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Abstract: The micro-size flake silver powders were pre-
pared through wet-chemical reduction method by using a
micro-jet reactor. Herein ascorbic acid was used as a
reducing agent, and sulfuric acid was used as a stabilizer.
And the lauric acid was used as a dispersing agent to
prevent particles’ agglomeration. The micro-jet reactor
collides the two solutions together and uniformly mixes
outside the reactor, to avoid the problem of clogging in
the microchannel. The effects of dispersant addition and
micro-jet flow rate on the morphology, particle size, and
other parameters of silver powder is investigated in the
present work. Interestingly, the addition of dispersant
agent and stabilizer have a significant impact on the mor-
phology and parameter of the silver particles. Under the
conditions of micro-jet flow rate of 50mL·min−1, sulfuric
acid addition amount of 2%, and lauric acid addition
amount of 0.8% by the weight of silver nitrate, a kind of

flake silver powders with 4.40–4.70 μm can be prepared.
The volume resistivity of the silver paste prepared from
the obtained flake silver powders is in the range of
1.4–1.6 × 10−4Ω·cm−1, which meets the application test
requirements of conductive silver paste.

Keywords: micro-jet reactor, flake silver powder, micro-
size, sulfuric acid, lauric acid

1 Introduction

The silver nanoparticles (NPs) are widely used in catal-
ysis [1], chemical sensing [2], biosensing [3], environ-
ment [4], and pharmaceuticals [5]. Meanwhile, because
of the excellent electrical and thermal conductivity, the
ultrafine silver powders are widely used in various con-
ductive functional materials in conductive paste. The
morphologies of the ultrafine silver powder are spherical
(or quasi-spherical), flake, dendritic, and microcrystal-
line [6,7], which has a great influence on the electrical
properties of the conductive paste [8].

The conductivity of the spherical powders in the
conductive paste mainly relies on the point contacting
between the particles, and usually requires a higher con-
tent of silver powders to effectively reduce the resistivity.
In a system with the same amount of silver fillings, the
contact area between silver particles with small average
particle size is relatively small, so the resistivity of the
microcrystalline silver powder with small particle size is
usually higher than big ones. Due to the large particle
size and contact area between the silver particles, the
dendritic and flake silver powders have low resistivity
even in the conductive silver paste with low silver con-
tent. At present, the flake silver powders are widely used
in conductive silver paste due to their easy processing
and stable properties [6]. When using flake kind of silver
powders, the particles will form surface contact and line
contact, and the upper and lower silver particles will
overlap repeatedly to form a conductive coating. In gen-
eral, densely connected silver conductive paths have
higher electrical conductivity, so they are widely used
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in the touch screens, carbon film potentiometers, LED
chip packaging, and other fields [9,10].

The preparation methods of flake silver powder are
mainly divided into chemical reduction method and phy-
sical ball milling method. First, the silver powder pre-
cursor is obtained through chemical reduction followed
by mechanical ball milling for the synthesis of flake silver
powder in the physical ball milling method. The pro-
blems associated with this process are; long processing
time, high energy consumption, and purity of silver
powder being affected by ball milling aids in the grinding
process [11]. The chemical reduction method directly
involves in reduction of metallic silver salt to controllable
size, shape, and less surface coating flake silver powder.
In the process of preparing nano or micron particles
by chemical reduction, the reduction method and sur-
factants have an important effect on the size, morphology,
and dispersion characteristics of the particles [12]. Huan-
Zhen et al. [6] used silver nitrate as the precursor,
hydrogen peroxide as the reducing agent, and PVP as
the protective dispersant in ethylene glycol medium to
control the preparation of dispersed spherical single
particles and hexagonal flake silver powder with a thick-
ness of less than 100 nm and a maximum surface length of
200–500 nm. Cai et al. [13] used sulfate as a protective
agent in the solution and reduced silver nitrate with
ascorbic acid as a reducing agent to prepare flake silver
powder. The results showed that the concentration of sul-
fate has a greater influence on the morphology of the silver
powder. Chen et al. [14] discovered that triangular silver
nano-prisms were first grown in a solution mixed with
silver seed crystals and cetyltrimethylammonium bromide,
and silver nano-disc particles were prepared after aging.
Yang et al. [15] reported a simple and environmentally
friendly method for preparing the micron-sized ultra-thin
flake silvers. The prepared flake silver powder has a par-
ticle size of 2–3 μm and a thickness of about 50–100 nm.
They also studied the pH value of the solution and the
speed of silver nitrate addition, and the influence of factors
such as the amount of polyvinyl alcohol and polyvinyl
alcohol on the microstructure of ultra-thin flake silvers.

