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A Novel Self-Seeding Polyol Synthesis of Ag
Nanowires Using mPEG-b-PVP Diblock
Copolymer

! Jianwei Jiang,* ' Young S. Lim,” Sangho Kim ®* and Longhai Piao **

Hesong Zhao,
The homopolymer of poly(N-vinylpyrrolidone) (PVP) is typically chosen as a capping agent
for the polyol synthesis of silver nanowires (Ag NWs). In this paper, we first introduced
methoxy poly(ethylene glycol)-b-PVP diblock copolymer (mPEG-b-PVP),
synthesized by reversible addition-fragmentation transfer (RAFT) polymerization, as a capping
agent instead of the PVP homopolymer to the polyol process. Ag NWs were successfully
synthesized by this self-seeding process without the additional of any other additives, such as
metal salt or exotic seed. The Ag NWs were analyzed by field emission-scanning electron
microscopy (FE-SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD) and
Fourier transform-infrared spectroscopy (FT-IR). In addition, the relationship between the final
morphology of the products and the reaction parameters, such as the molar ratio of mPEG-b-
PVP to AgNOs;, injection rate, and temperature, were studied. Finally, under the optimum
conditions, the Ag NWs, which were nearly uniform in size, measured 60 to 75 nm in diameter

which was

and were as long as ~20 pm. Notably, the synthesized Ag NWs can be dispersed in a non-polar
solvent due to the surface PEG tails. This improvement in the dispersion stability may broaden

the application of Ag NWs.

1. Introduction

Over the past decade, many methods have been developed for
preparing Ag NWs with controllable sizes, including the
hydrothermal reaction,’? ultraviolet irradiation method,>*
electrochemical techniques,™® DNA/porous material template
synthesis,”® and the polyol process.”'' Among these methods,
the polyol process has been extensively exploited by numerous
research groups due to its low cost, high yield, and simplicity.
In this process, AgNO3; was used as the Ag source, and ethylene
glycol (EG) was used as both the solvent and reducing agent. In
addition, PVP was employed as a stabilizing agent. Various
additives, such as FeCly,'> CuClL,"” Na,S,'"* NaCL' PtCl,"'®
AgCl,17 KNO3,18 AgBr,19 and HCL? have been commonly
employed and determined to play an essential role in the
selective formation of Ag NWs.

The cations or anions from these additives are crucial for the
seed formation and uniaxial growth of multiple twinned
particles for the polyol synthesis of Ag NWs.'*!* For example,
trace amounts of FeCl; or CuCl/CuCl, have been used to
synthesize Ag NWs. The cation (Fe** or Cu") formed from the
reduction of Fe** or Cu®" by EG can remove the adsorbed
oxygen from the surface of twinned seeds, which prevents the
dissolution of the seeds and facilitates the growth of Ag NWs.
CI" anions can decrease the concentration of free Ag' in the
nucleation stage and selectively etch away many of the
nucleation sites in the presence of oxygen, which would
promote Ag NWs formation.”! In addition, the adsorbed CI
anions on the surface of Ag nanoparticles could provide
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electrostatic stabilization preventing nanoparticle aggregation
and inducing Ag NWs growth.'"” Chen and co-workers also
reported the fabrication of Ag NWs via a solvothermal method
in the presence of AgNOs;, EG, PVP, and trace amounts of
Na,S.'* The Ag,S colloids formed in the early stages helped to
reduce the concentration of free Ag’ ions in the nucleation
stage, which subsequently slowly released Ag’ ions to the
solution and facilitated Ag NW growth. Recently, Schuette and
Buhro reported that the early addition of NaCl in the polyol
synthesis of Ag NWs results in the rapid formation AgCl
nanocubes, which induced the heterogeneous nucleation of Ag
on their surfaces, and Ag NWs grow from these nucleation
sites.” The crystal structure and lattice constants of Pt are
similar to those of Ag.16’22 Therefore, a Pt seed, which was
produced by the in situ reduction of H,PtClg or PtCl, with EG,
is a good nuclei candidate for the epitaxial growth of Ag NWs.
Although the salt-assisted process appears to be simple and
much progress has been made on elucidating the mechanism of
the polyol synthesis of Ag NWs, a clear understanding of the
NW formation is still lacking. In addition, these reaction
processes are typically difficult to control. Without fine control
of reactant concentrations, especially the additives, some by-
products, such as nanocubes or nanospheres, can be produced
from the growth of isotropic seeds.? In addition, it is difficult
to synthesize Ag NWs in high purity by the polyol method in
the presence of additives.

