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On the basis of liquid-phase reduction mechanism, a novel synthesis method to prepare silver nanoparticles (AgNPs) is proposed,
which uses piezoelectric-actuated three-phase flow pulsating mixing microfluidic chip. In order to study and explore the influence
of different factors on the synthesis of AgNPs, a series of related synthesis experiments were carried out. +e corresponding
experimental conditions include the concentration of sodium hydroxide and reducing agent solution, polyvinylpyrrolidone (PVP)
dosage, inlet flow rate, and synthesis temperature. +e synthesized AgNPs were characterized by the UV-Vis absorption
spectrophotometer and transmission electron microscopy. +e effects of different experimental conditions on the controllable
synthesis of AgNPs were analyzed, and the optimum synthesis conditions of AgNPs were obtained. Experimental results show that
the spherical AgNPs with an average particle diameter of about 29 nm, high yield, fine morphology, and good monodispersity
were synthesized using the microfluidic chip under the conditions of the working frequency (200Hz), the initial concentration of
silver nitrate (1mM), the synthesis temperature (80°C), the concentration ratio of sodium hydroxide to silver nitrate (2 :1), the
concentration ratio of glucose to silver nitrate (4 :1), the inlet flow rate (3.5ml/min), and the quality ratio of PVP to silver (more
than 1 :1). +e related research shows that it is an efficient synthesis method to develop the controllable synthesis experiments of
AgNPs under multifactors using the three-phase pulsating mixing microfluidic chip.

1. Introduction

Silver nanoparticles (AgNPs), due to the volume effect,
surface effect, quantum size effect, tunneling effect, and
some new unique properties, are ideal candidates for bi-
ological [1], catalytic [2, 3], agricultural [4], chemical sensor
[5], chemical probe [6], and medical [7, 8] applications.
However, the properties and applications of these nano-
particles mainly depend upon the shape, size, and distri-
bution of nanoparticles [9]. Hence, how to prepare AgNPs
with good performance is of vital importance.

Since the 21st century, there have been many new
methods of preparing AgNPs in the world [10–14]. For
example, Agrawal et al. [10] synthesized Ag and Al nano-
particles using an innovative approach of ultrasonic disso-
ciation of thin films. Küünal et al. [11] reported on the study
of surfactant-free silver nanoparticles synthesized using
nonhydrolytic sol-gel methods. Roopan et al. [12] used

mesocarp layer extract of Cocos nucifera as a reduction agent
to synthesize silver nanoparticles. However, in recent years
with the rapid development of microfluidic technology, the
microfluidic chips based on microfluidic technology have
been widely used in the synthesis of AgNPs due to their
characteristics of low consumption of reagent, high reaction
efficiency, controllable reaction process, and safe and reliable
[15–18].

Compared to other synthetic methods, the synthesis of
AgNPs by microfluidic chip effectively shortens the syn-
thesis time, simplifies the preparation process, and enables
the controllable synthesis of AgNPs. But the controllable
synthesis of AgNPs is affected by many factors [19–23], and
how to synthesize AgNPs with good performance by
adjusting their influencing factors in microfluidic system is
attracting more and more attention. Baber et al. [19] syn-
thesized AgNPs with an average diameter of 3.1∼9.3 nm and
narrow size distribution by varying the concentration and
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�ow rate of the reaction reagents in a coaxial �ow reactor.
�ey found that higher �ow rates resulted in the appearance
of larger AgNPs (as well as increased polydispersity), and
higher silver nitrate concentrations will be increasing the
likelihood of reactions occurring in silver nitrate-rich zones,
which leads to an increased formation of larger nano-
particles and polydispersity. He et al. [20] synthesized
AgNPs with di�erent particle size and monodispersity by
adjusting the reaction temperature and the �ow rate of the
precursor solution in the micro�uidic device. Lazarus et al.
[21] analyzed various �ow conditions to determine optimal
�ow rates for producing gold and silver nanoparticles. �ey
demonstrated that the combination of fast and controlled
micro�uidic mixing with ionic liquid solvents allows for the
synthesis of high-quality, small, and monodisperse gold and
silver nanoparticles in themicro�uidic system. Yang et al. [22]
synthesized AgNPs with uniform particle size by controlling
the �ow rate of the solution and chitosan concentrations in the
micro�uidic chip. �ey found that reducing the �ow rate of
the continuous phase or increasing the �ow rate of the dis-
persed phase achieves a narrow size distribution of AgNPs,
and they also revealed that the particle size increases with
increasing chitosan concentration. Xu et al. [23] observed that
an increase in the mean diameter of AgNPs with increasing

�uid �ow rates. However, AgNPs formed clusters at higher
�ow rates. In addition, they found that EDTA as a complexant
presented signi�cant e�ect on the morphology and particle
size control of spherical AgNPs with good dispersion.�rough
experiments, they also proved that the controllable synthesis of
AgNPs can be realized by using the micro�uidic device.

