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Silver nanowires were successfully synthesized by a polyol reduction method in a

continuous-flow reactor with the yield of 2 g/h.
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ABSTRACT

This study isthe first time to present the synthesis of silver nanowires by a polyol

reduction method in a continuous-flow reactor. The effects of process parameters on

the conversion, selectivity, and morphology of silver nanowires are analyzed.

Experimental results reveal that sufficient space time, low reaction temperature, and

moderate molar ratio of polyvinylpyrrolidone (PVP) to silver ions can result in high

conversion (97.16%) and selectivity (near 100%). Normally, in our system the yield

can reach to 2 g/h and the resulting AgNWs have the average length of 22 4 m and

diameter of 90 nm. It isfound that the length of AgQNWs can be adjusted by varying

theinitial concentration of silver ions and the PV P amount, and the diameter can be

reduced with increasing the concentration of potassium chloride. Unlike the batch

system, it doesn’t hinder the growth of silver nanowires that all of the reactants are

added simultaneously into the reactor for the continuous-flow system, resulting from

the formation of pre-seeds and the rapid rise of temperature in the tubular reactor.

Key words: Silver nanowire; Continuous-flow; Conversion; Selectivity
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1. Introduction

1-D nano-materials have received increasing attention due to their extraordinary
optoelectronic, magnetic, and catalytic properties.’ Especialy, silver nanowires
(AgNWs) display excellent conductivity through electron conduction on the axial
direction and very high ratio of DC conductivity to optical conductivity, which have
been widely investigated in the applications of transparent conductive films, catalysis,
conductive nanocomposites, sterilization, and surface Raman spectroscopy
enhancement.*® Numerous methods have been reported in the literature for the
synthesis of AgNWSs, such as template,” *° hydrothermal ™ * [ow-temperature

15, 16

growth, thermal-induced formation,** microwave assistance,* *® photo-reduction,*’

and polyol method.*® Among those, the salt-mediated polyol method extended by
Xia’s group %% is the most promising and popular because the method doesn’t need
expansive equipments and has higher yield than others.

Although the preparation process for the polyol method is simple, the quality of
the as-prepared AgQNWSs is very sensitive to the process parameters; the aspect ratio

and the yield of AQNWs depend strongly on kinds of inorganic salts,** % ratio of salt

to silver nitrate,® molecular weight of polyvinylpyrrolidone (PVP),?’ ratio of PVPto

26,28 29, 30

silver nitrate,? reaction temperature,®® 2 reaction time,® atmosphere,*® * and

reagent-addition procedure.® %8 Therefore, a similar preparation process with alittle
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variation usually leads to significantly different results for AGNW production.?® 3

Many efforts have been exerted to control quality of AgNWSsto increase their
applicability. Up to now, all of the studies for the synthesis of AgQNWs are still limited
to batch systems. Each batch produces only a small AQNW amount. Even for the
high-concentration synthesis, the yield is only 0.5-1 g each time,3*>* restricted to meet
the growing AgNW requirements.

To the best of our knowledge, no continuous-flow systems have been
investigated for AQNW production; the relevant studies on the continuous-flow
production are few and only for silver nanoparticles.® Due to the versatile
characterization, it becomes more difficult to synthesize AQNWSs in a continuous-flow
reactor. In this study, we investigated the synthesis of AQNWs by a one-step synthesis
method in a continuous-flow reactor. Effects of reaction time, PVP amount and
reaction temperature on the quality of AgNWs were analyzed. Finally, the high

conversion and the yield of 2 g/h have been carried out in our system.

2. Experimental
2.1 Materids
Silver nitrate (AgNOs3, Kojima), PV P (Sigma-Aldrich), ethylene glycol (EG,

Scharlau), and potassium chloride (KCI, Pure Chemical Industries) were used as
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received. Reagent-grade solvents and deionized water (DI water, >18 MQ-cm) were

used throughout the experiments.

