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Abstract: A novel wet-chemical method was presented for the preparation of the micro-sized and uniform spherical Ag powders on a
mass-production scale. The well-defined particles were synthesized by mixing the iron(Il) sulfate heptahydrate solution with silver
nitrate solution directly by high-speed stirring at room temperature. It is found that a large number of micro-sized and uniform
spherical particles with rough surfaces are obtained. The mass ratio of iron(II) sulfate heptahydrate to silver nitrate greatly affects the
shape of particles, and when it is relatively low, spherical particles cannot be obtained. The reaction temperature has a great impact
on the particle size. As the reaction temperature increases from 8§ to 15 °C, the mean diameter of particles decreases from 3.5 to 1.6
um. The additive n-methyl-2-pyrrolidone improves the surface smoothness and compactness of the particles while the particle size is
kept unchanged. Scanning electron microscopy, X-ray diffractometry and energy dispersive X-ray analysis were used to characterize

the particle products.
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1 Introduction

The ultrafine metallic powders are commonly used
in electrically conductive paste, solid oxide fuel cells and
chemical catalysts, etc. Considerable interests in
synthesizing silver powder have been ever-increased
during the past few years because of its high electrical
conductivity, high melting point, high inoxidizability,
excellent solderability and reasonable price. Among the
preparation methods of silver powders, wet-chemical
reduction route is preferred due to the advantage of
controllable size and shape of the particles. A variety of
wet-chemical methods were developed to prepare silver
powders, however, most of them focused on the
synthesis of nano Ag particles. Only a few researches
reported the preparation of the micro-sized spherical Ag
powders. YAKUTIK and SHEVCHENKOJ1] produced
the monodispersed spherical silver particles (radius up to
1.5 um) by using K-Na-tartrate as the reductant for Ag"
in the presence of gelatin. SUN et al[2] prepared large

uniform spherical Ag particles (radius up to 0.95 pum)
through directly mixing the AgNO; aqueous solution
with  orthophenylenediamine n-methyl-2-pyrrolidone
solution at room temperature. Other researchers
synthesized Ag microspheres through reducing Ag" with
different reductants, such as ascorbic acid[3—5],
hydrazine hydrate[6], water-soluble formates[7] and
hydroquinone[8] in the aqueous solution in the presence
of the polymeric stabilizers. FISCHER at al[9] employed
ethylene glycol to reduce Ag,COj; at 100 °C and obtained
the spherical polymodal Ag powders with diameter of
0.3—4.0 um. However, these processes often involved
multiple steps, or a uniform size of the Ag particles
cannot be achieved. A simple method for the preparation
of the micro-sized and uniform spherical Ag powders is
highly anticipated. Ferrous iron was considered as the
reductant for the Ag”in a few reports; unfortunately, the
resultant ultra-fine silver particles were in random
geometries[10—11]. In this work, a novel one-step
wet-chemical method based on the ferrous iron
reductant is presented to produce micro-sized and
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uniform spherical Ag particles.
2 Experimental

2.1 Material

Silver nitrate (AgNOs, analytical reagent, Shanghai
Chemical Reagent Co. Ltd.), iron(II) sulfate heptahydrate
(FeSO47H,0, analytical reagent, Sinopharm Chemical
Regent Co. Ltd.), n-methyl-2-pyrrolidone (CsHoNO,
analytical reagent, Tianjin Guangfu Fine Chemical
Research Institute) and de-ion water were used as raw
materials without further purification.

2.2 Preparation of silver powders

The solutions of silver nitrate and iron(Il) sulfate
heptahydrate were prepared by dissolving them in de-ion
water, respectively. Both of the solutions were cooled to
room temperature, and then iron(II) sulfate heptahydrate
solution was added in silver nitrate solution with
high-speed stirring. After the reaction, the precipitates
were separated from the solution, washed and dried in a
vacuum dry charber.

The powders were then characterized by SEM,
EDX (Sirion 200, FEI, Holand) and XRD (X’Pert PRO,
PANalytical B.V, Holand).