It is clear from our literature survey that, on the basis of
the micro�uidic chip, the AgNPs with good performance
can be synthesized controllably by changing the synthesis
conditions of AgNPs. However, the current studies on the
in�uencing factors of controllable synthesis of AgNPs by
micro�uidic devices are relatively simple. Besides, the
micro�uidic devices are mostly Y- or T-type which are
driven by a syringe pump, and the operation of micro�uidic
devices are also more complicated. Based on the current
situation, this paper presented a piezoelectric driven in-
tegrated three-phase pulsating mixingmicro�uidic chip, and
the synthesis of silver nanoparticles were carried out by
changing the synthesis parameters of silver nanoparticles.
Analyzing the test results of UV-Vis absorption spectro-
photometer (UV-Vis) and transmission electronmicroscopy
(TEM), we discussed the e�ects of the concentration of
sodium hydroxide (NaOH) and glucose (C6H12O6) solu-
tions, polyvinylpyrrolidone (PVP) dosage, inlet �ow rate
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Figure 1: (a) �e prototype schematic of the micro�uidic chip. (b) �e fabrication �owchart of micro�uidic chip for three-phase �ow
pulsating mixing. (c) �e prototype photo of the micro�uidic chip.
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Figure 2: (a) Schematic diagram of the three-phase �ow pulsating mixing mechanism. (b) Schematic diagram of experimental scheme.
(c) �e experimental platform photo.
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and synthesis temperature on the particle size, morphol-
ogy, homogeneity, monodispersity, and yield of AgNPs and
then determined the optimum synthesis conditions of
AgNPs.

2. Experiment

2.1. Reagents. AgNO3 (precursor), C6H12O6 (reducing agent),
NaOH (accelerating agent), and PVP (stabilizer) were purchased
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Figure 3: UV-Vis absorption spectra (a) and TEM images (b) of four groups of AgNPs synthesized under di�erent NaOH concentrations.
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from Sinopharm Chemical Reagent Corporation (Shanghai,
China). +e water used in the experiments was of Milli-Q
grade.

2.2. Apparatus. A UV-Vis absorption spectrophotometer
(UV-2501 PC, SHIMADZU, Japan) was used to characterize
the characteristic absorption spectrum of silver colloid. +e
size and morphology of synthesized AgNPs were charac-
terized by high-resolution transmission electron microscopy
(TEM TECNAI-12, Philips, Holland). +e micropumps and
microfluidic chip used in experiment were manufactured by
mature MEMS process in lab. In addition, a flat panel
temperature control heater (BHW-05A Shanghai Broadcom
Chemical Technology Co. Ltd.), precision electronic balance
(Sartorius Scientific Instrument Co. Ltd.), and PZT actuator
control power supply (Nanjing CUH Science & Technology
Co. Ltd.), and so on were used in specific experiment test.

2.3. Fabrication of the Microfluidic Chip. +e three-phase
flow pulsating mixing microfluidic chip is the core apparatus
for the controllable synthesis of AgNPs, which was designed
and manufactured by MEMS technology and processes in
laboratory. +e prototype schematic of the microfluidic chip
is shown in Figure 1(a), which consists of two series PZT
pumps (pump A and B), one parallel PZTpump, three-phase
micromixing channel, growth channel, fluid inlet, and fluid
outlet.+e key structural parameters of mixing channel have
been optimized by the CFD simulation software.

Figure 1(b) is the fabrication flowchart of the microfluidic
chip for three-phase flow pulsating mixing. In order to ensure
the microfluidic chip having good processing technology on
the aspects of chip integration and bonding, and having good
working performance in high temperature and corrosive
environment, we selected PDMS, silicon, and FR-4 epoxy glass
fiber board as material of chip, substrate, and pump body,
respectively. +e finished prototype has an overall dimension:
100mm× 50mm× 5mm, as shown in Figure 1(c).

