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Synthesis of Ultra-long Silver Nanowires by SNS-directed
Method and their Characterization
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Kunming Institute of Precious Metals, Kunming 650106, China)

Abstract: Ultra-long silver nanowires (AgNWs) were synthezised via a short AgNMs seeds-directed
(SNS-directed) route, and the influence of preparative conditions on the seeds and AgNWs were
investigated by using different analytical methods including SEM, TEM, SAED and XRD and UV-Vis.
The results indicated that AgNO; concentration had effect on SNS and ultra-long AgNWs. Under the
optimized SNS-directed conditions, the uniform ultra-long AgNWs with a length of 70~100 pm and a
diameter of 90~200 nm developed in 5 minutes.
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Silver nanomaterials are of increasing interest
due to their use in a large number of application fields,

[1-31 bio-sensing[4], and

such as optoelectronic devices
catalysis[s]. Specially, silver nanowires (AgNWs) is a
well-known material having vast applications in the
field of surface-enhanced Raman spectroscopy[4'7],
[1-2. 8], etc. Additionally, future

electronic devices will be bent, stretched, twisted,

electronic devices

compressed and deformed into complex. Meanwhile,
they must still maintain good performance, reliability
and integration. In many of these electronics,

transparent electrodes are core components of touch
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screens, organic light emitting diodes, liquid crystal
displays and solar cells that have been exhibiting a
tremendous rapid growth over the years. Transparent
electrodes made of AgNWs exhibit higher flexibility
when compared to those made of tin doped indium
oxide (ITO) and expected to be applied in plastic
electronic. However, many transparent -electrodes
composed of AgNWs show high haze because the
wires cause strong light scattering in the visible range.
Fortunately, the haze can be easily reduced by
increasing the length of AgNWs with a small
diameter'”). Therefore, AgNWs have gained attention
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as alternative transparent conductors because they
have the best conductivity, simple and large-scale
preparation.

The performance of the AgNWs electrodes
mainly depends on a myriad of -characteristics
including the nanowires structure (length, diameter,
size dispersity and composition) as well as the overall

10 .
19 Some conclusions have

network morphology’
suggested that the length and diameter of the wires are
critical factors for enabling the high transparency with
a low haze, high electrical conductivity. This is
because long wires with small diameters can form a
more effective network with smaller wire number
density by providing longer percolation paths and
reducing the inter-nanowire junctions where the major
contact resistant drop occurs™. Therefore, extending
the length of wires and keeping the diameter as low as
possible are simple solution processes that have been a
great challenge in the field of AgNWs. However,
various methods have been exploited to synthesize
AgNMs and significant improvements have been
achieved using polyol reduction to prepare Ag
nanowires. Over the past few years, polyol process of
heated ethylene glycol (EG) serves as both the solvent
and a precursor to the reducing agent, with solutions
of AgNO; and poly(vinyl pyrrolidone) (PVP) being
simultaneously added using a two-channel syringe

141 In the polyol

pump is the most common method!
process, many factors such as concentration of AgNOs,
additive agents, temperature, stirring speed, ratio of
chemicals, reaction times and injection speed of

have always affected the yield and
[8, 12, 15-19

chemicals
morphology of AgNWs 1 Therefore, very few
methods attempted to synthesize long AgNWs with
better repeatability and reproducibility resulting from
so many influencing parameters. Recently, Araki et
al®’ have prepared ultra-long AgNWs at a low
temperature of 383 K with low stirring speeds. The
length is in the range of 20~100 pm with a wide
distribution and large diameter. At the same time, Jiu
et al™ prepared very-long AgNMs for transparent
electrodes. The length of the very-long AgNMs is over
three times longer than that of normal AgNWs and
these wires have uniform around 60 nm diameter,

independent of the stirring speed. However, this
method need preheated at 105°C to grow AgNWs for
5 h until the reaction was completed. Therefore, the
method for rapid, convenient, and efficient synthesis
of AgNWs with high aspect ratio and uniformity is
always a great challenge in the synthesis of AGNWs.

Herein, we report a novel highly efficient recipe
for the rapid and uniform synthesis of AgNMs by
using the pre-synthesized nanowires via short silver
nanowires seeds(SNS)-directed method.