3 Results and discussion

3.1 Typical reaction product
Firstly, a typical reaction process was exemplified.
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The 20 g/L silver nitrate and 88 g/L iron(II) sulfate
heptahydrate solutions were cooled to 8 °C and then
were mixed and stirred. The mass ratio of Fe*™ to Ag"
was 1.395. The aqueous solution turned into black
instantly, and then yellow. The reaction stopped when
the color did not change. The products
characterized as shown in Fig.l. It is clear that the
powders consist of a large quantity of well-separated,
uniform and micro-sized spherical particles (Fig.1(a)).
The surface is a little rough (Fig.1(b)). The EDX result
indicates that the particles mainly consist of Ag crystal
(Fig.1(c)). The particle size distribution histogram shown

were

in Fig.1(d) reveals that the diameter is almost 2—4.5 pm
and the mean size is 3.5 um. Apparently, the powders
have a narrow particle size distribution.

The XRD pattern of the particles in Fig.2 shows the
significant diffraction peaks located at 38.3°, 44.4°, 64.6°,
77.6° and 81.7°, which correspond to the (111), (200),
(220), (311) and (222) crystal planes of Ag, respectively,
indicating the formation of silver crystal[12]. The
strongest diffraction peak (111) implies that the crystal
growth direction of silver seed is favorably oriented
parallel to the [111] direction[13].

The formation of colloidal dispersions with narrow
size distribution is inferred to accomplish in two stages:
first, nano-size primary particles are nucleated in a
supersaturated solution, and then aggregate to form
larger uniform secondary particles. In the initial stage,
the aqueous solution becomes black due to the formation
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Fig.1 SEM images (a)-(b), EDX spectrum (c) and particle size distribution (d) of silver powders at mass ratio of Fe*" to Ag* of 1.395
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Fig.2 XRD pattern of silver powders

of nano Ag particles. Then SO,* acts as a suitable
stabilizer of nano Ag particles, providing a “suitable”
condition for the aggregation to form large grains in the
aqueous solution. Thus, the color of solution turns
yellow slowly with the continuous consumption of Ag"
and the growth of Ag particles. This is in good
accordance with the kinetic model proposed by
PRIVMAN et al[14] and PARK et al[15].

3.2 Effect of mass ratio of Fe*'/Ag*

Mass ratio of Fe*" to Ag” has a great influence on
the shape of silver particles. As the concentrations of the
iron(Il) sulfate heptahydrate solution change to 44 and
176 g/L, respectively, the mass ratios of Fe* to Ag' are
0.698 and 2.79, respectively. The reaction products are
shown in Fig.3. When the mass ratio is 0.698, most
particles are irregularly shaped (Fig.3(a)), because the
primary particles agglomerate incompactly and
disorderly. While the mass ratio of Fe* to Ag” is 2.79,
the silver particles are spherical (Fig.3(b)), but the size is
smaller than that with the mass ratio of 1.395 (see
Figs.1(a) and (b)), and the mean diameter is only 2 um.

The synthesis kinetics of the above reactions is
illuminated. Once the two solutions are mixed, the nano
Ag nuclei form, and the SO, and the cations attach on
the nano Ag nucleuses successively from the inner to the
outer. So, the electrical double layers around the particles
are formed in aqueous solutions. The thickness of the
layers decreases with the increase of the ionic strength,
which leads to the decrease of the range of the repulsion
forces between the nano particles. When the mass ratio
of Fe*" to Ag" is 1.395, the ionic strength is at a rather
high level, and the range of the repulsion forces is small.
This benefits the aggregation of nano silver particles to
form larger spherical secondary particles. When the mass
ratio of Fe*" to Ag" decreases to 0.698, the ionic strength
decreases, and thus the electrical double layer becomes
thicker and the range of the repulsion forces enhances.

