dependent, although reduction can take place at room temperature. The silver nano-colloid with negative zeta
potential also has been confirmed to be more stable. Obtained nanoparticles were characterized by UV-vis spectropho-
tometer, particle analyzer for zeta () potential, polydispersity index (PDI), and transmission electron microscope

(TEM).
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INTRODUCTION

Nanotechnology is dedicated to the creation, improvement, and
utility of nanoscales structures for advanced studies. Among them,
a noble metal silver nanoparticle is an emerging field of interdisci-
plinary research [2]. Nano phasic and nanostructured materials
are receiving a great deal of attention for their potential for achiev-
ing specific processes and selectivity, especially in biological and
pharmaceutical application [3]. The vivid colors from noble metal
nano-silver were used for decorative pigments for glass [4] and
ceramics [5] in ancient times. Nano-silver powder is widely used
in daily life [6], medicine [7] textiles including cotton [8], wool, silk
[9,10] fields for human health guaranty. Recent literature reports
encouraging results about the bactericidal activity of silver nanopar-
ticles of either a simple or composite nature [11]. Elechiguerra and
coworkers [12] found that silver nanoparticles undergo a size-
dependent interaction with human immunodeficiency virus type 1,
preferably via binding to gp120 glycoprotein knobs. Silver nanopar-
ticles have applications in electronics in addition to their potential
use in opto-electronics, in catalysis, and as conductive inks [13,14].
Despite the fact that nanocrystalline silver powder is well utilized
for micro- and nanotechnology, challenges associated with their
large-scale synthesis by solution method are formidable.
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Novel metal nanoparticles present bright colors because of their
localized surface plasmon resonance (LSPR) features. Conduction
electrons around metal nanoparticles locally oscillate at a certain
frequency when light interacts with nanoparticles. The excitation
of surface plasmons by light is known as LSPR [15]. The LSPR prop-
erty of noble metal nanoparticles has been widely applied in many
fields such as surface enhanced spectroscopy [16] and sensing [17].
The color of fabrics treated with noble metal nanoparticles depends
on the shape and size of nanoparticles on the fibers [18].

Several methods have been used in the past to prepare nano-
structured silver particles, including chemical reduction [19], elec-
trochemical reduction [20], heat evaporation [21], thermal decom-
position in organic solvents [22], polyol process [23], chemical and
photo-reduction in reverse micelles [24], and radiation chemical
reduction [25]. All these methods of preparation involve the reduc-
tion of relevant metal salts in the presence or absence of surfactants,
which is necessary for controlling the growth of metal colloids
through agglomeration. Various chemical and physical methods
are known for preparation of silver and other metal nanoparticles.
Silver nanoparticles are fabricated by the reduction of silver ions to
neutral silver atoms. Silver ions are reduced by the use of reduc-
ing agents [26]. In the formation of silver nanoparticles by chemi-
cal reduction method, there are several factors that are important
to prepare nanosized powder of silver. Properties of silver nanopar-
ticles obtained by this method are affected by various parameters,
such as molar concentration of R ([AgNO;]/[reducing agent]) value,
dispersant concentration, feed rate of reactant etc. [27]. Therefore,
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we considered how the parameters such as silver nitrate, sodium
borohydride, polyvinyl pyrrolidine (PVP) and temperature affect the
reduction process as well as size, and shape of the silver nanoparti-
cle in aqueous and organic medium.