1 Experiment

1.1 Synthesis of silver nanowires seeds (SNS) and
ultra-long AgNMs

AgNOj; and ethylene glycol were purchased from
Shanghai Chemical Co.. Poly(vinylpyrrolidone) (PVP,
M =55000) came from China National Medicines Co.
Ltd.. All chemicals materials were analytical grade
and used without further purification.

SNS was prepared according to the method of
SUN et al®. With different concentration of AgNOs,
for a typical synthesis of ultra-long AgNWs, a one-pot
reaction was employed to mix all compounds and
solvents. Briefly, 0.4 g PVP was first added to 50 mL
ethylene glycol (EG) and completely dissolved using
magnetic stirring at 170°C. Afterwards, 1 mL SNS
solution of EG prepared in the first step was added to
the PVP solution. Complete dissolution was required
to obtain a uniform solution. Finally, 40 mL of AgNO;
solution (0.5 mol/L) was dumped into the mixture and
stirred for 5 min at 170°C and then cooled down to
room temperature. The products were adequately
washed with de-ionized water and acetone. Finally, the
AgNWs were re-dispersed in ethanol for future use.
1.2 Samples characterization

PERSEE Genera TU-1901 UV-Visible spectro-
photometer was used to monitor the UV-Vis spectra of
SNS and ultra-long AgNWs. The crystal structure of
the as-prepared product was examined using powder
X-ray diffraction (XRD) and selected area electron
diffraction (SAED). The morphologies of the samples
were observed using a TESCAN S3400N scanning
electron microscope.
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2 Results and discussions

2.1 UV-Vis spectra in preparation process
Fig.1 shows the UV-Vis absorption spectra of
SNS and ultra-long AgNWs.
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Fig.1 UV-Visible absorption spectra at different time in preparation of SNS (a) and ultra-long AgNMs (b)
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From Fig.1(a) for SNS it can be seen that, at /=15
min, the appearance of a strong plasmon peak at 408
nm indicated the formation of silver nanoparticles
with diameters of 20~30 nm"*'". The intensity of this
plasmon peak obviously changed until 35 min when a
new peak developed at 375 nm. This new peak could
be attributed to the typical longitudinal resonance of
AgNMs, suggesting the final formation of AgNMs. As
the length of these nanowires grew with time, the
transverse plasmon mode (at 375 nm) was greatly
increased in intensity, while the plasmon peak for
nanoparticles decreased. At the same time, optical
signatures similar to those of bulk silver started to
appear, as indicated by the shoulder around 350 nm
which could be attributed to the plasmon resonance of
bulk silver film. As the reaction proceeded (at 55 min),
the two plasmon peaks at 375 and 350 nm were further
increased in intensity and the plasmon peak positioned
at 408 nm disappeared. This observation indicates that
the final product synthesized was the pure AgNMs.

Fig.1(b) shows the UV-Vis absorption spectra of
ultra-long AgNMs taken from the sample obtained at
170°C for only 5 min suspended in water. At =2 min,
the appearance of a strong plasmon peak at 408 nm
indicated the formation of silver nanoparticles with the
addition of AgNO;. Interestingly, the plasmon peak at
408 nm for nanoparticles disappeared as the reaction

processed. The position of the first peak at 375 nm for
AgNMs has red shift (2 min for 384 nm and 5 min for
388 nm), which indicated the diameter of the
ultra-long AgNMs increased as the addition of the
excess AgNO;. Obviously, the peak position shifted
from 375 to 388 nm and the peak appeared at 455 nm
because of the increased size of anisotropic products.

2.2 Effect of SNS size on preparation of ultra-long

AgNWs

SNS with different size were synthesized and the
corresponding ultra-long AgNMs were prepared via
the SNS-directed route in Ag ion rich conditions. The
SEM imagines are shown in Fig.2.