Microfluidic reaction technology adopts micro-size
reaction microchannels. The mixing and diffusion of two
fluids in the microchannels are easier to control. It has
the advantages of high mass and heat transfer efficiency,
uniform material mixing, and easy modular amplifica-
tion. As a reaction enhancement technology, it has been
widely used in medicine, chemical industries, materials,
and other fields [16]. However, there are certain gears to
focus during the preparation of micro-nano particles via

microfluidic reaction because themicrochannel is at risk of
being blocked by precipitated particles, which depends on
particle synthesis conditions, type of micro-reactor, and
size of microchannel [17]. Gao et al. [18] studied the
micro-mixing efficiency of a T-type closed impinging jet
reactor (CIJR) by using an iodine reaction system. The
results showed that the closed impinging jet reactor has
better micro-mixing performance than the conventional
stirred tank. The annular multilayer micro-reactor pro-
posed by Nagasawa is an annular five-layer structure,
which is located inside the cylinder in the center of the
micro-reactor [19]. The annular multilayer micro-reactor is
used to study the crystallization process of nanosilver
halide particles, which effectively avoided the blockage
of microchannels, and encouraged the possibility of using
this technology in the field of the NP production industry.
Katayama et al. [20] developed a micro-reactor system
including a pressure sensor and ultrasonic generator. It
is reported that the reactor system can effectively prevent
the blockage of NPs and prepare AgCl NPs with a size of
86 nm. Baber et al. [21] studied the preparation of silver
NPs in an impinging jet reactor. The reactor has the pro-
blem of efficient mixing and no channel wall blockage.
Silver NPs were prepared at room temperature by reducing
silver nitrate with sodium borohydride in the presence of
sodium hydroxide. However, most of the research focuses
on the preparation of nanoscale flake silver powders by
chemical reduction. Due to the high production cost and
preservation requirements of nanoscale silver powder, it is
difficult to meet the large-scale use requirements of high-
performance conductive silver paste. Therefore, it is neces-
sary to develop a process based on chemical reduction,
which can quickly and effectively prepare micro-size flake
silver powder.

The micro-jet reactor would focus the reaction solu-
tion outside the reactor, which can mix the solution uni-
formly and perform a micro-reduction reaction. It would
effectively control the mixing and reduction conditions of
the reaction liquid, and avoid the problem of clogging of
precipitates in the microchannel. In this study, a simple,
rapid, and environment-friendly micro-jet reaction method
was used. The two reactant solutions were evenly mixed on
a micro-scale at a temperature of 25°C. In addition, fewer
protective agents, and dispersants were used for continuous
and rapid reduction to prepare micro-size flake silver
powder. The effects of the micro-jet flow rate and the
amount of dispersant added on the morphology and par-
ticle size of the prepared flake silver powder under the
conditions of the micro-jet reaction were experimentally
studied.
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2 Materials and methods

2.1 Materials and instruments

The instruments, materials, and reagents used in the
experiment are shown in Table 1.