MATERIALS AND METHODS

1. Reagents

Silver nitrate (AgNOs;, >99%), sodium borohydride (NaBH,,
>99%), poly (vinyl-pyrrolidine) (PVP, average molecular weight
40,000), 1, 2-propanol and 2-methoxyethanol were purchased from
Daejung Chemical, South Korea. All the chemicals were of analyt-
ical grade and used as received. Double distilled water was used
throughout the reaction.
2. Instruments

UV-vis spectra were measured using a spectrophotometer (SHI-
MADZU, GENESYS 8, England, with 1 cm path length Quartz cell
and graph plotted on the SigmaPlot 10.0 program). For transmis-
sion electron microscope (TEM, JEOL, JEM-1011; Japan) samples
were prepared by placing a drop of working solution on a carbon
coated standard copper grid (300 mesh) operating at 80 kV accel-
erating voltage. The particle size distribution, Zeta (¢) potential
and polydispersity index (PDI) of the silver nano particle in the
colloid were measured by Zetasizer Nano S90, UK. The stability of
the colloidal system is determined by magnitude of the zeta potential.
The measurement of zeta potential stability is based on the direc-
tion and velocity of particles under the influence of electric field.
3. Synthesis of Silver Nano-particle

The solution of silver nitrate and reducing agents was prepared
daily and stored in a dark glass bottle. In a typical process, 10-mL
volume of silver nitrate (2.0 mM) was added dropwise (roughly
one drop/second) into 30ml of sodium borohydride (4.0 mM)
solution, under different experimental condition (Table 1). To obtain
stable silver nanoparticles, the order of reactant addition is import-
ant. The immediate silver nanoparticles aggregation will occur in
reverse order of reactant addition [28]. The PVP was added in sil-
ver nitrate solution (PVP effect) and stirred until complete dissolu-
tion. The reaction mixture also was stirred vigorously on a magnetic
stir plate. After the completion of entire addition, the stirring was
stopped and the stir bar removed. The aqueous reaction mixtures
were heated at different temperatures, such as 40, 60, 90 °C during
30 min, and the increment of the coloration including room tem-
perature (25 °C) was observed. The samples prepared in 1, 2-pro-
pandiol and 2-methoxyethanol were also heated to 60, 90, 120 °C

with a rate of heating of 4 °C/min until reaching the desired tem-
perature. The PVP of 80 mg was added to the system for prepara-
tion of silver nanoparticle by using organic solvents.

RESULTS AND DISCUSSION

1. Effect of AgNO; Concentration

Metal nanoparticles and their bulk materials property are not
the same, although they are of the same atoms. The experiments
described here, silver nitrate solution and bulk sodium borohy-
dride, were colorless. Silver nitrate was used as a starting material.
The light yellow color changed to deep yellow due to the forma-
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Fig. 1. Colloidal silver in various stages, (a) light yellow (0.5 mM),
(b) clear yellow (1.0 mM), (c) bright yellow (1.5 mM), (d) deep
yellow (2.0 mM) as growth of silver nanoparticle proceeds.
(e) Silver nanoparticle size distribution of solution D (the best
among samples).

Table 1. Maximum intensity and wavelength at maximum intensity at various studied conditions

[AgNO;]* Apax Abs. [NaBH," e Abs. [PVP/AgNOS]* Aumax Abs. Temperature* Apax Abs.
mM (nm) (auw) mM (nm) (auw) weight ratio (nm) (auw) [°C] (nm) (auw)
0.5 396.5 0.4093 10.0 389.0 0.5907 20.0 402.5 043 90 4055 0.6324
1.0 3945  0.5465 4.0 3920 0.3678 5.0 403.0 0.37 60 406.5 0.4769
15 391.0 0.7385 2.0 3975  0.259 2.0 405.5 0.34 40 411.0  0.1941
2.0 3940 0.7943 1.0 3940 0.1691 0.50 418.0 0.26 RT (25) 411.0  0.1503
"[NaBH,] is constant at *[AgNO3] is constant at *[AgNO3]/ [NaBH,]=1:2 molar *[AgNO3]/ [NaBH,]=1: 2 molar
4.0 mM, RT 1.0 mM, RT ration, RT ration
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Fig. 2. UV-visible absorption spectrum of yellow colloidal Ag.

tion of silver nanoparticles with different density and size. The
reaction produced visually observable well-defined stages. These
are shown in Fig. 1. Sodium borohydride reduces silver nitrate, result-
ing in silver nanoparticles, according to the following equation [29]:

AgNO,+NaBH,

Ag+Ys Hy+% B,Hs+NaNO; 1)

The reduction of silver ion (Ag") in aqueous solution generally
yields colloidal silver with particle diameter of several nanometers
[30]. Even dilute reagents are used, because Brownian motion among
the particles gives rise to agglomeration if repulsive interactions are
not present. A summation of van der Waals attraction and electro-
static repulsions potential are interpreted as a term of pair in the
case of particle aggregation [31]. Steric stabilization has been widely
used in stabilization of nanoparticle colloid. Fig. 2 shows the UV-
vis spectra of colloidal silver nanoparticles prepared with different
AgNO; concentrations (0.5, 1.0, 1.5, 20 mM). The colors of the
solutions originated according to the concentration of added AgNO,
solutions. With increasing the AgNO; concentration, the color of
solution changed from light vellow to deep yellow. The absorption
spectra of prepared deep yellow silver colloids by reduction pro-
cess showed a surface plasmon band with maximum of 397 nm,
indicating the presence of spherical silver nanoparticles ranging
between 10 to 24 nm with mean+SD value of 13+4 nm confirmed
by the particle size analyzer (Fig. 1(e)). Metal surface like plasma
comprises free electron in the conduction band and nuclei with
positive charge. Near the surface of the nanoparticles, the conduc-
tion band produces plasmon resonance as a collective excitation of
electrons. The vibration mode of electrons is limited to certain rate
by the particle size and shape. Therefore, metallic nanoparticles
have characteristic optical absorption spectra in the UV-vis region
[32]. The location of absorption peak at around 394-397 nm (Table
1) in Fig. 2 is attributed to the surface plasmon excitation of silver
nanospheres, indicating the formation of silver nanoparticles [33,34].
At low AgNO; concentrations (0.5, 1.0 mM), weak absorption max-
imum of surface plasmon peaks was observed at 396 nm and 394
nm, respectively, showing that silver nanoparticles were produced
at a relatively low concentration. With increasing the AgNO; con-
centration, the intensity of the maximum plasmon peak increased
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Fig. 3. UV/Vis absorption spectra of the silver nanoparticles pre-
pared with different NaBH,/AgNO; molar ratios. (a), parti-
cle size distribution (b).

(0.40-0.80 a.u.), indicating that higher concentrations of silver nano-
particles were formed.
2. Effect of NaBH, Concentrations

The effect of different NaBH, concentrations was monitored by
the reduction reaction, carried out by varying molar concentra-
tions of 1.0, 2.0, 4.0, 10.0 mM NaBH, at the static 1.0 mM AgNO;
concentration. Fig. 3(a) shows the UV-vis spectra of studied silver
colloid. Small molar ratio (1:1 and 2:1) of NaBH,/AgNO; pro-
duced weak plasmon peak centered at 394 and 397.5nm, with
obtained absorption value of 0.17 and 0.26 a.u. (Table 1), respec-
tively. It could be due to the formation of low concentration silver
nanoparticles by insufficient reduction progress. Dispersion degree
of silver nanoparticles can be known through how the spectra are
developed. Narrower absorption peak means the better dispersed
nanosolution [33]. The higher molar ratios of NaBH,/AgNO; at
4:1and 10: 1 created the absorption peak at 392 and 389 nm with
the intensity of 0.37 and 0.59 a.u., respectively (Table 1). Widened
absorption peak indicates the gradual aggregation of silver nano-
particles. However, when the NaBH,/AgNO, molar ratios were 10,
a higher intensity absorption peak was developed. The higher inten-
sity suggests that the silver nanoparticles were well dispersed in that
stage. The results showed resemblance with [34] who reported the
boron hydroxide produced through hydrolysis of NaBH, by Eq.
(1). They used small concentration of NaBH,. The silver nanopar-
ticles size (diameter) varied between 2.0 to 42.0 nm with mean
value of 32+4 nm (means+S.D.) for the NaBH,/AgNO; molar ratios
of 10:1 size nanoparticles (Fig. 3(b)). However, the aggregation
state of nanoparticles depended on different NaBH,/AgNO; molar
ratios. When NaBH,/AgNO,=2, intense aggregation of silver nano-
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Fig. 4. Repulsive forces separate Ag nanoparticles (NP) with adsorbed borohydride layer.