Fig.3 SEM images of Ag particles obtained at mass ratio of
Fe*" to Ag' of 0.698 (a) and 2.79 (b)

The silver seeds hardly attract each other to form larger
uniform secondary particles. At the same time, the
reaction rate decreases because the mass ratio of Fe*" to
Ag’ decreases, which induces the preferred crystal
orientation growth of silver seeds. As mentioned above,
(111) plane is the dominant crystal growth plane for Ag
crystal, and it would grow more rapidly than other planes.
Obviously, the Ag crystal preference growth is
unfavorable to the formation of compact spherical
secondary particles. At last, the nano Ag particles
agglomerate incompactly and inhomogeneously, and the
spherical micro-sized silver powders are not obtained
(Fig.3(a)). Reversely, when the mass ratio of Fe*" to Ag"
increases to 2.79, the thickness of the electrical double
layer decreases, which makes the agglomeration of the
nano seeds become relatively easy. At the same time, the
reduction rate increases and results in the formation of
smaller metal particles due to a larger number of nuclei
generation. Finally, the smaller secondary particles are
formed (Fig.3(b)), which indicates that the ratio of
reactants has a great effect on the morphologies and the
size of the Ag particles.

3.3 Effect of reaction temperature

The effect of reaction temperature on the particle
size was also examined. As the mass ratio of Ag" to Fe*"
is 1.395, compared with that at a reaction temperature of
8 °C, the expected Ag particles with uniform size and
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shape are obtained at 15 °C, as shown in Fig.4. It is clear
that the particles are also well-separated uniform
micro-spheres (Fig.4(a)). The mean diameter of the
particles is 1.6 um (Fig.4(b)), indicating that higher
reaction temperature produces smaller particles. The
reason is that higher reaction temperature accelerates the
reaction and makes the electrical double layer thinner.
Furthermore, higher reaction rate induces more silver
seeds to grow in the initial reaction stage, and the thinner
electrical double layer leads to the agglomeration of nano
seeds more easily. As a result, more particles are
synthesized but their sizes turn smaller, which implies
the size of the Ag micro-spheres can be adjusted by
changing the reaction temperature.

Fig.4 SEM images of Ag powders obtained at 15 °C

3.4 Effect of additive

In order to improve the smoothness of the surface of
the particles, the additive n-methyl-2-pyrrolidone was
added to the silver nitrate solution with the concentration
of 1.0 g/L. Other conditions were identical. The
microspheres of the silver with/without the additive are
shown in Fig.5.

It is clear that the whole appearance and the size of
both particles are almost the same. Only the surface of
particles with n-methyl-2-pyrrolidone is more compact
and smoother (Fig.5(b)) than that obtained without
additive. The additive, polymeric stabilizer, can enwrap
on the surfaces of the nano-sized primary particles,

Fig.5 SEM images of spherical silver microcrystals with no
additive (a) and 1 g/L n-methyl-2-pyrrolidone (b)

which causes the production of smaller primary
nanoparticles. It also affects the aggregation of primary
nanoparticles; however, this reaction is far from
remarkable under such condition, and a large number of
smaller primary nanoparticles are produced in the initial
reaction stage. When they aggregate to form larger
uniform secondary particles, the final microcrystals
become more compact and smoother. It is concluded that
the appropriate polymeric stabilizers make the spherical
silver microcrystals more compact and smoother and do
not change the particle size.

4 Conclusions

1) The uniform micro-sized spherical Ag powders
with rough surface can be prepared by a one-step method
in which the iron(Il) sulfate heptahydrate solution and
silver nitrate solution are directly mixed at room
temperature.

2) It is found that the mass ratio of reactants plays
an important role in the particle shape. If the mass ratio
of Fe’" to Ag" is relatively low, the spherical micro-sized
silver powders cannot obtain. Besides, the reaction
temperature determines the particle size at the same mass
ratio.

3) Appropriate n-methyl-2-pyrrolidone in the
solution as a stabilizer can improve the surface
smoothness and compactness of the particles.
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4) It is concluded that iron(Il) sulfate heptahydrate

and SO,> are a suitable reductant and stabilizer for the
preparation of the micro-sized spherical Ag particles,
respectively.
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