2.2 Preparation of silver powders

The chemical reduction reaction between ascorbic acid
and silver nitrate is as follows:

+ = ↓ +   +2AgNO C H O 2Ag C H O 2HNO3 6 8 6 6 6 6 3 (1)

Solutions A and B were prepared as follows; 0.1mol·L−1
silver nitrate solution was prepared by dissolving silver
nitrate in deionized water and sulfuric acid (2.0% of the
weight of silver nitrate) was added to it as a stabilizer,
and stirred to obtain reactant solution A; 0.05mol·L−1
ascorbic acid solution was prepared by dissolving ascorbic
acid in deionized water and lauric acid (0.2–1.0% of the
weight of silver nitrate) was added to it as a dispersant,
and stirred well to obtain reducing solution B. The tem-
perature of the reactant solutions A and Bweremaintained
at 25°C by using an electric thermostatic water bath.

The reactant solutions A and B were controlled by a
flat flow pump to a certain flow rate and were injected
into the two internal channels of the micro-jet mixing

reactor, respectively, as shown in Figure 1. The micro-jet
reactor is made of photosensitive resin 3D printing. There
are two microchannels with an inner diameter of 0.5mm,
corresponding to inlet 1, inlet 2, outlet 3, and outlet 4. The
direction of the two outlets is inclined inward, and the
outlet spacing, d = 10mm. The liquid ejected from outlet 1
and outlet 2 converges at a point outside the micro-jet
reactor, and the included angle of the jet mixing point is
70°. Reactant A and reactant B were mixed and reacted
immediately from the beginning of contact. Themixed solu-
tion flows vertically into a beaker containing 200mL of
deionized water, and the solution was stirred at 200 rpm.
The two reactant solutions were continuously sprayed for
1min and then the mixed solution in the beaker was continu-
ously stirred for 1min. The solution gradually precipitates in
layers. The supernatant was added to 10% NaCl solution
without white flocculent precipitation which indicates that
silver nitrate is completely reduced. The reacted solution
was filtered and the precipitate was washed 3–4 times with
deionized water until the conductivity of the washing water
fell below 5 μs·cm−1, and then dried at 60°C for 4–6h to obtain
a silver powder product.

2.3 The volume resistivity test of conductive
silver paste

0.75 g silver powder and 0.25 g organic carrier (the organic
carrier is composed of epoxy resin, curing agent, solvent,

Table 1: The experiment equipment and reagents

Experimental instruments and material
reagents

Specification/model Brand/manufacturer

AgNO3 Analytical purity Tongbai Hongxin New Material Co., Ltd
H2SO4 Analytical purity Tianjin Zhiyuan Chemical Reagent Co., Ltd
C6H8O6 Food grade Zhengzhou Tuoyang Industrial Co., Ltd
C12H24O2 Analytical purity Shanghai Macklin Biochemical Technology Co., Ltd
C2H6O Analytical purity Chengdu Kelong Chemical Co., Ltd
NaCl Analytical purity Chengdu Kelong Chemical Co., Ltd
Deionized water Eco-Q30 Shanghai Hetai Instrument Co., Ltd
Field emission scanning electron microscope Nova Nano SEM450 American FEI Company
X-ray diffractometer Xpert Powder PANalytical, Netherlands
Laser particle sizer Rise-2002 Jinan Runzhi Technology Co., Ltd
BET surface area measurement DX400 Beijing Jingwei Gaobo Science and Technology Co., Ltd
DC low resistance tester TH2511 Changzhou Tonghui Electronics Co., Ltd
Advection pump 2PB type Beijing Xingda Technology Development Co., Ltd. (Shenzhou

micro)
Magnetic stirrer 85-2 type Jintan Dadi Automation Instrument Factory
Electric constant temperature water bath XMTD-7000 Beijing Yongguangming Medical Instrument Co., Ltd
Electric blast drying oven 101 type Beijing Yongguangming Medical Instrument Co., Ltd
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etc., in a certain proportion, which is provided by Kunming
Norman Electronic Materials Co., Ltd.)were ground in agate
grinding for 30min to ensure that the silver powder and
carrier were mixed evenly. Afterward, the silver powder
was completely wetted by the carrier, to obtain conductive
silver paste. The conductive silver paste was uniformly
printed on the glass slide by screen printing with a stain-
less-steel scraper to form a 10mm × 60mm rectangular
strips. The printed glass slide was dried at 150°C for 30min
to obtain a thickness of 8–10 μm conductive film. The resis-
tance was measured using DC low resistance tester and
volume resistivity is calculated as follows:

= /ρ RS L (2)

where L (cm) is the length of the conductive line and S
(cm2) is the cross-sectional area (width) of the conductive
line × thickness; R (Ω) is the surface resistance of the con-
ductive line and the unit of volume resistivity is Ω·cm−1.

2.4 Characterization

The surface morphology of the silver powder was char-
acterized by a Nova Nano SEM450 field emission scan-
ning electron microscope (SEM). The phase of silver
powder was characterized by X-ray diffractometer (XRD;
Xpert Powder, PANalytical). The particle size distribu-
tion of silver powder was detected by Jinan Runzhi
Rise-2002 laser particle sizer. The specific surface area
of flake silver powder was tested by BET surface area
measurement (DX400). The volume resistivity of the pre-
pared flake silver powder was tested after printing, drying,
and curing.

3 Results and discussion

3.1 Effect of micro-jet flow on the
morphology of silver powder

The silver powders were prepared using reactant solu-
tions (A and B), with the addition amount of stabilizer,
sulfuric acid, was 2% and the addition amount of disper-
sant, lauric acid, was 0.8% (other conditions were con-
sistent with the description of the test process in Section
2.2). According to the previous reports, the flow rate of the
micro-jet reactor has a significant impact on the mixing
strength of the two reactant solutions and affect the mor-
phology and particle size of the micro-and nanoparticles
prepared by the chemical reduction [17]. The flow of the
two solutions could not form effective injection conver-
gence when the flow rate was lower than 50mL·min−1,
hence the flow of the micro-jet reactor is controlled to
be 50 and 70mL·min−1, respectively. The convergence
images of the front view and side view at different
micro-jet flow rates were visualized using optical cam-
eras, as shown in Figure 2a and c, and the SEM images
of the prepared silver powder at different micro-jet flow
rates are shown in Figure 2b and d.

It can be seen that the flow pattern at the convergence
point changes under the two micro-jet flow conditions of
50 and 70mL·min−1. At the flow rate of 50mL·min−1, the
two micro-jets converge and form a confluence. The two
solutions participating in the reaction in this area can be
quickly mixed, fall vertically for a certain distance and
gradually form dispersed droplets. When the micro-jet
flow is increased to 70mL·min−1, the two streams collide
together and form an elliptical liquid film area at the

Figure 1: Schematic diagram of the micro-jet reactor.
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convergence point. However, due to the increase in the
momentum when the micro-jet collides, more droplets
scatter rapidly and forming the liquid edge of the film.

It is necessary to confirm the morphology and com-
position of the synthesized products by means of char-
acterization. Mahmood et al. used UV-Vis spectroscopy to
characterize silver NPs synthesized in liquid phase, and
the result showed that the formed NPs were uniformity
and had a certain degree of monodispersity [22]. For the
micro-size silver particles synthesized in this study, the
SEM and XRD can be used to verify the silver pow-
ders [6,23].