2.4. Controllable Synthesis of AgNPs. Based on chemical
reduction mechanism, the liquid-phase synthesis method of
AgNPs includes three processes, namely, precipitation of
silver atoms, nucleation, and growth of crystal nuclei. In the
initial stage of reaction of the reducing agent and precursor,
the high efficiency mixing is of significant importance.
+erefore, it is essential to know how to enhance the mixing
characteristic of three-phase microfluid for the controllable
synthesis of AgNPs in a microfluidic chip. Figure 2(a) is the

schematic diagram of the three-phase flow pulsating mixing
mechanism. In the experiment, the working frequency of
PZT micropumps is chosen to be 200Hz, namely, the
number of mixing per second reaches 200. Two series PZT
micropumps are applied with sine wave electrical signal with
a phase difference of 180 degrees. +ey drive A and B so-
lutions alternately through the micromixing channel in
pulsating form. While, for the parallel PZT micropump
applied with sine signal, the C solution is pumped into the
mixing channel in a continuous pulse form. Under the
reasonable structural parameters and control parameter
condition, a thinner pulsating layer can be formed in the
micromixing channel. It can effectively increase the contact
area and contact opportunity between the solutions, shorten
the mixing time, and greatly improve the mixing effect
between three solutions [17, 24, 25]. Figure 2(b) is the
schematic diagram of experimental scheme, A represents the
glucose (C6H12O6) solution, C represents the silver nitrate
(AgNO3) solution containing PVP, and B represents the
sodium hydroxide (NaOH) solution. +e above three-phase
solutions aremixed intensively and react simultaneously, then
entering the annular channel for the growth of crystal nuclei.
Finally, the reaction fluid is collected at the outlet and will be
inspected after 15 minutes. In the experiment testing, the self-
made stability control device is responsible for the stable
output of three-phase flow rate. +e temperature control
heater is responsible to provide with the appropriate reaction
temperature. And the quality of the synthesized AgNPs is
mainly analyzed and characterized by the TEM and UV-Vis.
+e experimental platform photo is shown as Figure 2(c).

3. Results and Discussion

3.1. Related Experimental Parameters. During the control-
lable synthesis of AgNPs using the microfluidic chip and
characterization of AgNPs using the related apparatuses,
some important experimental parameters are involved.
Among them, CNaOH, CAgNO3

, and CC6H12O6
represent the

concentration of NaOH, AgNO3, and C6H12O6 solution,
respectively. +e mPVP and mAg, respectively, indicate the
mass of PVP and the mass of Ag in AgNO3 solution. Q is
the inlet flow rate, and T is the temperature; where λm is the
wavelength of absorption maximum, αm is the absorption
maximum, and PWHM is the peak width at half maximum.
Generally, the position of the absorption peak, namely, λm,
can reflect the total situation about the size of nanoparticles.
Generally, the larger the size of nanoparticles, the greater the
value of λm, namely, the peak position shifts to a longer
wavelength range [26–28]. Normally, the value of αm is
proportional to the concentration of AgNPs’ solution. +e
larger the value of αm, the higher the concentration of the
solution and the higher the yield of AgNPs [29]. Besides,
PWHMmainly reflects the particle size deviation of AgNPs;
in general, the smaller the value of PWHM, the smaller the
particle size deviation, the better the uniformity of nano-
particles appearance [30].

3.2. Test Results and Analysis. In the lab, several groups
of controllable synthesis of AgNPs were completed using the

Table 1: Test results of AgNPs synthesized under different NaOH
concentrations.

Number CNaOH : CAgNO3
λm (nm) αm PWHM (nm)

1 1.0 :1 425 0.462 115.53
2 1.5 :1 427 1.187 99.47
3 2.0 :1 421 1.943 91.63
4 2.5 :1 424 1.544 93.47
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Figure 4: UV-Vis absorption spectra (a) and TEM images (b) of �ve groups of AgNPs synthesized under di�erent glucose concentrations.
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self-made microfluidic chip, based on the liquid-phase re-
duction method. Comprehensively analyzing the effects of
different experimental factors on the synthesis results of
AgNPs, the optimum synthesis conditions of AgNPs were
obtained.

3.2.1. Effect of NaOH Concentration on the Synthesis of
AgNPs. Under the different NaOH concentrations, four
groups of synthesis experiments have been carried out. And
other experimental conditions were set as follows: the
working frequency of PZTmicropump was 200Hz, the initial
concentration of AgNO3 solution was 1mM, the temperature
was 80°C, the inlet flow rate Q was set as 3.5ml·min−1,
CC6H12O6

:CAgNO3
� 2 :1, and mPVP :mAg � 1.5 :1. Figure 3

shows the UV-Vis absorption spectra and TEM images of
four groups of AgNPs synthesized under different NaOH
concentrations. +e detailed test results are shown in Table 1.