particles was observed in Fig. 3(a). On the other hand, in the case
of NaBH,/AgNO,;=10 in Fig. 3(b), the aggregation was reduced,
and the dispersion became far better. These results are well consis-
tent with the UV-vis spectra in Fig. 3(a). The adsorption of boron
hydroxide to the surface of the silver nanoparticles plays a key role
in stabilizing growing silver nanoparticles by providing a particle
charge as shown in Fig. 4. Initially; due to this adsorption the elec-
tron density on surface of nanoparticles was reduced and particle
aggregations arose. The high quantity of NaBH, produces excess
amount of BH, through borohydride/water reaction and creates
thick BH, layer at surrounding of the silver nanoparticles. The
thick BH, layer protects the surface of the nanoparticle from ab-
sorbing boron hydroxide; as a result, a well dispersed solution was
obtained [35]. To reduce the van der Waals attraction among the
particles and prevent aggregation, BH; layer was sufficient. There-
fore, it would not be speculative to say that NaBH, plays an import-
ant role of reducing agent and stabilizer at the same time. The zeta
potential value of the synthesized silver nanoparticles has been dis-
played by —17.4mV and —42.5mV for 2: 1 and 10: 1 molar ration
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Fig. 5. Zeta(¢) potential of silver nanoparticles solution prepared
with different NaBH,/AgNO, weight ratios. (a) NaBH,/AgNO,
=2:1and (b) NaBH,/AgNO;=10:1.

of NaBH,/AgNO; as shown in Fig. 5, respectively, indicating the
presence of repulsion among BH, charge around the synthesized
silver nano. The zeta potential indicates the degree of repulsion be-
tween similarly charged particles in the dispersion [36]. The acquired
value in the current research indicates that the molar ratio by
10: 1 is stocking higher repulsion than molar ration by 2: 1 in the
colloidal dispersions. Subsequently, the polydispersity index (PDI)
value is related to the colloidal stability and should be <0.3 in
dynamic light scattering (DLS) technique. If the polydispersity index
value of dispersions is equal and/or greater than 1, then the solu-
tion visual precipitation may arise [37]. The polydispersity index
values were between 0.130 to 0.212, that is reflecting good colloi-
dal properties, while PDI value of 0.130 was displayed by NaBH,/
AgNO,=10:1 and 0.212 by NaBH,/AgNO,=2: 1.
3. Effect of PVP Concentrations

Polymers are a good host material for metal nanoparticles. Poly-
vinyl pyrrolidone (PVP) allows a wide range of potential applica-
tions (e.g., biomedical, pharmacy, textile). Due to its optical clarity
PVP is being used as a stabilizer, which facilitates investigation of
the nanoparticle formation. PVP was introduced into the solution
to prevent the silver nanoparticles from growth and aggregation.
Fig. 6(a) shows the UV-vis spectra of colloidal silver nanoparticles
with different PVP/AgNO,; weight ratios by 0.5, 2, 5, and 20. We
found that the intensity and width of the surface plasmon reso-
nance are sensitive to the nanoparticle morphology. When the
PVP/AgNO; weight ratios were low (0.5, 2.0), the absorption peaks
became broad, indicating that silver nanoparticles were aggregated.
However, at high PVP/AgNO, weight ratios (5.0, 20.0), narrow sur-
face plasmon absorption peaks at 402 and 403 nm, respectively
(Table 1) were observed, confirming the nanocrystalline characteris-
tic and well-dispersed state of the silver particles. These results mean
that when an adequate amount of PVP is used, the reaction medium
is able to absorb on the surface of silver nanoparticles and disperse
the electromagnetic field. The stable silver nanoparticles solution is
attributed to the collective effect of van der Waals interactions, elec-
trostatics, and steric forces [38,39]. We also found that when the
ratios become higher, the resonance is blue shifted with increasing
of intensity (0.26-0.48 a.u., Table 1). A blue shift implies that the
surface charge density is high, as results disperse and stable solution
has formed. The size of the nanoparticles varied between 2.0 to
9.0 nm with mean value of 3+2 nm (meansz+ S.D.) (Fig. 6(b)).