The flake silver powders prepared at different micro-
jet flow rates were characterized by SEM and the results of
the two samples are shown in Figure 2b and d. Different
micro-jet flow leads to different shapes of the collision
mixing region and droplet scattering degree, which affect
the mixing effect of the liquid flow, and then affects the
morphology and aggregation of the flake silver particles.
At the flow rate of 50mL·min−1, the two liquids, reactant
A and B, merge within a certain distance after conver-
gence to form a confluence area. The two solutions can be
evenly mixed and react in the confluence. The mixed
solution falls vertically for a certain distance and gradu-
ally forms dispersed droplets. These droplets dispersed
after uniform mixing are independent of each other, the

microenvironment in the droplet is conducive to the uni-
form nucleation and growth of the silver particles. It
can also be seen from the SEM that the morphology of
the prepared silver particles is highly uniform and have
flake like structure. On increasing the micro-jet flow
to 70mL·min−1, due to the increase in the momentum
during a micro-jet collision, more droplets are rapidly
scattered at the edge of the liquid film areas formed by
the convergence of the two solutions A and B, and some
splashed droplets are directly scattered due to strong col-
lision. The contact time of the droplets in the relatively
effective film area is very small, and due to a large
number of sprayed droplets, the mixing efficiency is
affected. After falling into the beaker, the nucleation
and growth reaction of silver particles may occur at the
same time, and the sulfuric acid stabilizer may not be
evenly mixed, which affects the induced crystallization
process of the particles, resulting in both flake and sphe-
rical silver particles.

The flake silver powders were prepared with the flow
rate of 50 and 70mL·min−1, when the addition amount of
stabilizer, sulfuric acid, was 2% and the addition amount
of dispersant, lauric acid, was 0.8% (other conditions
were consistent with the description of the test process
in Section 2.2). The samples were characterized by XRD,
as shown in Figure 3.

Figure 2: Images of the micro-jet flow and SEM of the prepared silver powder: (a) a front view and side view at 50 mL·min−1; (b) prepared
silver powder at 50mL·min−1; (c) a front view and side view at 70mL·min−1; (d) prepared silver powder at 70mL·min−1.
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The images show that a sharp diffraction ray was
observed at 2θ = 38.1°, and the other four relatively
weak peaks were 44.2°, 64.4°, 77.4°, and 81.5°, respec-
tively, corresponding to the (111), (200), (220), (311), and
(222) crystal planes of face-centered cubic silver. In addi-
tion, no peaks of impurities were observed, indicating
that the purity of the silver products in both the flow rates
were high. Similar results were also reported in earlier
studies [13], when sulfuric acid was used as the protective
agent, the adsorption capacity of sulfate on different
crystal faces of the silver core was different, and the
(111) crystal face was most obviously adsorbed by the
protective agent sulfuric acid. A large number of sulfate

ions are deposited on the (111) crystal face of the silver
core, thus limiting the growth of other crystal faces, forming
flake silver powder dominated by (111) crystal face.

3.2 Effect of dispersant addition on
morphology and particle size of silver
powder

The dispersant can be adsorbed on the surface of the
nucleated silver particles in the process of solution reac-
tion, which affects the growth and aggregation of the
silver particles. The flake silver powders were prepared
using the reactant solutions (A and B) with 50mL·min−1

flow of the micro-jet reactor and the addition amount of
dispersant is 0.4%, 0.6%, 0.8%, and 1.0%. Other condi-
tions are consistent with the description of the test pro-
cess in Section 2.2. The flake silver powder prepared with
different addition amounts of dispersant were character-
ized by SEM, as shown in Figure 4.

From Figure 4, it can be seen that different dispersant
addition has a significant effect on the dispersion of flake
silver powder. When the addition amount of dispersant is
0.4%, most of the prepared flake silver powders aggre-
gate with each other. When the addition amount of dis-
persant is increased to 0.6%, the aggregation of flake
silver powder is improved and the particle size is reduced

Figure 3: XRD of the flake silver powders prepared at different flow
rates (50 and 70mL·min−1).

Figure 4: SEM of the silver powder prepared with different dispersant addition: (a) 0.4%, (b) 0.6%, (c) 0.8%, and (d) 1.0%.
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accordingly. When the addition amount of dispersant is
increased to 0.8%, the silver particles become monodis-
persed. When the addition amount of dispersant increased
to 1.0%, the morphology and dispersion of flake silver
particles changed moderately. During the wet-chemical
reduction reaction of silver powder, the formation of silver
particles needs to go through the nucleation and growth
processes. The dispersant in the solution will usually be
adsorbed on the surface of the nucleated particles. Under
the action of steric hindrance and electrostatic repulsion,
the mutual contact between the nucleated particles is lim-
ited, to control the growth and aggregation process of the
nuclei [23].