Analyzing the UV-Vis absorption spectra of Figure 3(a)
and tests data in Table 1, we can find that the maximum
absorption wavelengths of four groups of sample solutions
are in the range of 400∼430 nm, which all accord with the
typical optical characteristics of AgNP colloidal system.
From the approximately same value of λm of four groups of
samples, it can be seen that the concentration of NaOH has
little influence on the particle size of AgNPs. Observing the
change of the value of αm, we can see that with the increasing
of NaOH concentration, the maximum absorbance of AgNP
sol increases first and then decreases. Among them, sample
no. 3 has the largest value of the absorption maximum αm,
1.943. It also indicates that the concentration (i.e., yield) of
AgNPs similarly increases first and then decreases. +e
changes of test data directly coincide with the colour changes
of samples. Accordingly, it first turns darker and then be-
comes shallower, and sample no. 3 has the darkest colour.
Analyzing the values of PWHM, we can find that sample no.
1 has the largest value, while no. 3 has the smallest one. It
means that the synthesized AgNPs of no. 3 has the smallest
deviation of particle size and more uniform particle dis-
tribution. +us, the synthesis conditions of sample no. 3 are
relatively better. +e TEM photographs of Figure 3(b) show
that the AgNP morphologies of other three groups are
approximately spherical and monodisperse, with the ex-
ception of no. 4. Sample no. 4 shows the undesirable particle
aggregation and poor morphology. For the reason of ag-
gregation, we think it may be the excessive NaOH con-
centration (CNaOH :CAgNO3

� 2.5 :1) which gives rising to
a rapid increase of the silver atom concentration in solution.
While the concentration of reduced silver atoms is too large,

the probability of nuclei collision will increase during the
formation process of ArgentCrystal. +e rapid aggregation
of nuclei will lead to the formation of irregular nano-
structures and even cause partial agglomeration of nano-
particles. Hence, the synthesis effect under this condition is
not ideal. In addition, by analyzing the spectrogram of
Figure 3(a), we can also find that the maximum absorbance
does not maintain a growth trend with the increase of
NaOH concentration. +is phenomenon still may be due
to the higher NaOH concentration, which results in the
precipitation reaction of silver hydroxide because of the
remaining excessive OH−and Ag+ in reaction solution.

Comprehensively considering the test results and dis-
cussion, it can be found that the concentration of NaOH
solution has a great influence on the yield, morphology,
monodispersity, and particle size uniformity of the syn-
thesized AgNPs. So, as the important accelerating agent,
a suitable optimum NaOH concentration is required. In the
actual experiment, when CNaOH :CAgNO3

� 2 :1, the spherical
AgNPs with higher concentration, smaller particle size
deviation, and better dispersion were synthesized.

3.2.2. Effect of Glucose Concentration on the Synthesis of
AgNPs. In order to study the effect of C6H12O6 concen-
tration on the synthesis of AgNPs, five groups of synthesis
experiments were carried out using the self-made micro-
fluidic chip under different concentrations of glucose
(CC6H12O6

). +e basic experimental conditions are the same as
the research on effect of NaOH concentration, except of
a concentration ratio (CNaOH :CAgNO3

� 2 :1). +e UV-Vis
absorption spectra and TEM images of five groups of AgNPs
synthesized under different glucose concentrations are shown
in Figure 4. +e detailed test results are listed in Table 2.

Analyzing the UV-Vis absorption spectra of Figure 4(a)
and tests data in Table 2, we can find that the maximum
absorption wavelengths of five groups of sample solutions are
in the range of 410∼430nm, and when CC6H12O6

:CAgNO3
�

1 :1, the maximum absorption wavelengths λm has a little
small value. After the concentration ratio of glucose to pre-
cursor exceeds 2, the maximum absorption wavelength of the
sample shows obvious red shift, but the value of λm changes
little, which means the synthesized nanoparticle sizes are less
affected. Comparing the changes in the maximum absorption
peaks (the values of αm), it can be concluded that with the
increasing of glucose concentration, the maximum absor-
bance of AgNP sol increases first and then decreases. Among
them, sample no. 7 has the largest value of the absorption
maximum αm (2.194) which means sample no. 7 has the
highest yield of AgNPs. Based on the values of PWHM,
sample no. 8 will have the smallest deviation of nanoparticle
size and then followed by no. 3 and no. 7 which have ap-
proximately the same deviation in nanoparticle size. But
comprehensively considering the TEM images of Figure 4(b),
we will find that AgNPs of sample no. 8 have poor mono-
dispersity and morphology. For sample no. 8, not only the
maximum absorbance is lower, but the more severe ag-
glomeration occurs. As for the possible reasons, we believe
that when the glucose concentration of reaction solution is

Table 2: Test results of AgNPs synthesized under different glucose
concentrations.

