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Nano-sized Ag metal particles can be synthesized by the addition of sodium borohydride as a reducing agent into an aqueous
solution of AgNO3 mixed with 3-mercapto-propionic acid as a protective agent. Using this method the synthesis of an aqueous
Ag colloid system with a high density became possible, because the surfaces of synthesized nano-sized Ag metal particles were
covered and protected by the adsorbed 3-mercapto-propionic acid. The strong electrostatic repulsion of the negative charge
of the carboxylate anion of the adsorbed 3-mercapto-propionic acid disturbed the aggregation of metal particles in the solution
with a high pH value (pH > 5), but the aggregation occurred in a solution of low pH value (pH < 2) because of the neutral
surface of particles. Using simple coating and baking processes with this aqueous Ag colloid system, an Ag membrane can be
formed on glass plate by the partial welding between the nano-size Ag particles. This Ag membrane exhibited a very low
electrical resistivity even after baking at a low temperature such as 423 K.
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Introduction

Nano-sized metal particles are very attractive materials
which can perform various unique phenomena [1-5]. A
simple wet-process is acceptable to synthesize large
amount of nano-sized metal particles at low coast. The
control of particle size is very important to increase their
usefulness, because the stability of nano-sized metal
particles is not so high and they aggregate easily. The
development of a technique to design stable function-
alized nano-sized metal particles is very attractive. Using
metal colloid solutions, a metal membrane could be
synthesized by lip-coating or spin coating methods.
This membrane is attractive material and can be applied
in various electrical devices [6, 7].

In the present study, the synthesis of nano-sized Ag
metal particles has been carried out using sodium boro-
hydride as the reducing agent and 3-mercapto-propionic
acid as a protective agent for the metal particles. The
surfaces of nano-sized Ag metal particles should be
protected by the adsorbed 3-mercapto-propionic acid in
order to realize a unique aqueous colloid system with a
high density of metal particles. Using this aqueous Ag
colloid solution, an Ag membrane has been produced
on a glass plate by a spin coating technique. The appli-

cation of the Ag membrane as an electrically conduc-
tive membrane has been also carried out. The characteri-
zation of samples was carried out using XRD, XAFS,
TEM, SEM and Zeta-potential measurements. 

Experimental 

The nano-sized Ag particles and their aqueous colloid
solution were synthesized by the procedure shown in
Fig. 1. AgNO3, NaBH4, and 3-mercapto-propionic acid
were used as the source of the Ag metal, reductant
agent and protective agent, respectively. As the Ag pre-
cursor solution [A], a mixture of AgNO3 (0.1 mol), 14
mol/l aq.NH4OH (26.0 ml), 3-mercaptopropionic acid
(8×10−3 mol) and H2O (15 ml) was prepared. As the
reduction solution [B], a mixture of NaBH4 (0.02 mol),
14 mol/l aq.NH4OH (2.0 ml), and H2O (15 ml) was
prepared. For the reduction of Ag ions into the nano-
sized Ag metal particles, the solution A and B were
added to H2O (300 ml) solvent [C] (H2O) slowly over
30 minites at room temperature. The mixture was stirr-
ed for 30 minites and filtered and washed with pure
water to obtain the nano-sized Ag metal particles. Using
the aqueous Ag colloid solution, the Ag membrane was
synthesized as follows. The aqueous Ag colloid solution
(5.4 mol/l, 10 g) was mixed and stirred with the solvent
mixture of 2-propanol (5 g) and ethylene-glycol-mono-
ethyl-ether (5 g). Using this solution, the Ag membrane
was produced on a glass plate by a spin coat method
and baking at various temperatures. The characterization
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of samples was carried out using XRD, XAFS, TEM,
SEM, Zeta-potential and electrical resistivity measure-
ments. XAFS spectra for the Ag K-edge absorption
were recorded in the transmission mode at BL01B1 of
Spring-8 [8, 9].

Results and Discussion

Preparation of nano-sized Ag metal particles
With the optimized content of the protective agent 3-

mercaptopropionic acid against Ag, the synthesis of an
aqueous Ag colloid solution system with a very high
density of Ag metal and superior stability could be
realized. The synthesized aqueous Ag colloid solution
displayed a red-rust color which is characteristic of the
absorption by the plasmon vibration of Ag nano-sized
particles. In the XRD measurements with the powder
obtained by the evaporation of the colloid solvent under
vacuum, only peaks due to crystalline Ag metal were
observed. The formation of Ag metal as a single phase
also could be confirmed by the XAFS measurement at
the Ag K-edge. A transmission electron microscope
(TEM) image of the synthesized Ag colloid is shown in
Fig. 2. The Ag metal particles are in a spherical form
of spherical with a well-controlled particle size. The
analysis of TEM images on the distribution of particle
size was carried out and the result is shown in Fig. 3.
The distribution of particles size of Ag metal is very
narrow and the average particle size is about 10 nm.

These results indicated that using 3-mercaptopropionic
acid as the protective agent, nano-sized Ag particles
with a well-controlled particle size can be synthesized
by the simple wet-process.