To obtain Ag NWs with high purity, the self-seeding
(without adding exotic metal or salt) method was developed but
rarely used. Zhang et al. tried to avoid using exotic additives
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and developed a steel-assisted polyol method to produce Ag
NWs in high yield.>* They proposed that the chemical etching
of multiple twinned particles by in situ formed nitric acid was
responsible for the lack of Ag NW formation. The presence of
stainless steel could effectively consume the nitric acid and
ensure the mass production of Ag NWs. Although this method
does not require fine control of the additive amounts, stainless
steel was also introduced in the product.®’ In 2002, Xia and Sun
reported a novel self-seeding process in which AgNO; and a
PVP solution in EG were simultaneously injected into refluxed
EG through a two-channel syringe pump.?® By controlling the
injection rate, Ag nanoparticles, which formed in the initial
stage of the reduction reaction, could serve as seeds for the
subsequent growth of Ag NWs. However, the as-synthesized
Ag NWs contained a large amount of nanoparticles when the
average molecular weight of PVP was less than 55,000 g/mol.
Recently, Mao and co-workers carefully studied Xia’s self-
seeding method and demonstrated that the selective adsorption
of PVP on the side surfaces [100] and end surfaces [111] plays
a crucial role in the growth of Ag NWs.?” However, the as-
synthesized product contained a large amount of micro-
particles and required complex purification. In addition, Zhu et
al. proposed another mechanism for the self-seeding method.”®
They reported that the yield and aspect ratios of the Ag NWs
are substantially influenced by the molecular weight of the PVP
surfactant. The product was dominated by NWs when the
molecular weight of PVP was 800,000 g/mol. Zhu et al.
proposed that the chemical adsorption of Ag® on the PVP
chains in the initial stage promoted the growth of the Ag NWs.
A Teflon-lined autoclave device was also introduced to
synthesize Ag NWs under harsh conditions, such as high
pressure and high temperature, without additives or exotic
seeds.” However, the Ag NWs synthesized with this method
were the result of end-to-end fusion of two nanorods and
exhibited a bending V-shape.

In both the conventional or self-seeding polyol process, the
PVP homopolymer was always chosen as the surfactant for the
synthesis of Ag NWs. PVP preferentially adsorbs on the [100]
facets of the multiple twinned seeds with a decahedral shape,
which leads to growth along the <110> direction resulting in
Ag NWs. Therefore, the Ag NWs obtained from the polyol
process were coated with PVP, which causes only the NWs to
disperse in polar solvents, such as water and ethanol. To
disperse Ag NWs in a non-polar medium, they have to pass
through a ligand-exchange process. Although a number of
methods have been reported to transfer Ag or Au
nanoparticles/rods from aqueous to organic media,’*>* few of
these approaches were suitable for large anisotropic
nanoparticles, such as Ag NWs, due to the large van der Waals
interactions between the Ag NWs.

In this work, we first introduced mPEG-b-PVP diblock
copolymer as a surfactant to the self-seeding polyol synthesis of
Ag NWs. The Ag NWs, which had a uniform size with
diameters of 60-75 nm and lengths of up to ~20 pum, could be
produced in high yield and high purity. In addition, the Ag
NWs disperse in polar media, such as water and ethanol, and
organic media, such as toluene and THF, due to the PEG block
on the surface, which may extend the range of Ag NW
applicability.