Number CC6H12O6
: CAgNO3

λm (nm) αm PWHM (nm)
5 1.0 :1 414 0.614 118.42
3 2.0 :1 421 1.943 91.63
6 3.0 :1 419 1.704 96.58
7 4.0 :1 421 2.194 91.84
8 5.0 :1 419 1.379 65.22
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Figure 5: UV-Vis absorption spectra (a) and TEM images (b) of �ve groups of AgNPs synthesized under di�erent PVP dosages.
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too large, the rate of reduction of silver atoms is too fast,
which will give rise to the increase of internuclear collision
probability of ArgentCrystal and the formation of island
agglomerated particles. And it is due to the serious aggre-
gation of AgNPs leading to the decrease in the concentration
and the maximum absorbance of AgNPs.

In summary, the glucose concentration affects the
synthesis of AgNPs a lot, especially has a great influence on
the yield, morphology, and monodispersity of AgNPs.
Among the five groups of synthesis experiments launched in
lab, samples of no. 3 and no. 7 all have a better synthesis
effect. But in view of higher yield of AgNPs in no. 7, the
synthesis conditions of sample no. 7 were finally selected as
the best synthesis conditions, namely, the optimal con-
centration of C6H12O6 solution in the experiment is 4mM
(CC6H12O6

:CAgNO3
� 4 :1).

3.2.3. Effect of PVP Dosage on the Synthesis of AgNPs. In
order to study the effect of the PVP dosage on the synthesis
of AgNPs, the related synthesis experiments were carried
out. +e basic experiment conditions are the same as that of
above Section 3.2.1 (among them, CNaOH :CAgNO3

� 2 :1 and
CC6H12O6

:CAgNO3
� 4 :1). According to the different amount

of PVP used in the experiment, the synthesis experiments
were designed and divided into five groups. +rough rele-
vant experiment testing, the UV-Vis absorption spectra and
TEM images of five groups of AgNPs synthesized based on
different PVP dosages as shown in Figure 5 were obtained.
+e detailed test results are listed in Table 3.

Analyzing the changes of the maximum absorption
wavelengths λm, we can observe that samples no. 9 and no.
10 show an obvious blue shift, while the maximum ab-
sorption wavelengths of other samples vary little or almost
no change. It shows that with the increase of PVP dosage,
the particle size of AgNPs shows a rising trend at the initial
stage. But, when the amount of PVP increases to a certain
value, it has little effect on the particle size of synthesized
nanoparticles.

+e changes of test data αm also show that the effect of
PVP addition on the synthesis of AgNPs is obvious. As the
amount of PVP increases, the maximum absorption peaks
αm from the initial value 1.659 increases to 2.165. It can be
seen that whether PVP is added or not has a great influence
on the yield of AgNPs. However, when the mass ratio of PVP
to Ag is more than 1, namely, mPVP :mAg≥ 1, the amount of
PVP has little effect on the yield of AgNPs. Similarly, the
value of PWHM also shows a similar variation trend.

+rough further observation of the sample photos and
TEM images in Figures 5(a) and 5(b), it can be found that
sample no. 9 becomes turbid, the synthesized nanoparticles
produce serious aggregation, at the same time, the mor-
phology and monodispersity of nanoparticles are poor, too.
After a small amount of PVP (mPVP :mAg � 0.5 :1) is added,
no obvious precipitation occurs in the sample solution.
Although the morphology and monodispersity of synthe-
sized nanoparticles have been improved, the overall situa-
tion is still relatively poor, and some nanoparticles are still
agglomerated. Only when the amount of PVP in solution

exceeds a certain amount (e.g., mPVP :mAg � 1 :1, mPVP :
mAg � 1.5 :1, and mPVP :mAg � 2 :1), the aggregation phe-
nomenon of synthesized AgNPs no longer occurs, and the
morphology and monodispersity of nanoparticles become
better.

Comprehensively analyzing the test results, we find that
the amount of PVP has a great influence on the synthesis of
AgNPs, especially on the morphology and monodisperse
properties of the synthesized nanoparticles. As for the action
mechanism, we think that, as a stabilizer, PVP plays a role of
surface protective agent in the synthesis of AgNPs. When no
PVP is added, or the amount of PVP is less, the silver crystal
nuclei formed in the solution cannot be completely en-
capsulated, and which directly leads to the results that most
of synthesized nanoparticles cannot grow into a normal
spherical or spherical-like shape. Furthermore, since the
nanoparticles are incompletely wrapped, the smaller elec-
trostatic repulsion forces between nanoparticles give rise to
the partial agglomeration. While the amount of PVP is
sufficient, the silver crystal nuclei fully coated by PVP are
more likely to grow into spherical or spherical-like nano-
particles. At the same time, as the amide strong polar groups
of PVP are negatively charged, this improves the electro-
static repulsion between nanoparticles. Hence, it is beneficial
to synthesize the spherical or spherical-like AgNPs with
good dispersibility.