2.2 Preparation of AgNWSs in a continuous-flow tubular reactor

AgNWs were synthesized using a one-step polyol reduction method in a continuous

tubular reactor. The reaction system was set as shown in Fig.1; atubular glass cail

with inner diameter of 6 mm and outer diameter of 8 mm was placed into a

silicone-oil bath. The SO solution (PVPin EG) and the silicone-oil bah was pre-heated

to the reaction temperature (150, 160, and 170 ‘C), whereas the S1 solution (AgNOs

and KCl in EG) remained at room temperature. Before starting up the reaction, all of

the pipes and the tubular reactor were rinsed with EG. The SO and S1 solutions then

flowed into the tubular reactor at a certain constant rate (normally, 6.46-11.06 ml/min)

using a peristaltic pump. The AGQNW synthesis was investigated with respect to

various space times, which were regulated by virtue of the change of inlet flow rate.

Unless otherwise indicated, the molecular weight of PVP used in SO is 360 k, the

concentration of AgNOj3 in S1 solution is 0.0588 M, and the molar ratio of KCI to

AgNO3 is0.01. The effluents were further evaluated and analyzed to judge the quality

of the production. After the end of an experiment, the loop was cleaned with adilute

nitric-acid solution to avoid that the residues of silver salts or bulk silver affected next

experiment, and further rinsed with water and ethanol.
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2.3 Characterization

The morphology of AgNWs was examined using an optical microscope (OM, BX51M,
Olympus) and a cold-field-emission scanning el ectron microscope (SEM, SU8010,
Hitachi). The calculation of distribution and average for the length and diameter of
AgNWsiis based on 100 nanowires observed from the SEM images. The conversion

of silver products (including AgQNWs and Ag nanoparticles) was calculated from the

following equation

Conversion= A9 L —+[Ag I, x100% , (1)
[Ag]]

where [Ag']i and [Ag'], are the inlet and outlet concentrations of silver ions,
respectively. The concentration of silver ions was determined using an ion selective

electrode (EW-27504-28, Cole Parmer).

3. Resultsand discussion

As aforementioned in Introduction that the quality of AQNW production depends
on many reaction parameters, including reaction temperature, space time (reaction
time), molecular weight of PV P, and concentration of reactants (AgNOgz, KCl, and

PVP). In order to simplify the analysis for the AgNW-production system, we
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optimized the conversion of metallic silver and the selectivity of AgNWsfirst, and

then controlled the aspect ratio of AQNWs with regard to these parameters.

3.1 Conversion and selectivity in the conti nuous-flow system

According to the experience of AQNW synthesis in the batch system,?” we started
up the AgNW synthesis with the reaction conditions: reaction temperature =160 C,
the weight ratio of PVP/AgNO; =1.66. The reaction parameters were then adjusted as
shown in Table 1 to optimize the AQNW-synthesi s process. Because the length of the
flowing conduit of the coil reactor is constant, the space time (reaction time) was
changed by varying the flow rate. As shown in Table 1, the conversion increases with
the increase of the space time and reaches to 97.13% when the space time increases to
13.5 min. Many silver nanoparticles form in the effluent flow for short space times
(Figs. 2a-b), whereas the nanoparticles disappear when the space timeis long enough
(Fig. 2¢), indicating that the nanoparticles form at the early stage of the reaction and
then transform gradually into nanowires. The result is consistent with the observation
in the batch system.3* % The conversion also depends on the weight ratio of
PVP/AgNOs;. When theratio is low, the conversion reduces (Table 1) and
nanoparticles appear in the final product (namely, the AgNW selectivity reduces) (Fig.
2d), whereas the conversion increases slightly but the variation of the AQNW

selectivity is unobservable when the ratio increases (Fig. 2e), revealing that PV P not
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Page 9 of 28

RSC Advances

only promotes the formation of AgNWSs but is al'so helpful for the reduction of silver
ions.*” When the reaction temperature is raised to 170 °C, the conversion increases
slightly but some short nanowires, nanorods, and nanoparticles form in the final
products as well (Fig. 2f). However, when the reaction temperature is reduced to 150
C, the AgNWs become more uniform (Fig. 2g) and the selectivity is near 100%. The
resulting AgNWs have the average length of 22 ¢ m (Fig. 3) and diameter of 90 nm
(Fig. 29), and the corresponding AgNW yield reachesto 2 g/h.