2. Experimental Section

2.1 Materials and Methods
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N-Vinylpyrrolidone (VP) (Aldrich, 99%) was dried over anhydrous
magnesium sulfate and purified by distillation under reduced
pressure. Tetrahydrofuran (THF) (Aldrich, 99.9%) was purified by
distillation from lithium aluminum hydride. Dichloromethane
(>299.9%), poly (ethylene glycol) methyl ether (mPEG-OH) (Mn =
5000 g/mol), 2,2'-Azobis(2-methylpropionitrile) (AIBN) solution
(0.2 M in toluene), potassium O-cthyldithiocarbonate, 2-
bromopropionyl bromide, pyridine, PVP (Mw = 55,000 g/mol and
Mw = 29,000 g/mol), AgNO;, and anhydrous ethylene glycol (EG)
were obtained from Sigma-Aldrich and used without further
purification. The molecular weights and polydispersity indices of the
mPEG-b-PVP diblock copolymer and mPEG were determined by
gel permeation chromatography (GPC) using water as the mobile
phase at a flow rate of 1.0 mL/min with a PL-GPC 50 detector. The
molecular weights were calibrated against PEG standards. Proton
nuclear magnetic resonance (‘"H NMR) spectra were recorded on a
Bruker AV 400 using tetramethylsilane as an internal reference in
CDCls. The morphology of the Ag nanostructures was observed with
a Hitachi S-4800 FE-SEM at an acceleration voltage of 10 kV. The
crystal structure of the Ag NWs was characterized by XRD using a
diffractometer (DMAX-2000(18 kW)) with Cu Ko radiation
(2=0.154 nm). The evolution of the Ag nanostructures was tracked
by ultraviolet-visible (UV—Vis) absorption spectra using a Scinco-
S4100 spectrophotometer. FT-IR spectra were measured in a
Shimadzu  IRAffinity-1  spectrometer using KBr pellets.
Microstructural characterizations were performed using TEM (JEM-
4010, JEOL) operated at 400 kV.

2.2 Synthesis of macro chain transfer agent mPEG-X.
2.2.1 Synthesis of mPEG-Br.

mPEG-OH (50.0 g), pyridine (2.0 mL), and dichloromethane (100
mL) were added to a flask with a magnetic bar. While the mixture
was still cold, 2-bromopropionyl bromide (2.40 mL) was slowly
added. The mixture was stirred for 16 h at room temperature, and
white precipitates were formed. Dichloromethane (300 mL) was
added to the filtrate after the white precipitate was filtered off. The
solution was washed with saturated ammonium chloride (4 x 50
mL), saturated sodium hydrogen carbonate (4 x 50 mL), and water
(50 mL) and dried over anhydrous magnesium sulfate. Finally, the
solvents were evaporated under vacuum.

2.2.2 Synthesis of mMPEG-X.

mPEG-Br (5.0 g), pyridine (4.2 mL), and dichloromethane (15 mL)
were placed in a flask with a magnetic bar. Potassium O-ethyl
xanthate (0.48 g) was added slowly. The mixture was stirred at room
temperature for 16 h. Dichloromethane (140 mL) was added to the
filtrate after the white precipitate was filtered off. The solution was
washed with concentrated ammonium chloride (4 x 40 mL),
saturated sodium bicarbonate (4 x 40 mL), and water (50 mL) and
dried over anhydrous magnesium sulfate. Then, the crude product
was isolated by precipitation in diethylether, and the resulting
powder was purified via Soxhlet extraction with diethylether
overnight.

2.3 Synthesis of mMPEG-b-PVP through RAFT polymerization.

VP (8.0 g), AIBN solution (0.4 mL), mPEG-X (0.8 g), and THF (15
mL) were placed in a Schlenk flask and degassed via freeze-pump-
thaw cycles. The flask was immersed in an oil bath preheated at 60
°C. After 15 h, mPEG-b-PVP was isolated by precipitation in
diethylether.

This journal is © The Royal Society of Chemistry 2014
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2.4 Synthesis of Ag NWs using mPEG-b-PVP.