+erefore, it is essential to add proper amount of PVP in
order to synthesize AgNPs with regular morphology and
good dispersibility.

3.2.4. Effect of Inlet Flow Rate of Microfluidic Chip on the
Synthesis of AgNPs. For the pulsating mixing microfluidic
chip actuated by PZT, the working frequency and the inlet
flow rate of mixing channels are very important and critical
operating parameters that affect the working performance of
the chip. No matter for two-phase or three-phase flow
mixing, once the working frequency is determined, there will
be an optimal flow rate tomatch it. In order to investigate the
influence of the inlet flow rate on the synthesis of AgNPs,
the working frequency was selected as 200Hz [17], and the
related experiments based on four groups of inlet flow rates
were carried out. +e test of the basic experimental con-
ditions was as follows: the initial concentration of silver
nitrate solution is 1mM, the experimental temperature
is 80°C, CNaOH :CAgNO3

� 2 :1, CC6H12O6
:CAgNO3

� 4 :1, and
mPVP :mAg � 1.5 :1. +rough series of experimental tests, the
UV-Vis absorption spectra and TEM images of four groups
of AgNPs synthesized based on different inlet flow rates as

Table 3: Test results of AgNPs synthesized under different PVP
dosages.

Number mPVP :mAg λm (nm) αm PWHM (nm)
9 0 :1 (no PVP) 402 1.659 114.47
10 0.5 :1 413 1.848 87.11
11 1 :1 419 2.181 90.89
7 1.5 :1 421 2.194 91.84
12 2 :1 419 2.165 91.05
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shown in Figure 6 were obtained, and the detailed test results
are listed in Table 4.

Analyzing the UV-Vis absorption spectra and the related
data, we �nd that when the inlet �ow rate is 3.5ml·min−1, the

synthesized nanoparticles had a smaller mean particle size.
While the �ow rate is 6.5ml·min−1, the size of the synthe-
sized nanoparticles is a little large. Observing the data of αm,
we can conclude that the yield of AgNPs increases with the
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Figure 6: UV-Vis absorption spectra (a) and TEM images (b) of four groups of AgNPs synthesized under di�erent inlet �ow rates.
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increase of the inlet flow rate. From the PWHM point of
view, we can see that the values of half peak width of four
samples first increase and then decrease. But, in view of the
overall values of PWHM, the size uniformity of the syn-
thesized AgNPs is better relatively. Comparing the TEM
photographs of the synthesized AgNPs, we find that when
the flow rate is 5.5ml·min−1, the morphology of synthesized
nanoparticles is relatively poor; while the flow rate reaches
6.5ml·min−1, part of nanoparticles produce agglomeration.
For the occurrence of agglomeration, we think that this may
be due to the excessive flow speed. Although the flow rate is
large, the comprehensive mixing efficiency is not the best.
Furthermore, the excessive flow speed directly leads to the
increase of the collision probability between the nuclei of
ArgentCrystal, which in turn makes it easy to form irregular
nanostructures, even agglomerate.

In summary, the inlet flow rate of microfluidic chip is an
important factor for the controllable synthesis of AgNPs,
which affects the size, yield, morphology, and mono-
dispersity of the synthesized nanoparticles. With the in-
crease of the inlet flow rate, the AgNP yield gradually
increases, but the high flow rate will lead to poor mor-
phology of synthesized nanoparticles and even aggregation
of some nanoparticles. Moreover, for the micromixing based
on the pulsating mixing mechanism, once the working
frequency is determined, there will be an optimal inlet flow
rate to match it. Comprehensively analyzing and comparing
the above experimental results, we conclude that when the
flow rate is 3.5ml·min−1, a spherical AgNP with relatively
high concentration, good morphology, and good mono-
dispersity has been synthesized. +erefore, the optimum
inlet flow rate is 3.5ml·min−1, when the working frequency is
200Hz.

3.2.5. Effect of Temperature on the Synthesis of AgNPs. In
order to study the effect of temperature on the synthesis of
AgNPs, five groups of synthesis experiments at different
temperatures were designed and carried out. +e basic
experiment conditions, such as the working frequency of
PZT micropump, the initial concentration of AgNO3 so-
lution, the inlet flow rate, and the PVP dosage, are the same
as those in Section 3.2.1. In addition, the concentration
parameters of C6H12O6 and NaOH were CC6H12O6

:CAgNO3
�

4 :1, and CNaOH :CAgNO3
� 2 :1, respectively. +e UV-Vis

absorption spectra and TEM images of five groups of
AgNPs synthesized based on different temperatures as
shown in Figure 7 were obtained.+e detailed test results are
listed in Table 5.