This shows that when less dispersant makes the
silver particles aggregate with each other, resulting in
aggregation and growth of flake silver powder. Because
the two reaction solutions can be mixed more evenly
under the condition of micro-jet mixing, the addition
amount of dispersant of 0.8% can effectively coat the
generated silver particles and prevent the silver particles
from growing and gathering, and the average flake silver
particle size with 4.5 μm was obtained. Continuing to
increase the dispersant addition has no obvious effect
on the particle size of flake silver powder, but may cause
excessive residual dispersant on the surface of silver
powders, which may harm the conductivity of the con-
ductive silver paste. Therefore, it is considered that the
dispersant addition amount of 0.8% is appropriate.

3.3 Effect of dispersant addition on the
parameters of flake silver powder

The effect of dispersant addition on the parameters of
flake silver powder prepared by using the micro-jet reactor
was investigated. The two prepared reactant solutions A
and B were used with controlled addition of stabilizer,
sulfuric acid = 2%, and dispersant, lauric acid of 0.8%,
where the flow of the micro-jet reactor is controlled at
50mL·min−1. Other conditions are consistent with the
description of the test process in Section 2.2.

3.3.1 Effect of dispersant addition on the density of
silver powder

When flake silver powder is applied to the conductive
adhesive, its apparent density and tap density have an
important impact on the added content of silver. Under
the condition of meeting the requirements of viscosity,

printability, and electrical properties of conductive adhe-
sive, the lower apparent density and tap density can
reduce the added amount of flake silver powder and
reduce the material cost [24]. The apparent density of
the flake silver powder was tested by loose density meter
and the tap density was tested by tapping apparatus,
respectively, and the results are shown in Figure 5.

It can be seen from the test results that the apparent
density of flake silver powder obtained by adding different
ratios of dispersants is in the range of 1.2–1.5 g·cm−3, and
the tap density is in the range of 2.4–3.0 g·cm−3. When the
amount of dispersant was 0.8%, the apparent density of
flake silver powder was 1.20 g·cm−3 and the tap density
was 2.42 g·cm−3. On increasing the amount of the disper-
sant to 1.0%, the apparent density slightly increased to
1.28 g·cm−3 and the tap density to 2.58 g·cm−3. The apparent
density and tap density increased again when the amount
of dispersant was increased from 0.8% to 1%, the main
reason may be due to more dispersants made the silver
particles disperse better and the particles were packed
more tightly. The particle morphology, particle size distri-
bution, and dispersion of flake silver powder are the main
factors affecting the apparent density and tap density of the
silver powders [7]. For the same weight of silver powders,
the spherical silver powders are packed more tightly into
each other than flake silver powders. So, the flake silver
powder has lower apparent density and tap density than
spherical silver powder. As shown in Figure 5, the smallest
apparent density and tap density were obtained when the
amount of dispersant was 0.8%. The lower apparent density
and tap density of flake silver powders can effectively
reduce the amount of silver powders in the conductive

Figure 5: Apparent density and tap density of silver powder prepared
with different dispersant addition.
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silver paste while meeting the requirements of electrical
conductivity.

3.3.2 Effect of dispersant addition on the specific
surface area of silver powder

The specific surface area of flake silver powder is an
important parameter to be referred when applying in
conductive silver paste, which has a great influence on
the viscosity and printing performance of the silver
paste. The variation in specific surface area of flake
silver powder prepared in the presence of different
amounts of dispersant was detected, and the results
are shown in Figure 6.