In a typical synthesis of Ag NWs, EG (5 mL) was heated at 160 °C
for 1 hour in a three-neck flask. The EG solutions of mPEG-b-PVP
(0.28 g, 3 mL) and AgNO; (0.08 g, 3 mL) were simultaneously
added to the three-neck flask using a two-channel syringe pump at a
rate of 0.1 mL/min. The reaction mixture was heated at 160 °C for
60 min and cooled to room temperature. The product was isolated by
centrifugation at 6000 rpm for 20 min and washed three times with
ethanol/acetone (2:1 vol/vol) to remove excess polymers.

2.5 Synthesis of Ag NWs using PVP-55,000 and NaCl.

For comparison, Ag NWs that were ~60 nm in diameter and
~10 pm in length were synthesized using the conventional
polyol method.” An EG solution (10 mL) composed of PVP-
55,000 (500 mg) and NaCl (8 mg) in a round-bottom flask was
heated at 170 °C for 40 min. In the meantime, an EG solution
of AgNO; (102 mg, 5 mL) was prepared, and the solution (1
mL) was added quickly to the PVP solution with a stirring rate
of 1,200 rpm. Then, the remaining AgNO; solution (4 mL) was
added dropwise at a stirring rate of 600 rpm to the PVP solution
over the course of 4 minutes using a disposable pipette. Upon
completion of the dropwise addition, the solution was
maintained at that temperature for 30 min and finally cooled in
air to room temperature. The Ag NW was isolated by
centrifugation at 6000 rpm for 20 min and washed twice with
ethanol/acetone (2:1 vol/vol).

3. Results and discussion

3.1 Synthesis and characterization of mPEG-b-PVP.

mPEG-b-PVP was synthesized according to a previously
published method (Scheme 1) developed by Bert Klumperman
with some modifications.**

Br-
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Scheme 1. Synthetic scheme for mPEG-b-PVP.

Figure 1 shows the typical GPC curves of mPEG macro-CTA
and its chain-extended mPEG-b-PVP. The molecular weights
were calibrated against PEG standards. After 15 h of
polymerization, the prepolymer peak shifted toward a higher
molecular weight (Mn = 33,800 g/mol). In addition, these GPC
peaks are monomodal and reasonably symmetrical with a
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narrow distribution (PDI = 1.03), which indicated the well-
controlled behavior of this RAFT polymerization.
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Figure 1. GPC curves of mPEG-X and mPEG-b-PVP.

The structures of mPEG macro-CTA and mPEG-b-PVP were
analyzed by 'H NMR spectroscopy. Peak assignments were
made based on the expected structure, which is shown in the
inset of Figure 2. The signals at 1.5-2.5 ppm (1, k, r) and 3.0-4.1
ppm (s, j) are due to the repeat units of PVP. The methylene
signals of mPEG overlap with the signal for the methine (-CH-)
of the repeat unit of PVP. The calculated molecular weight was
38,500 g/mol according to the following equation: Mn "MR =
5176 + 114 x 226/(Aimy/Aj — 0.5) g/mol, where 5176 g/mol
and 111 g/mol are the molar mass of mPEG macro-CTA and
VP monomer, respectively, and A, and A; are the integration
area of the corresponding peaks.
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m m 04:)1 S
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Figure 2. '"H NMR spectra of macro-CTA and mPEG-b-PVP in
CDCl; and their respective structures.

3.2 Synthesis and characterization of Ag NWs.

The synthesized mPEG-b-PVP was introduced in the synthesis
of Ag NWs, where AgNO; and the diblock copolymer solutions
in EG were simultaneously injected into the preheated EG
using a two-channel syringe pump. Figure 3a shows the SEM
image of typical Ag NWs with diameters in the range of 60-75
nm and lengths of up to ~20 um. The XRD pattern of the Ag
NWs (Figure 3b) shows five distinct diffraction peaks at 38.1°,
44.3°, 64.6°, 77.5°, and 81.6° corresponding to the [111], [200],
[220], [311], and [222] facets, respectively, of face centered
cubic (fcc) Ag crystals (JCPDS 04-0783). The lattice constant
calculated from this XRD pattern was 4.082 A, which was very
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close to the literature value of 4.086 A. No other characteristic
peaks were detected in XRD pattern, which indicated the high
purity of the fcc Ag crystals produced by the self-seeding
polyol process. TEM characterizations of the nanowire were
performed to further understand the crystal structure of the
products. Figure 3¢ shows a high-resolution TEM micrograph
of the end of an individual Ag NW taken along the <110> zone
axis, which indicated that there was a twin plane that divided
this NW into two halves. The corresponding seclected area
electron diffraction (SAED) is shown in Figure 3d. In Figure 3d,
extra peaks (denoted by open square) were observed due to the
multiplication of the main peaks (denoted by open circle) by the
[111] twin plane. This phenomenon is in agreement with
previous studies that reported a low threshold for twinning
parallel to the [111] faces of fcc metals, such as Ag or Au.>>*¢
Therefore, the TEM and SAED results suggest that the obtained
Ag NWs are of a multiple twinned structure.