Analyzing the UV-Vis absorption spectra and the re-
lated data, we will find that although the test data are quite
different, the maximum absorption wavelengths all change
in the range of 400∼430 nm, which well accord with specific
optical characteristics of spherical AgNP sol. +e positions
of data λm show that with the increase of temperature, the
maximum absorption wavelength of AgNPs appears to be
red shifted first and then blue shifted. +e results show that
the size of AgNPs increases first and then decreases with the
increase of temperature. While the test data αm show that
the maximum absorbance increases first and then decreases
sharply with the increase of temperature, and the maxi-
mum absorbance reaches maximum when the temperature
is 60°C and 80°C. When the temperature is set at 100°C and
120°C, the maximum absorbance αm is lower, and the
synthesis effect is relatively poorer, which indicates that the
synthesis temperature of AgNPs should not be too high
when synthesized using the microfluidic chip. Moreover,
the TEM photos of Figure 7(b) also show that the size
uniformity and monodispersity of the synthesized AgNPs
are relatively poorer, when the temperature is 100°C and
120°C. +e most likely cause is that the reaction rate of
synthesis process of AgNPs increases too fast, with the
increase of temperature. Meanwhile, as the collision
probability of silver atom increases, the growth rate of
crystal nuclei will exceed that of silver atoms. +erefore,
the size of synthesized AgNPs is not uniform, the size
deviation of AgNPs is large, and some nanoparticles are
even aggregated.

In summary, too high or too low temperature is not
conducive to the synthesis of AgNPs. In our synthesis ex-
periments, when the temperature is set at 60°C and 80°C, the
particle size, yield, morphology, monodispersity, and par-
ticle size uniformity of synthesized AgNPs are relatively
good. After comprehensive comparison and analysis, we
select 80°C as the optimum temperature of AgNPs’ synthesis.

3.3. Size and Deviation of AgNPs Synthesized under Optimum
Conditions. +e AgNPs’ synthesis using the liquid-phase
reductionmethod has many influencing factors. In this paper,
a self-made three-phase flow pulsating mixing microfluidic
chip was presented. Using the microfluidic chip, a series
of controllable synthesis experiments of AgNPs had been
designed and carried out under various factors. By com-
paring and analyzing the test results, we obtained the optimal
synthesis conditions under limited experimental conditions.
+e specific conditions are as follows: the working fre-
quency of PZT micropump is 200Hz, the initial concen-
tration of AgNO3 solution is 1mM, the temperature is 80°C,
the inlet flow rate Q is 3.5ml·min−1, CNaOH :CAgNO3

� 2 :1,
CC6H12O6

:CAgNO3
� 4 :1, and mPVP :mAg � 1.5 :1. Under the

above conditions, AgNPs with uniform size, good mor-
phology, and monodispersity have been synthesized. More-
over, the size and deviation of synthesized AgNPs are
about 29.11 ± 3.98 nm. +e TEM image and histogram of
particle size distribution of synthesized AgNPs are shown
in Figure 8.

Table 4: Test results of AgNPs synthesized under different inlet
flow rates.

Number Q (ml·min−1) λm (nm) αm PWHM (nm)
13 1.5 424 1.165 88.58
7 3.5 421 2.194 91.84
14 5.5 430 2.742 93.16
15 6.5 426 3.020 91.39
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Figure 7: UV-Vis absorption spectra (a) and TEM images (b) of �ve groups of AgNPs synthesized under di�erent temperatures.
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4. Conclusion

Based on the reduction of silver nitrate with glucose, the
controllable synthesis experiments of AgNPs were carried
out by using a three-phase �ow pulsating mixing micro-
�uidic chip. �rough investigating and exploring the in-
�uence of di�erent factors on the synthesis of AgNPs, the
optimum synthesis conditions of AgNPs were obtained, and
the following conclusions were drawn:

(1) It is an e¢cient and feasible experimental method to
develop controllable synthesis experiments of AgNPs
under multifactors by using the three-phase pul-
sating mixing micro�uidic chip. �is method can be
extended to many research �elds, such as the con-
trollable synthesis of other nanoparticles and the
control of complex chemical reactions.

(2) When AgNPs are synthesized by the micro�uidic
chip, the in�uence of di�erent synthesis conditions
on AgNPs is quite di�erent. NaOH concentration,
PVP dosage, micro�uidic chip entrance �ow,
C6H12O6 concentration, and reaction temperature
have great in�uence on the aspects of the particle
size, yield, morphology, dispersibility, and uni-
formity of the particle size. Under the limited
experimental conditions, the above experimental
parameters all have their own optimal value, and

too high or too low is not conducive to the con-
trollable synthesis of AgNPs.