From Fig.2(a~c) it can be seen that, by adjusting
the concentration of precursor AgNOs, different sized
of SNS were prepared. The diameter of SNS are about
80, 100 and 180 nm when the AgNO; concentration is
0.1, 0.5 and 0.9 mol/L, respectively. It was reported**!
that at the initial stage of the process, small Ag seeds
formed with the addition of new precursor, and
heterogeneous nucleation occurred by enclosing a
mixture of {111} and {110} facets to lower the total
interfacial free energy. Therefore, Ag nanowires can
be produced as a result of the faster growth rate of
{110} planes than {111} planes. Additionally, the SNS
synthesized with too high (0.9 mol/L) or too low (0.1
mol/L) concentration of AgNOj; result in the obtained
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(a). c(AgNO3)=0.1 mol/L; (b). c(AgNO;)=0.5 mol/L; (c). ¢c(AgNO;)=0.9 mol/L; (a"). By SNS-A; (b'). By SNS-B; (¢'). By SNS-C

Fig.2 SEM images of SNS prepared in different concentration of AgNOj; (a~c) and corresponding ultra-long AgNWs (a'~c')
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samples with a certain amount of particles (as shown
in Fig.2(a) and (c)). Thus, we can conclude that the 0.5
mol/L AgNOs; solution is more favorable for the
formation of SNS with better uniformity.

The ultra-long AgNMs can be prepared via the
SNS-directed route and continued to grow through
successive growth as long as Ag ion rich conditions
were maintained. Fig.2(a'~c') show the ultra-long
nanowires synthesized using different SNS-directed
template. The addition of SNS containing particles
(Fig.2(a) and (c)) failed to get AgNWs with good
uniformity but generated many by product
nanoparticles (Fig.2(a") and (c")). The better SNS the
better ultra-long silvernanowires can be obtained, as
shown in Fig.2(b").

2.3 Effect of AgNO; concentration on preparation
of ultra-long AgNWs

Concentration of precursor, uniformity and

distribution of SNS were all found to play certain roles

in the successive growth for ultra-long AgNMs. Fig.3
shows the SEM images of the samples that were
synthesized using SNS-B as the seeds and Ag ion rich
conditions in the second growth step.

As seen from Fig.3(a~d), when the lower (0.2
mol/L) or higher (0.8 mol/L) precursor concentration
were adopted in the second growth step, poor
uniformity and shorter AgNMs was obtained, as
shown in Fig.3(a) and (d). Additionally, we also found
that the

concentration of AgNO; concentration decreased to

reduction rate decreased when the
0.1 mol/L, which could be originated from fewer
silver nuclei for the growth of AgNMs. Further, the
diameter of the ultra-long AgNMs would sharply
increase from 90 to 200 nm, when the concentration of
precursor is greater than 0.4 mol/L. Thus, the
precursor concentration at 0.4 mol/L is the best choice
for the second step growth in the synthesis of
ultra-long AgNMs.
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(a). c(AgNO3)=0.2 mol/L; (b). c(AgNO3)=0.4 mol/L; (c). c(AgNO3)=0.6 mol/L; (d). c(AgNO;3)=0.8 mol/L

Fig.3 SEM images of ultra-long Ag nanowires prepared by using SNS-B in different concentrations of AgNO;
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2.4 The illustration of SNS-directed synthesis for

ultra-long AgNWs

The mechanism of the fabrication of AgNMs
seeds in the presence of surfactant, such as PVP, has
been proposed firstly by Sun et al**!. In the synthesis
of SNS, the introduction of Pt seeds and the presence
of surfactant were indispensable to the formation of
AgNMs seeds. The AgNMs growth mechanism was

1?4, Based upon the results

summarized by Li et a
obtained, the synthesis process is divided into two
steps: the first step is the synthesis of SNS; the second
step is the growth of ultra-long AgNWs via SNS-
directed synthetic method. Using the SNS-directed
method in this work, it is possible to get AgNWs with
high aspect ratio and better uniformity.

2.5 Morphology and structure of SNS and
ultra-long AgNWs

From the what has been discussed above, the

SNS was prepared via a solution-phase method that

generates AgNMs by reducing AgNO; with EG in the
presence of PVP??. Fig.4 shows the SEM images for
the as-prepared SNS and ultra-long AgNWs, and Fig.5
shows the XRD, TEM and SAED characterizations of
ultra-long AgNWs.