With the increase in the amount of dispersant, the
specific surface area of flake silver powder increased, as
shown in Figure 6. When the amount of the dispersant is
0.4%, the specific surface area is 0.58 m2·g−1, and when
the amount of dispersant is 0.8%, the specific surface
area increases to 0.74m2·g−1. As can be seen from the
SEM pictures of silver powder in Figure 4, with the
increase in the dispersant addition, the aggregation of
large particles of flake silver powder gradually decreases.
The monodispersed flake silver powder with a small par-
ticle size is obtained, and its specific surface area increases
accordingly. On continuing to increase the amount of the
dispersant to 1.0%, the specific surface area increases
slightly to 0.76m2·g−1. Because the particle size of the flake
silver powder does not further decrease, the specific sur-
face area changes little.

3.3.3 Effect of dispersant addition on the loss on
ignition (LOI) of silver powder

The application of silver powder in the conductive silver
paste not only depends on the particle size distribution,
particle morphology, and dispersion of silver powder but
is also highly influenced by its purity. The LOI was
usually used to reflect the residue of impurities in the
silver powder. The higher the LOI, the more impurities
coated on the surface of the flake silver powder. In gen-
eral, excessive impurities on the surface of silver powder
will adversely affect the wettability and printing perfor-
mance of silver powder in the paste. The calculation for-
mula of the LOI is as follows:

( )
=

−

×

G G
G

LOI 100%1 2

1
(3)

where G1 is the mass before burning, and G2 is the mass
after burning.

1 g flake silver powder prepared at different disper-
sant addition was kept in a muffle furnace for heating at
550°C for 60min, then the LOI of the original samples
was calculated and the results are shown in Figure 7.

Figure 7 shows that the addition amount of disper-
sant has a significant effect on the ignition loss of the
flake silver powder. When the addition amount of disper-
sant was increased from 0.4% to 0.6%, the LOI of flake
silver powder increased slightly. Increasing the disper-
sant amount to 0.8%, the LOI was slightly lower than
the measured value, and when the addition amount of
dispersant was increased to 1.0%, the LOI of the flake

Figure 6: Specific surface area of the silver powder prepared with
different dispersant addition.

Figure 7: LOI of the silver powder prepared with different dispersant
addition.
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silver powder increased rapidly to 0.36%. Clearly, too
much dispersant in the solution could coat on the surface
of the silver powder or between the agglomerated parti-
cles of the silver powder, for the high surface energy and
microstructure of flake silver powder particles. It would
affect the purity of the silver powder and its corre-
sponding properties in the conductive silver paste. It
can also be seen from the SEM of silver powder in
Figure 4. when the addition amount of dispersant is
low, although few dispersants are entering the solution,
the LOI of silver powder has insignificant or very less
difference than when the addition amount of dispersant
was 0.8%. It is mainly due to that more reductants or
dispersants that do not react in time may be wrapped
in the aggregated particles, which is difficult to remove
in the subsequent cleaning process. When the addition
amount of dispersant is 0.8%, the flake silver powder has
good dispersion, the reduction of agglomeration makes
the organic impurities coated in the agglomerated parti-
cles relatively less, so the LOI is also lower than 0.3%.
However, with the increase in the dispersant up to 1.0%,
the LOI of the flake silver powder increases obviously.
This is mainly because too much dispersant is coated
on the surface of the silver particles, resulting in the
obvious increase in the ignition loss of the silver powder.

3.3.4 Effect of dispersant addition on the volume
resistivity of silver paste

The conductive silver paste with 75% silver content was
prepared, and its volume resistivity by addition of dif-
ferent amounts of dispersant was tested. The results are
shown in Figure 8.