3.2 Control on length of AgNWs

Referring to Fig. 3, the length of AgNWs depends on the initial concentration of silver

ions; the length of AgNWs decrease with decreasing the initial concentration of silver

ions. This may result from the fact that the growth of AQNWs relies on the supply of

the silver ions. However, according to the mass balance, the decrease of theinitial

concentration will lead to decreasing the AQNW yield. We found the AgQNW length

also depends on the amount of PVP. With increasing the PV P amount in use, the

length of AQNW's decreases and some silver nanoparticles appear, as shown in Fig. 4.

This may be attributed to excess PVP can adsorbing on the { 111} facets of AQNWs

and thus passivating the growth of nanowires and forming nanoparticles. In addition,

the molecular weight of PV P aso influences the AQNW length. When the molecular

weight of PVPis changed from 360 k to 40 k, the AgNW length decreases remarkably



RSC Advances

(Fig. 53a); when the very-low-molecular-weight PVP (3.5 k) is used, many particle
aggregates appear (Fig. 5b). The chain length of PVPis proportional to its molecular
weight, so the low-molecular-weight PV P with possesses a shorter chain. The shorter
chain may have worse anisotropic characteristics *® and can’t form a soft template for
the connection of nanorods or nanoparticles to form the AgNWs.*®

3.3 Control on diameter of AQNWs

Fig. 6a shows the diameter of the AQNW s synthesized with various molar ratio of
KCI/AgNQOs; the diameter decreases gradually with increasing theratio (Fig. S1).
Fortunately, the length of AQNWs is almost independent of the ratio of KCI/AgNO3
(Fig. 6b). Chloride ions play akey role on the formation of AgQNWs. Some studies
reported that the AgCl precipitates induced by the chloride ions could slow down the
reaction rate by virtue of the slow release of silver ions form the precipitates and
consequently made anisotropic growth of AgNWs favorable.® In our experiments, the
silver ions and chloride ions were added simultaneously into the continuous-flow
reactor and the amount of silver ionsis much larger than that of chlorideions. Asa
result, the chloride ions serve as a reaction-rate controller isless possible. Besides,
chloride ions are supposed to have two functionsin the synthesis process: oneis form
AgCI precipitates in the beginning of the reaction serving as seeds for five-twinned

particles, and the other is to selectively adsorb on {100} facets serving as ainhibitor
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to retard crystal growth.?® “° We specul ate that more chloride ions results in the
formation of more AgCIl precipitates and thereby form more multi-twinned seeds; the
more AgCl precipitates also restrict more the growth of the { 100} facets, as observed
in the batch system. The results lead to smaller diameter but unchanged length.

3.4 Comparison between continuous-flowing reaction and batch reaction

Although the sampling on different positions of the reactor tube is unavailable in
our present system, the crystalline structure of the Ag particles synthesized at short
gpace time and the as-prepared AQNWs was found to be the same as that synthesized
from the batch reactor, which implies both may have the same nucleation and growth
mechanisms. However, for batch system, the AgNO; is usually added slowly into the
PV P solution; too fast addition will hinder the formation of AgNWSs.* In our
continuous-flow system, all of the reactants were added simultaneously into the
reactor, but the AgNWs still form well. To further realize the cause, we further
analyzed the variation of the temperature insider the tubular reactor. In al our
experiments, the flow inside the tubular reactor islaminar. For example, the Reynolds
number is 9.8 as the space time is 30 min. The heat transfer coefficient h for the
laminar flow inside the helical coil reactor can be calculated from the

Manlapaz-Churchill correlation® *:

10
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h= E>< Nu=|| 3.657 + 4.343 5 | +1.158x & (2
d 057 0477
1+ ———— 1+
[ Prx He? Pr/ |

In the expression, k and d are the thermal conductivity of the fluid and the inert
diameter of the tube, respectively; Nu, Pr, and He are the Nusselt number, the Prandtl
number, and the helical number, respectively. Therefore, the temperature of the fluid

along the tubular reactor can be estimated as

rxdxhxtxt
+— T
m><Cp
rxdxhxtxt
m><Cp

T-= ©)

1+

where T; and T, are the entering temperature of the fluid and the temperature of the il
bath, respectively; z, t, m, and C, are the space time, the residence time, the mass flow
rate, and the specific heat of the fluid. Fig. 7 shows the variation of the temperature
inside the reactor with the residence time. For the tubular reactor, the temperature of
the fluid rises rapidly and reaches 140 °C at t~2.3 min. In order to know the
difference between the variation of temperature for continuous-flow and that for batch
systems, 12 ml of S1 solution (room temperature) was added immediately into 12 ml
of SO solution (150 °C) in abatch reactor under 100-rpm stirring, where the theoretic
output of the AQNW production is 0.089 g, and the variation on the temperature of the

solution was recorded in Fig. 7. Therise of the temperature for the batch reaction with

11
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the residence time is slower than that for the continuous-flow reaction and the time
requires near 5.5 min for the temperature reaching to 140 °C . The as-prepared AQNWs
for the batch reaction system is short (< 3 um, mostly, shown in Fig. S2a). If the
reaction solution for the batch system is reduced by half, which rise of the
temperature of the solution is very similar to that of the continuous-flow system (Fig.
7), the as-prepared AgNWs become longer (Fig. S2b). Since the reduction rate of
silver ions at alower reaction temperature is much slower, the long temperature-rising
period may result in along nucleation period, short AGQNWSs, and formation of various
silver structures.® ? Moreover, we also found that it was necessary for the continuous
production of AQNWs that AgNO3 and KCI had to be mixed to form AgCl precipitates
serving as seeds for the five-twinned crystals before they were delivered into the
reaction tube; otherwise, the yield of AQNWSs reduces and the silver particlesincrease.
We simulated the condition in the batch reactor with low stirring rate (100 rpm). If
AgNO; and KCl wasn’t pre-mixed, many silver particles form (Fig. S2c) and the yield
of AgNWs decreases (Fig. S3). We infer that the mixing is not well in the tubular
reactor at low flow rate, so the pre-mixing isimportant to the formation of silver

crystals, resulting in nanowire growth.

4. Conclusion

12
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We have successfully synthesized the AQNW:s by the polyol reduction method in a

continuous-flow reactor with the yield of 2 g/h, which is much larger than that of

batch systems. The conversion and selectivity can reach to 97.16% and near 100%,

respectively. The resulting AQNWs have the average length of 22 ¢ m and diameter of

90 nm. The length of AQNWs can be adjusted by varying the initial AGQNO3

concentration and the PV P amount, and the diameter is found to decrease with the

ratio of KCI/AgNOs. The effects of process parameters on the AQNW synthesis for the

continuous-flow system are similar to those for the batch system as reported

elsawhere. Compared with batch systems, the most difference for the continuous-flow

systemsisto add all of the reactants at the same time. However, the process is not

found to hinder the growth of AQNWsin our experiments. The result may be

explained from the fact that the temperature of the solution rises rapidly in the tubular

reactor and the seeds are pre-formed.
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Fig. 1. Schematic representation of the continuous-flow system.

Fig. 2. OM images of the AQNW products synthesized under various reaction

conditions: (a) P1, (b) P2, (c) P3, (d) P4, (e) P5, (f) P6, and (g) P7 listed in Table

1. (h) SEM image of AQNWs synthesized at the P3 condition.

Fig. 3. Variation of the length of AQNWs versus the initial concentration of AgNOs.

Reaction conditions: space time = 30 min, reaction temperature = 150 C,

PVP/AgNO; = 1.66.