Korean J. Chem. Eng.(Vol. 34, No. 7)
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Fig. 6. UV-vis absorption spectra of the silver nanoparticles prepared
with different PVP/AgNO; weight ratios (a), size distribution
of silver nanoparticles for PVP/AgNO; weight ratios 20 (b).

4. Effect of Temperature on Silver Nanoparticle Growth in 1,
2-Propanediol and 2-Methoxy Ethanol

The prepared samples were kept at the desired temperature for
30 min and were observed. The samples coloration fast increased
with temperature increment until a dark yellow. They presented the
appearance of single surface plasmon resonance peak observed by
UV-visible absorption spectroscopy with variation of intensity (Fig.
7). The variations of resonance peak intensity were found as simi-
lar as rising of temperature. The variation of intensity indicates the
degree of advance of the reaction (reduction of Ag" at Ag®) with
the increase of the number of nanoparticles. In both solutions (1,
2-propanediol and 2-Methoxyethanol), the reduction rate to Ag"
was found temperature dependent. The rate of reduction was much
higher when the temperature was increased. The UV-visible spec-
trum of the yellow solution showed a well-defined surface plas-
mon resonance around 400 nm (Fig. 7). In fact, the energy of ab-
sorption would depend on the degree of plasmon resonance, i.e., it
may shift to either side of this value depending on the ratio of sil-
ver ions and zero valent silver. The wavelength shift of the plas-
mon band position can be understood from simple Drude theory
as a change in the free electron density of the particles which has
relation with di-electric environment, particle size etc. [40]. Fig. 8
also shows the maximum peaks presented by silver nanoparticles,
which are shifted by about 8 nm (blue shift) in comparison to the
values between room temperature and 120 °C for 2-methoxyetha-
nol. On the other hand, 1, 2-propanediol liquid showed a mixed
phenomenon of blue and red shift. The red shift of the maximum
absorption value is normally considered due to particle aggrega-
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Fig. 9. TEM photographs of silver nanoparticles prepared in 1,2-pro-
panediol (a), and 2-Methoxy ethanol (b) at 90 °C, respectively.

tion during the formation. The morphology of the solutions was
studied by transmission electron microscopy (TEM) to determine
shape and size of the nanoparticles. The outcomes clearly revealed
that the resulting nanoparticles were isolated and not agglomerated
(Fig. 9). The average sizes of nanoparticles were 11+3 nm (means+
S.D.) and 2045 nm (means+S.D.) for the respective liquids of 2-
Methoxyethanol and 1, 2-propanediol. TEM results also supported
this phenomenon where the particle size distribution becomes
narrower in 2-methoxyethanol than 1, 2-propanediol. It seems that
the sizes of the particle were potentially influenced by the poly-
mer in the solution. It could be PVP/2-methoxyethanol colloid,
which provides better film layer protection against aggregation
than PVP/1, 2-propanediol colloid. The actual cause required fur-
ther research on colloidal properties of the polymer and medium
liquid. In this work, we confirmed that it is possible to obtain sta-
ble Ag nanoparticles in colloids using quite low concentration of
PVP [39], much lower than the usual concentrations previously
reported in the literature.
5. Zeta Potential and Stability of Silver Nanoparticle Colloid
at Different Time Intervals