(220)  (311)222)

Figure 3. (a) SEM image of Ag NWs, (b) XRD pattern for the
Ag NWs, (c) high-resolution TEM image of the end of an
individual Ag NW, and (d) the corresponding SAED pattern.
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Figure 4. UV-Vis absorption spectra of samples taken from the
reaction solution at different nanoparticle growth stages of. All
of these solutions were diluted 30 times with water prior to
recording the spectra.

Because Ag nanostructures with various shapes and sizes
exhibit different surface plasma resonance (SPR), the UV-
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visible spectroscopic method was used to track the evolution
involved in the process. Figure 4 shows the UV-Vis absorption
spectra of the samples recorded at different reaction times after
the addition of AgNO; and mPEG-b-PVP. The appearance of a
broad and intense peak at 405 nm (10 min) indicates the
formation of Ag nanoparticles.’” The broad peak indicates the
existence of the broad distribution in size and morphology of
these Ag nanoparticles. When the reaction proceeded to 20 min,
more AgNO; was reduced and grown into nanoparticles via
Ostwald ripening. In this case, a new peak located at 570 nm
was observed, and the previous peak was blue shifted from 405
to 395 nm, which indicated the formation of rod-like
structures.®® The peak at 570 nm was due to the longitudinal
SPR of the rod-like structures. As the length of the nanorods
increased over time (40 min), the intensity of the transverse
plasmon mode at 380 nm substantially increased. In addition,
the longitudinal plasmon resonance at 570 nm disappeared. A
new peak appeared at 350 nm, which was due to the quadruple
resonance excitation of the NWs. As the reaction time increased
to 90 min, the intensity of the peaks at 350 nm and 380 nm
increased, which indicated the formation of a larger aspect ratio
for the Ag NWs.'

Because the reaction was conducted under high temperature
(i.e., 160 °C), the weak ester bonds in mPEG-b-PVP (indicated
with an arrow in Figure 5a) might be hydrolyzed. To confirm
this hypothesis, we compared the FT-IR spectra of mPEG-b-
PVP before and after the polyol reaction (Figure 5b). And it
was found that the IR spectrum of mPEG-b-PVP diblock
copolymer on Ag nanowires differs from that of pure mPEG-b-
PVP diblock copolymer. For example, the C=0O of PVP after
the polyol reaction is blue-shifted from 1661 cm™ to 1627 cm™,
due to the interaction between PVP and Ag. This result is
consistent with the investigations of some other groups.*>*"*®
In addition, from both curves, the —-C—O—-C- stretching
vibration at 1103 e¢m” from mPEG block were observed.”
Based on these results, it is concluded that the ester bond still
existed and the Ag NWs were wrapped with the PVP chain
with mPEG tails on the surface.
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1627
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Figure 5. (a) Structure of mPEG-b-PVP and the weak ester
bond is indicated with a red arrow, (b) FT-IR spectra of mPEG-
b-PVP (purple) and Ag NWs (blue) synthesized with mPEG-b-
PVP, and (c) contrast image of the dispersibility in toluene
between PVP-Ag NWs and mPEG-b-PVP-Ag NWs (=5
mg/mL).