It can be found that the SNS with good
uniformity and length of 10~20 um (Fig.4(a)). In
contrast, the ultra-long AgNWs prepared using the
SNS as template are about 70~100 pm and the
diameter of nanowires changed slightly (Fig.4(b)).

Fig.5(a) shows the typical XRD pattern of ultra-
long Ag nanowires. The reflection peaks in Fig.5(a)
can be assigned to the (111), (200), (220), (311), and
(222) planes of pure fcc silver crystals, respectively,
which is consistent with the standard value according
to JCPDS Card No. 04-0783. However, it is noticeable
that the {111} reflection plane is extremely strong
compared with the other reflection planes, suggesting
the preferential growth of {111} plane of silver crystal.
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Fig.4 SEM images of Ag nanowires seeds (SNS) (a), and ultra-long Ag nanowires (b)
] 4 RYREL & (a) R ARG LR (b) A4 F B BB

i ()
(200)
h ﬂ Q200 (311)
i |
Ll f [lcz22)
"
.__Jj J \__*______,J\_____.JK~JM_H”~

I
1] 40 S0 60 70 80 90

50 nm
20/ ——

Fig.5 XRD pattern (a), TEM image (b) and SAED pattern (c) of ultra-long AgNWs
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In addition, no impurities were detected, indicating the
formation of highly pure AgNWs. Fig.5(b) and (c) are
the TEM image and SAED pattern taken from the
body of AgNMs. The SAED measurement clarifies
that the AgNMs are single crystal. Actually, the
of AgNMs is
thermodynamic character of the face-centered-cubic

structure consistent with the
silver phase, as demonstrated by the first-principle
density functional theory calculation on the formation

. 25
silver surfaces®.

energy of various Since the
close-packed {111} facets of silver have the lowest
surface energy and the silver {110} facets have the
highest surface energy, the AgNMs therefore grow

along the <110> direction with the {111} facets™.

3 Conclusions

A novel highly efficient recipe for the rapid and
uniform synthesis of ultra-long AgNWs by using the
pre-synthesized SNS via SNS-directed method has
been demonstrated.

1) The precursor concentration significantly
affects the morphologies of SNS. The SNS with good
uniformity and length of 10~20 pm can be prepared
with 0.5 mol/L AgNOj; solution.

2) The uniform ultra-long AgNWs with length
of 70~100 pm and diameter of 90~200 nm were
prepared in 5 minutes with 0.4 mol/L AgNO;

precursor.

References:

[11 HULB,KIMH S, LEE J Y, et al. Scalable coating and
properties of transparent, flexible, silver nanowire
electrodes[J]. ACS nano, 2010, 4(5): 2955-2963.

[2] YANG C, GUH W, LIN W, et al. Silver nanowires: From
scalable synthesis to recyclable foldable electronics[J].
Advanced materials, 2011, 23(27): 3052-3056.

[3] ZENG X Y, ZHANG Q K, YU R M, et al. A new
transparent conductor: Silver nanowire film buried at the
surface of a transparent polymer[J]. Advanced materials,

2010, 22(40): 4484-4488.



%2 30

FE AR ARGUOKRZR WA Tk B BB AR R R A L TR AE () 25

(4]

(3]

(6]

(7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

PENG P, HUANG H, HU A, et al. Functionalization of

silver nanowire surfaces with copper oxide for

surface-enhanced raman spectroscopic bio-sensing[J].
Journal of materials 2012, 22(31):
15495-15499.

CHEN L, CHABU J M, JIN R L, et al. Single

chemistry,

gold-nanoparticles-decorated silver/carbon nanowires as
substrates for surface-enhanced
detection[J]. RSC advances, 2013, 3(48): 26102-26109.

MOHANTY P, YOON I, KANG T, et al. Simple

raman scattering

vapor-phase synthesis of single-crystalline Ag nanowires

and single-nanowire surface-enhanced raman scattering[J].

Journal of the American Chemical Society, 2007, 129(31):

9576-95717.

SUN B, JIANG X, Dai S, et al. Single-crystal silver
nanowires: Preparation and surface-enhanced raman
scattering (SERS) property[J]. Materials letters, 2011,
63(29): 2570-2573.