The &potential value of the nanoparticles at the end of the reac-
tion was determined to be —39.31 mV and —44.82mV in 1, 2-pro-
panediol and 2-methoxy ethanol, respectively. These values changed
with time in a positive way. 2-methoxyethanol provides the higher
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Fig. 10. Zeta potential of silver nanoparticle colloid in different time
interval until four month prepared in 1, 2-propanediol and
2-methoxyethanol.

negative potential than 1, 2-propandilo solvent. Large negative or
positive values of the {-potential suggest a greater electrostatic repul-
sion between the nanoparticles, and there is no tendency of floccu-
lation. Fig. 10 represents the {-potential change with time for two
stable colloids prepared in 1, 2-propanedol and 2-methoxyethanol
at 90 °C for four month. The particles in suspension with -potential
more positive than +30 mV or more negative than —30mV are
considered to be stable [41]. The particles charged similarly on the
surface repelled each other due to electrostatic force of repulsion.
6. Effect on the Stability of Ag Nanoparticles with Varying
Temperatures

Fig. 11(a) shows the absorbance spectra of solution reaction at
room temperature (RT), 40, 60 and 90 °C, just prior to the final dark
color transition. Before starting the agglomeration of silver nano-
particles its called intermediate stage of the reaction as well as
growth stage. Surface plasmon peak position is of 411 nm at RT
and 40 °C, and 406 nm at 60 °C, 407 nm at 90 °C (Table 1). Fig. 11
indicates that the surface plasmon peak position does not change
at RT and 40 °C, when a changes a little for 60 °C and 90 °C, but
increases the height and shows that particles grow over time. Ac-
cording to the Drude model for dielectric properties, the Mei the-
ory predicts that in the 6-10 nm particle size range the location of
the surface plasmon peak does not change significantly, but the
adsorption maximum grows [28]. However, the average particle
size never exceeds a size required to shift the location of the sur-
face plasmon peak. At the same time, another cause of these phe-
nomena could be an increase in the number density of particles in
the size range that exhibits a surface plasmon peak and change in
the surface properties of the particle.
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Fig. 11. The UV-vis spectra taken for the freshly prepared colloidal
solutions at mentioned temperature. (a), size distribution
of silver nanoparticles for 90 °C silver colloid (b).
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At the end of the intermediate stage, particle size increases sys-
tematically from 6.0 nm to 18.0 nm as temperature increases from
RT to 90 °C (Fig. 11(b)) with mean value of 9+3 nm. With the in-
crease of temperature, the kinetic energy of silver nanoparticles in
the solution increases; as a result, the collision frequency between
the particles also rises and this leads to a higher rate agglomera-
tion. As reported by Hyning and Zukoski [31], the surface poten-
tial of silver particles is inversely related to temperature. With in-
creasing temperature, the gradual decrease in that potential of the
particles accelerates the aggregation and thus the cluster formation,
and as a result, increase of particle size, as observed in our case.

CONCLUSION

This research presented synthesis of silver nanoparticle in aque-
ous and organic medium with silver nitrate by sodium borohydride
through a variety of embedded environment. The optical proper-
ties of silver nanoparticles were changed for the following compo-
nents such as AgNO,, NaBH,, PVP and temperature in aqueous
medium. The higher the applied parameter values, the more dis-
persed silver nano colloid with different movement of surface plas-
mon peak. Higher amount of PVP showed maximum blue shift
movement by 13 nm of surface plasmon peak. Therefore, PVP ap-
plication could be a more suitable choice to prepare more stable
and non-aggregate silver colloids. 2-Methoxyethanol, an organic
solvent showed a more blue shift on surface plasmon peak, more
dispersed silver nanoparticles in TEM, and more negative zeta poten-
tial than 1, 2-propane diol. A comprehensive work on this solvent-
particle interaction is needed in the future. Our study provides a
context for understanding the stability of silver nanoparticles in
aqueous and organic medium overall.
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