0
4000

To understand the role of the mPEG-b-PVP diblock
copolymer during the polyol reaction, a controlled experiment
with a mixture of mPEG-5000 and PVP-29,000 homopolymer
instead of the block copolymer was conducted. Only a large
amount of irregular nano- and microparticles were formed

This journal is © The Royal Society of Chemistry 2014
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(Fig.S1). Xia and other groups have reported that the
synthesized Ag NWs from the self-seeding method with low
molecular weight PVP (less than 55,000 g/mol) contained a
large amount of micrometer particles due to the low blocking
ability of the relatively short PVP chain. Therefore, the
formation of Ag NWs in the presence of mPEG-b-PVP cannot
be simply explained by the mixed effect of PVP and mPEG
homopolymer but may involve short-range synergetic
interactions between PVP and mPEG blocks. The detailed
mechanism for the formation of the Ag NWs in the presence of
mPEG-b-PVP is currently under investigation.

In the conventional polyol synthesis of Ag NWs, various salts,
such as NaCl, PtCl,, FeCls, and CuCl,, were introduced to facilitate
the synthesis of Ag NWs. These salts all contain CI. The
introduction of CI is widely recognized as being important for the
formation of Ag NWs and maintaining the diameter of the Ag NWs
below 100 nm. In addition, CI" combines with oxygen from the air to
form C1/0,, which can etch and dissolve multiple twinned particles
back to a fluctuating structure.'® Therefore, the Ag NWs always mix
with many by-products. In our self-seeding process, there are fewer
by-product particles formed due to the self-seeding process that does
not require additional salts.

In addition, based on the IR spectrum of the Ag NWs synthesized
with mPEG-b-PVP, the surface of the Ag NWs was covered by PVP
chains and mPEG tails that face outwards. Therefore, the
dispersibility of Ag NWs with mPEG-b-PVP might be much
different from that of Ag NWs with the PVP homopolymer. The
PVP-Ag NWs and the mPEG-b-PVP-Ag NWs were sonicated for 5
min in toluene. Figure Sc shows that PVP-Ag NWs can barely
disperse in toluene forming a flocculent precipitate, and the mPEG-
b-PVP-Ag NWs exhibit good dispersibility in toluene. However, the
mPEG-b-PVP-Ag NWs precipitated after 1 h and were re-dispersed
in toluene again after slight shaking by hand. This result may be due
to the low molecular weight of the PEG block and the low viscosity
of the solvent.

3.3 Optimization of the reaction conditions for the
synthesis of Ag NWs.

To optimize the reaction conditions, the influence of the mPEG-b-
PVP/AgNO; molar ratio, reaction temperature, and injection rate on
the morphology of the Ag nanostructures was investigated.

3.3.1 Molar ratio

The final morphologies of the product are strongly dependent
on the molar ratio between mPEG-b-PVP and AgNO;. Figures
6a-f show the SEM images of the NWs synthesized at different
mPEG-b-PVP/AgNO; molar ratios. When the molar ratio was
lower than 3:1, PVP blocks do not sufficiently cover the [100]
facets of multi-twin particles, which results in the growth
occurring on both the [111] and [100] faces leading to the
formation of NWs with large diameters and masses as well as
micrometer-sized particles. By increasing the molar ratio
(Figures 6a-d), the diameter of the NWs gradually decreased,
and the amount of particles decreased. The optimum mPEG-b-
PVP/AgNO; molar ratio was determined to be 5:1, as shown in
Figure 6d. Under this condition, PVP blocks only passivated
the [100] facets of the multi-twin particles, and as the Ag atoms
adsorbed on the active [111] facets, the Ag NWs grow along
the <110> direction. As the molar ratio increased to 17:1,
excess PVP blocks cover both the [100] and [111] facets
leading to numerous Ag particles.

This journal is © The Royal Society of Chemistry 2014
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Figure 6. SEM images of Ag NWs synthesized at different
mPEG-b-PVP/AgNO; molar ratios of (a) 1:1, (b) 2:1, (c) 3:1, (d)
5:1, (e) 10:1, and (f) 17:1. Changes in (g) NW diameter and (h)
length with mPEG-b-PVP/AgNOj; molar ratio are also shown.