The effect of the pH of the colloid solution on the
dispersed state of Ag metal particles has been studied
by the addition of the HNO3 and NH4OH aqueous solu-
tions to the colloid solution which originally showed a
pH=6.2. The stable colloid state having a red-rust color
characteristic of the presence of Ag nano-sized particles
was retained while the pH of the colloidal solution was
adjusted on alkaline side by the addition of NH4OH
aqueous solution. In the pH region for the colloidal
solution of less than 5 formed by the addition of HNO3

Fig. 1. Scheme for the synthesis of Ag colloids.

Fig. 2. A TEM image of the Ag colloid.
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aqueous solution, the aggregation and precipitation of
Ag particles occurs and the color of the colloidal solu-
tion changed from red purple to black. The aggregation

of Ag metal particles became serious at a pH less than
3 and the aggregated Ag particles grew to become
completely separated from solution. However, the Ag
particles were dispersed again to make a colloid state
with the original red-rust color by the addition of
NH4OH aqueous solution to increase the pH again.

To estimate the electrical charge at the surface of Ag
metal particles, the effect of pH values of the solutions
on the Zeta electric potential of the Ag colloid has been
investigated and the results are shown in Fig. 4. As
shown in Fig. 4, the surface of Ag metal particles in the
solution was charged negatively in the region with the
pH larger than 5, but the electric charge decreased in
the region with the pH less than 5 and became zero at
pH=2. 

From the observations of the Zeta potential, the
mechanism of dispersion and aggregation of Ag particles
depending on the pH value can be proposed and a
suggested scheme is shown in Fig. 5. The 3-mercapto-
propionic acid having a thiol group adsorbs on Ag
particles by forming Ag-S bonds as a protective agent.
In the solution at pH values higher than 5, the proton of
the carboxyl group at the end opposite to the thiol
group becomes electrolytically dissociated to form a
carboxylate anion and a negative electrical potential is
formed on the surface of Ag metal particles. The Ag
nano-particles having a negative surface charge can
demonstrate a highly dispersed state without aggregation
because of the electrostatic repulsion between the Ag
metal particles. At a pH less than 2, the Ag surface
becomes electrostatically neutral to lose the driving
force of dispersion and lead to the aggregation of Ag
particles, because the proton of the weak acid carboxyl
group of 3-mercapto-propionic acid adsorbed on metal
particles can not be ionized. 

Fig. 3. The particle size distribution for a Ag colloid.

Fig. 4. The pH dependence of the Zeta-potential for Ag colloids.

Fig. 5. The mechanism for the dispersion-aggregation of the Ag colloids. 
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Preparation of Ag Membrane

In order to decrease the boundary tension of the
synthesized Ag colloidal aqueous solution, 2-propanol
and ethylene-glycol-mono-ethyl-ether were added. Using
this mixed solution, a Ag membrane was produced on
a glass plate by a spin coating and baking method. The
thickness of the Ag membrane could be controlled by
changing the number of spin coating processes and a
membrane with a thickness of 1 μm could be prepared.
Fig. 6 shows SEM images of the surface (the left) and
the cross section (the right) of the Ag membrane obtain-
ed by this method. The surface of membrane is very
smooth and the thickness of membrane is well-control-
led. It can be proposed that the Ag particles have a
welded sate at the connection of the particles to aggre-
gate with each other and a make smooth membrane
even at a temperature as low as 423 K. Because the Ag
particles were well-controlled with a small size of 10
nm, the surface energy of particles is very high, the
molten state of the surfaces can be formed easily even
at a low temperature at the point of contact between the
particles.

Figure 7 shows the electrical resistivity values of the
Ag membrane after baking under various conditions
(temperature and time). In a comparison with the elec-
trical resistivity value (1.59 μΩ cm) of a bulk Ag foil, a
one order higher value was observed with the membrane
after baking at 403 K for 180 minutes. The electrical
resistivity decreased to a value several times higher than
the Ag foil after baking at 473 K for 30 minutes. This
Ag membrane can exhibit a high performance with a
very low electrical resisitivity even after baking at low
temperatures.

Conclusions

Using sodium borohydride as the reducing agent and
3-mercapto-propionic acid as the protective agent of
metal particles, nano-sized Ag metal particles can be
synthesized from an aqueous solution of AgNO3. The
3-mercapto-propionic acid adsorbed on the surfaces of

nano-sized Ag metal particles protected the aggregation
of Ag metal particles and controls their particle size.
The negative charge of the carboxylate anion of the
adsorbed 3-mercapto-propionic acid disturbed the aggre-
gation of metal particles in a solution of high pH value
(pH > 5), but the aggregation occurred in solutions of
low pH values (pH < 2). Using this Ag colloidal aque-
ous solution, a Ag membrane could be produced on a
glass plate by a spin coating method. This Ag membrane
can exhibit a low electrical resitivity even after baking
at low temperatures because of the formation of welds
at the connection of particles.
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Fig. 6. SEM images of the Ag membrane.

Fig. 7. The effect of baking time and temperature on the electrical
resistivity of the Ag membrane.