(3) When the working frequency of the PZT micro-
pump is set as 200 Hz, the initial concentration
of AgNO3 solution is 1mM, the temperature is
80°C, the inlet �ow rate Q is set as 3.5ml·min−1,
CNaOH : CAgNO3

� 2 : 1,CC6H12O6
: CAgNO3

� 4 : 1,mPVP:
mAg� 1.5 :1, the AgNPs with uniform size, and good
morphology and monodispersity have been synthe-
sized.�e size and deviation of synthesized AgNPs are
about 29.11± 3.98 nm.

Conflicts of Interest

�e authors declare that they have no con�icts of interest.

Acknowledgments

�is research is supported and funded by the National
Natural Science Foundation Projects (no. 51375207) from
Ministry of Science and Technology of the People’s Republic
of China and the Jilin Province Natural Science Foundation
Projects (no. 20170101136JC). �e authors thank the Chain
Drive Research Institution of Jilin University for the ener-
getic support and help in the aspect of microdevice fabri-
cation and electronic control unit (R&D).

Table 5: Test results of AgNPs synthesized under di�erent temperatures.

Number T (°C) λm (nm) αm PWHM (nm)
16 40 411 1.167 101.84
17 60 422 2.123 93.95
7 80 421 2.194 91.84
18 100 416 0.122 93.68
19 120 417 0.185 82.69
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Figure 8: �e TEM image (a) and histogram of particle size distribution (b) of synthesized AgNPs.

Advances in Materials Science and Engineering 13



References

[1] H.-J. Li, A.-Q. Zhang, L. Sui, D.-J. Qian, and M. Chen,
“Hyaluronan/Tween 80-assisted synthesis of silver nano-
particles for biological application,” Journal of Nanoparticle
Research, vol. 17, no. 2, p. 111, 2015.

[2] Y. Lu, Y. Mei, M. Drechsler, and M. Ballauff, “+ermosensitive
core–shell particles as carriers for Ag nanoparticles: modulating
the catalytic activity by a phase transition in networks,”
Angewandte Chemie, vol. 45, no. 5, pp. 813–816, 2006.

[3] A. C. Patel, S. Li, C. Wang, W. J. Zhang, and Y. Wei,
“Electrospinning of porous silica nanofibers containing silver
nanoparticles for catalytic applications,” Chemistry of Mate-
rials, vol. 19, no. 6, pp. 1231–1238, 2007.

[4] S. Mishra and H. B. Singh, “Biosynthesized silver nano-
particles as a nanoweapon against phytopathogens: exploring
their scope and potential in agriculture,”AppliedMicrobiology
and Biotechnology, vol. 99, no. 3, pp. 1097–1107, 2015.

[5] Y.-C. Tsai, T.-M. Wu, P.-C. Hsu, and Y.-W. Lin, “Silver
nanoparticles in multiwalled carbon nanotube–Nafion for
surface-enhanced Raman scattering chemical sensor,” Sensors
and Actuators B: Chemical, vol. 138, no. 1, pp. 5–8, 2009.

[6] S. K. Laliwala, V. N. Mehta, J. V. Rohit, and S. K. Kailasa,
“Citrate-modified silver nanoparticles as a colorimetric probe
for simultaneous detection of four triptan-family drugs,”
Sensors and Actuators B: Chemical, vol. 197, pp. 254–263, 2014.

[7] J. R. Morones, J. L. Elechiguerra, A. Camacho et al., “+e
bactericidal effect of silver nanoparticles,” Nanotechnology,
vol. 16, no. 10, pp. 2346–2353, 2005.

[8] E. Navarro, F. Piccapietra, B. Wagner et al., “Toxicity of silver
nanoparticles to Chlamydomonas reinhardtii,” Environmental
Science and Technology, vol. 42, no. 23, pp. 8959–8964, 2008.

[9] C. N. R. Rao, G. U. Kulkarni, P. J. +omas, and P. P. Edwards,
“Metal nanoparticles and their assemblies,” Chemical Society
Reviews, vol. 29, no. 1, pp. 27–35, 2001.

[10] N. K. Agrawal, R. Agarwal, D. Bhatia et al., “Synthesis of Al
and Ag nanoparticles through ultra-sonic dissociation of
thermal evaporation deposited thin films for promising
clinical applications as polymer nanocomposite,” Advanced
Materials Letters, vol. 6, no. 4, pp. 301–308, 2015.
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