Fig. 4. OM images of the AQNW products synthesized at various weight ratios of

PVP/AgNOs: (a) 2.5, (b) 2.91. Reaction conditions: space time = 30 min,

reaction temperature = 150 C.

Fig. 5. OM images of the AQNW products synthesized at various molecular weights of

PVP: (a) 40 k, (b) 3.5 k. Reaction conditions: space time = 30 min, reaction

temperature = 150 C, PVP/AgNOs = 1.66.

Fig.6 Variation of (a) the diameter versus the molar ratio of KCI/AgNO;z and (b) the

corresponding length. Reaction conditions. space time = 30 min, reaction

temperature = 150 C, PVP/AgNOs = 1.66.

Fig. 7. Variation of the temperature inside the reactor verse the residence time. Solid

line: the result calculated from eq. (1) for the present continuous-flow tubular
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reactor. Parameters used: =30 min, k=0.2579 W/m-K, Cp=0.58
Btu/¢b-°F, viscosity = 5.2 cp, and density = 1.115 g/cm>; ll: the experimental
datafor adding 12 ml of S1 solution (room temperature) into 12 ml of SO
solution (150 °C) in a batch reactor under 100-rpm stirring; @: the same asthe

case of [, except that both SO and S1 are 6 ml.

19
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Table 1. Effects of process parameters on conversion.

Process parameters

Conversion, %
Code Spacetime, min Reaction temperature, C PVP/AgNQOg3, mol./mal.

P1 8 160 1.66 78.25
P2 10 160 1.66 88.32
P3 13.5 160 1.66 97.13
P4 135 160 0.583 87.52
PS5 13.5 160 2.33 98.72
P6 13.5 170 1.66 98.20

P/ 30 150 1.66 97.16

20
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Peristaltic pump

—~
__A

SO S1

Oi1l bath

Fig. 1. Schematic representation of the continuous-flow system.
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100 nm

Fig. 2. OM images of the AgNW products synthesized under various reaction conditions: (a) P1, (b)

P2, (c) P3, (d) P4, (e) P5, (f) P6, and (g) P7 listed in Table 1. (h) SEM image of AQNWs

synthesized at the P3 condition.
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Fig. 3. Variation of the length of AQNWSs versus the initial concentration of AQNOs. Reaction

conditions: space time = 30 min, reaction temperature = 150 °C, PVP/AgNO; = 1.66.
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10um
Fig. 4. OM images of the AQNW products synthesized at various weight ratios of PVP/AgNO3: (a)

2.5, (b) 2.91. Reaction conditions: space time = 30 min, reaction temperature = 150 C.
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Fig. 5. OM images of the AGQNW products synthesized at various molecular weights of PVP: (a) 40

k, (b) 3.5 k. Reaction conditions: space time = 30 min, reaction temperature = 150 C,

PVP/AgNO; = 1.66.

25



Page 27 of 28 RSC Advances

.J(@)

80

4

60 - ®

Diameter (um)

40

20

0 T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030

KCI/AgNO,

40

(h)
=1\
25 - *

20

Length (um)

15

10 S

T T T
40 50 60 70 80 90 100

Diameter (nm)

Fig. 6. Variation of (a) the diameter versus the molar ratio of KCI/AgNO; and (b) the

corresponding length. Reaction conditions: space time = 30 min, reaction temperature =

150 °C, PVP/AgNO; = 1.66.
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Fig. 7. Variation of the temperature inside the reactor verse the residence time. Solid line: the result
calculated from eq. (1) for the present continuous-flow tubular reactor. Parameters used: t =
30 min, k=0.2579 W/m-K, Cp=0.58 Btu//b-°F, viscosity = 5.2 cp, and density = 1.115
g/cm®; l: the experimental data for adding 12 ml of S1 solution (room temperature) into
12 ml of SO solution (150 ‘C) in a batch reactor under 100-rpm stirring; @: the same as the

case of [, except that both SO and S1 are 6 ml.
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