The volume resistivity of flake silver powder prepared
with the addition of different amounts of dispersant is
less than 3.5 × 10−4Ω·cm−1 (Figure 8). When the amount
of dispersant is 0.4% and 0.6%, the volume resistivity of
silver powder is 2.4 × 10−4 and 2.3 × 10−4Ω·cm−1, respec-
tively. At 0.8%, the volume resistivity of the silver powder
decreases to 1.6 × 10−4Ω·cm−1 but on further increase in
the dispersant amount to 1.0%, the volume resistivity
increases to 3.3 × 10−4Ω·cm−1. In the abovementioned
experiment, when the amount of the dispersant is 0.8%,
themorphology of the silver particles is flake silver powder
with good dispersion. Under the same silver content, the
flake silver powder in silver paste has better overlapping
and conduction ability, but too much dispersant leads to
the increase in the LOI of silver powder, and its electrical
conductivity will be adversely affected.

3.4 Preparation of micro-size flake silver
powders

Five parallel experiments were carried out in order to verify
the stability and recovery rate of micro-size flake silver pow-
ders prepared by using micro-jet reactor [25–28]. The experi-
mental conditions are as follows: the concentration of silver
nitrate solution is 0.1mol·L−1, the concentration of ascorbic
acid solution is 0.05mol·L−1, both solutions A and B are
50mL, 0.017 g sulfuric acid (2.0% of the weight of silver
nitrate) is used as stabilizer and 0.007 g lauric acid (0.8%
of the weight of silver nitrate) as a dispersant, the micro-jet
flow is 50mL·min−1, and other conditions are consistent with
the description of the test process in Section 2.2 test process.
And the volume resistivity of conductive silver paste is tested
according to Section 2.3. The results are shown in Table 2.

As shown in Table 2, the flake silver particles with
an average particle size of 4.40–4.70 μm were prepared.

Figure 8: Effect of different dispersant addition on volume resistivity
of flake silver powder.

Table 2: Characterization of as-synthesized micro-size flake silver
particles

Experiment no. Particle
size (μm)

Recovery
rate (%)

Volume
resistivity
(Ω·cm−1)

E01 4.60 97.2 1.5 × 10−4

E02 4.40 96.3 1.6 × 10−4

E03 4.70 96.8 1.6 × 10−4

E04 4.70 97.4 1.4 × 10−4

E05 4.50 96.6 1.6 × 10−4
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In this process, the reactant solution is mixed quickly
inside the micro-jet reactor followed by mixing of solution
(stirring for 1 h), whereas the conventional drip reaction
usually takes several hours of reaction time [29]. According
to the previous reports, the conductive silver paste with
micro-size flake silver particles as conductive material
generally requires the volume resistivity of orders of mag-
nitude not higher than 10−4Ω·cm−1 [8,30]. The volume
resistivity of the conductive silver paste prepared from
the obtained flake silver powders is in the range of (1.4–1.6)
× 10−4Ω·cm−1, whichmeets the application test requirements of
the conductive silver paste. And the recovery rate of flake silver
powders is in the range of 96.3–97.4%.

4 Conclusion

1. In this piece of research, silver flake powder was pre-
pared by reducing silver nitrate with ascorbic acid in
the presence of sulfuric acid as protective agent and
lauric acid as dispersant and the effects of different
parameters on the morphology and dispersion of silver
powder have been successfully demonstrated. The simple
and rapid wet-chemical reduction method via micro-jet
reaction was assisted to synthesize the desired structured
silver particles.

2. The effects of dispersant addition and micro-jet flow on
the morphology, particle size, and other parameters of
the flake silver powder were studied. Upon investigation
it was found that the average particle size of the prepared
flake silver powder is 4.40–4.70 μm, and the volume
resistivity is in the range of (1.4–1.6) × 10−4Ω·cm−1, which
meet the requirements towards conductive materials
application for conductive silver paste.

3. Compared with the conventional stirred reactor, the
micro-jet reactor can mix the reactant solution quickly
and effectively avoid the problem of deposition or
blockage of synthetic products in the microreactor
channel. The results of this work concluded that the
proposed micro-jet reactor has potential application in
the controlled synthesis of nano-micron silver particles,
and can be scaled up appropriately by increasing the
size of microchannels or modularization of reactors.
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