JIU J, ARAKI T, WANG J, et al. Facile synthesis of
very-long silver nanowires for transparent electrodes[J].
Journal of materials chemistry A, 2014, 2(18): 6326-6330.
ARAKI T, JIU J, NOGI M, et al. Low haze transparent
electrodes and highly conducting air dried films with
ultra-long silver nanowires synthesized by one-step
polyol method[J]. Nano research, 2014, 7(2): 236-245.
MUTISO R M, SHERROTT M C, Rathmell A R, et al.
Integrating simulations and experiments to predict sheet
resistance and optical transmittance in nanowire films for
transparent ACS nano, 2013, 7(9):

7654-7663.
KORTE K E, SKRABALAK S E, XIA Y N. Rapid

conductors[J].

synthesis of silver nanowires through a CuCl- or
CuCl,-mediated polyol process[J]. Journal of materials
chemistry, 2008, 18(4): 437-441.

CHEN C, WANG L, JIANG G, et al. Study on the
synthesis of silver nanowires with adjustable diameters
through the polyol process[J]. Nanotechnology, 2006,
17(15): 3933-3938.

WILEY B, SUN Y G, XIA'Y N. Polyol synthesis of silver
nanostructures:
Fe(Il) or Fe(Ill) species[J]. Langmuir, 2005, 21(18):
8077-8080.

GAO Y, JIANG P, SONG L, et al. Growth mechanism of

Control of product morphology with

silver nanowires synthesized by polyvinylpyrrol-

idone-assisted polyol reduction[J]. Journal of physics D:

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Applied physics, 2005, 38(7): 1061-1067.

AMIRJANI A, MARASHI P, FATMEHSARI D H. Effect
of AgNO; addition rate on aspect ratio of CuCl,-mediated
synthesized silver nanowires using response surface
methodology[J]. Colloids & surfaces A: Physicochemical
& engineering aspects, 2014, 444(4): 33-39.

COSKUN S, AKSOY B, UNALAN H E. Polyol synthesis
of silver nanowires: An extensive parametric study[J].
Crystal growth & design, 2011, 11(11): 4963-4969.

LEE G J, SHIN S I, KIM Y C, OH S G. Preparation of
silver nanorods through the control of temperature and pH
of reaction medium[J]. Materials chemistry & physics,
2004, 84(2): 197-204.

SONG Y, WANG M, ZHANG X Y, et al. Investigation on
the role of the molecular weight of polyvinyl pyrrolidone
in the shape control of high-yield silver nanospheres and
nanowires[J]. Nanoscale research letters, 2014, 9(1): 1-8.
HU M J, GAO J F, DONG Y C, et al. Rapid controllable
high-concentration synthesis and mutual attachment of
silver RSC advances, 2012, 2(5):

2055-2060.
SUN Y G, GATES B, MAYERS B, et al. Crystalline silver

nanowires[J].

nanowires by soft solution processing[J]. Nano letters,
2002, 2(2): 165-168.

KERKER M. The optics of colloidal silver: something
old and something new[J]. Journal of colloid & interface
science, 1985, 105(2): 297-314.

SUN Y G, XIA Y N. Multiple-walled nanotubes made of
metals[J]. Advanced materials, 2004, 16(3): 264-268.
SUN Y G MAYERS B, HERRICKS T, et al. Polyol
synthesis of uniform silver nanowires: A plausible
growth mechanism and the supporting evidence[J]. Nano
letters, 2003, 3 (7): 955-960.

LI X X, WANG L, YAN G Q. Review: Recent research
progress on preparation of silver nanowires by soft
solution method and their applications[J].
research & technology, 2011, 46(5): 427-438.
KELLY K L, CORONADO E, ZHAO L L, et al. The

Crystal

optical properties of metal nanoparticles: The influence
of size, shape, and dielectric environment[J]. The journal
of physical chemistry B, 2003, 107(3): 668-677.

ZHU Y C, GENG W T. Three-dimensional self-assembly
of Ag nanodisks in crystallography orientations by
modified electrochemical deposition[J]. The journal of

physical chemistry C, 2008, 112(23): 8545-8547.