3.3.2 Temperature

Figure 7. SEM images of Ag NWs synthesized at different
temperatures: (a) 150 °C, (b) 160 °C, (¢) 170 °C, and (d)
180 °C.

The SEM images of the Ag structures synthesized at 150 °C,
160 °C, 170 °C and 180 °C are shown in Figures 7a-d,
respectively. The temperature has a substantial influence on the
morphology of Ag structures. When the reaction temperature
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was 150 °C, only Ag nanoparticles were formed even after 4 h
of reaction. This result was due to glycolaldehyde, which can
reduce Ag' to Ag atoms and is difficult to transform from EG at
this low temperature. At 160 °C, Ag NWs with little particles
was synthesized. Under this condition, a suitable thermal
energy can produce multi-twin particles at an appropriate rate
leading to the growth of Ag NWs with a high yield via Ostwald
ripening. Micrometer-sized particles were observed when the
reaction temperature increased to 170 °C and were the major
product at 180 °C. If the reaction temperature was too high, the
excess thermal energy increased the multi-twin particle
formation rate, which results in a reaction system that lacks Ag
atoms. Therefore, the multi-twin particles tend to dissolve and
coalescence with bigger particles via the Ostwald ripening
process.

3.3.3 Dropping rate

400
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Figure 8. SEM images of Ag NWs synthesized at different
dropping rate: (a) 18 mL/min, (b) 3 mL/min, (¢) 1 mL/min, (d)
0.3 mL/min, (e) 0.1 mL/min, (f) 0.05 mL/min. Changes in (g)
NW diameter and (h) length with injection time are also shown.

Another critical parameter for this self-seeding polyol process
is the dropping rate. The SEM images of the Ag structures
synthesized with dropping rates of 18 mL/min, 3 mL/min, 1
mL/min, 0.3 mL/min, 0.1 mL/min, and 0.05 mL/min are shown
in Figures 8a-f, respectively. At a 18 mL/min dropping rate,
large quantities of particles with an irregular morphology were
formed. When the dropping rate was decreased, the proportion
of one dimensional products increased, and the diameter
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decreased (Figures 8a-d). At a 0.1 mL/min dropping rate, Ag
NWs with a large aspect ratio and small diameter were obtained.
In addition, there were few particles formed in the product
(Figure 8e). However, when the dropping rate was continuously
decreased, the results tended to be poor. At a dropping rate of
0.05 mL/min, no substantial change in the diameter of the Ag
NWs was observed. However, the length decreased, and many
particles were formed as by-products. In this case, the clusters
and nanoparticles tended to dissolve and coalesce into bigger
particles due to the shortage of reduced Ag atoms. Therefore,
micrometer-size particles were observed as the product.
However, at a high dropping rate (> 0.1 mL/min), a large
amount of Ag clusters as formed due to the rapid
supersaturation of Ag atoms. These clusters dissolved and
coalesced into bigger particles via the Ostwald ripening process
rather than forming multi-twin particles. Therefore, the
micrometer-sized Ag particles were also formed at a high
dropping rate.

4. Conclusions

The mPEG-b-PVP diblock copolymer was successfully
introduced in the polyol process for the synthesis of Ag NWs.
RAFT polymerization was used to synthesize mPEG-b-PVP
with an average molecular weight of 33,800 g/mol and a
polydispersity index of 1.03. Ag NWs were synthesized using a
self-seeding polyol process with the simultaneous injection of
an EG solution containing AgNO; and mPEG-b-PVP into the
preheated EG solution through a two-channel syringe pump
without any exotic additives. The reaction parameters, such as
PVP/AgNO; ratio, temperature, and dropping rate, for the
synthesis of Ag NWs were studied in detail. Under the
optimized conditions, the uniform-sized Ag NWs, which had a
diameter of 60-75 nm and length of ~20 pm, were produced in
high yield and high purity. The Ag NWs with mPEG-b-PVP
exhibited superior dispensability than the one with the PVP
homopolymer in a non-polar organic solvent. This
improvement in the dispersion stability may broaden the
application of Ag NWs. The proposed mechanism for the
synthesis of Ag NWs using mPEG-b-PVP is under
investigation.
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