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Water-Mediated Polyol Synthesis of Pencil-like Sharp Silver 
Nanowires Suitable for Nonlinear Plasmonics
 Tomoko Inose,a Shuichi Toyouchi,b Gang Lu,c Kazuki Umemoto,d Yuki Tezuka,d Bozhang Lyu,d Akito 
Masuhara,d Eduard Fron,b Yasuhiko Fujita,b,e Kenji Hirai,a Hiroshi Uji-i*a,b

We report a simple method to control end shape of silver 
nanowires by adding pure water in the conventional polyol 
synthesis. Use of 0.2 – 0.4 % (v/v) water in ethylene glycol as a 
solvent provides pencil-like silver nanowires with sharp-end in 
high yield. We have demonstrated remote excitation of SHG on 
the sharp nanowires, promising a point light source for super 
resolution microscopy.

Silver nanowires (AgNWs) are one of the most interesting and 
useful metal nanostructures due to their unique electronic, 
thermal, and optical properties. The development of the 
synthesis has been incentivized by their potential applications, 
including plasmonic waveguideing remote sensing1-3 and super 
resolution/highly sensitive micro/spectroscopy, such as atomic 
force microscopy,4 tip-enhanced Raman scattering,5,6 and 
surface enhanced Raman scattering in a single live cell.7 Fiévet 
et al. pioneered polyol synthesis as an easy and simple method 
to produce colloidal gold/silver nanoparticles.8-11 The synthesis 
hinges on the reduction of an inorganic salt by a polyol, e.g. 
ethylene glycol (EG), at an elevated temperature. This method 
has been widely recognized after Xia’s group reported a 
condition to produce AgNWs with high aspect ratio in the 
presence of polyvinylpyrrolidone (PVP) as a capping agent.12-15

So far, several researchers have focused on various 
parameters on the AgNWs synthesis to improve the process in 
terms of yield and/or control of diameter/length of the final 
products. This ranges from reaction temperature,16, 17 
molecular weight of capping reagents,12 injection rate of 
AgNO3

17 to concentration of PVP and AgNO3.16,17 Moreover, a 

few groups have recently engineered the end morphology.4, 18, 

19 For example, Liu et al. used (NH4)2CO3 as an additive, in 
which both NH4+ and CO3

- effectively reduced the amount of 
Ag+ in the growth solution. This effectively accelerates the 
oxidative etching, resulting in sharpening NW end.4 

In addition to the aforementioned applications, nonlinear 
optical effects (NLO) of metal nanostructures accompanied 
with excitation of surface plasmon polaritons (SPPs), e.g. 
second harmonic generation (SHG)20, 21 and/or wave-mixing,22, 

23 called nonlinear plasmonics, have been recently attracting 
researchers because of the high sensitivity, ultrafast response, 
and possibility to scale down nonlinear optics into nanometre 
scale.24 AgNWs are one of the most promising candidates for 
NLO applications due to their excellent plasmonic waveguiding 
properties25 that could provide a unique point light source at 
nanoscale for super-resolution microscopy.26 For such 
applications, the end morphology plays a crucial role, because 
light-coupling in/out as well as NLOs occur at their ends. Thus, 
further development of end morphology control is required.

In this paper, we report an active engineering of AgNWs’ 
end morphology in order to enhance and control NLO 
response. We show that the presence of trace amount of 
water in the polyol reaction dramatically affects on the end 
morphology. We investigated various reaction conditions, 
including amount of water to be added, reaction time, and 
timing of water injection. While trapezoid-like end shape is 
often obtained in the typical polyol synthesis, sharp-end 
morphology can be produced in the presence of appropriate 
amount of water in EG in the yield over 90%. We finally 
demonstrate highly consistent, enhanced NLO responses on 
sharp-end AgNWs owing to tight confinement of SPPs at the 
end, promising for nonlinear plasmonic waveguiding and a 
point light source for super resolution microscopy. 

First, we performed a standard polyol synthesis of AgNWs. 
Briefly, AgNO3 EG solution was added drop-wise at an injection 
rate of 100 µL/min into a pre-refluxed EG solution of PVP in 
the presence of CuCl2 at 160 ˚C. The reaction solution was 
further kept at 160 ˚C for 1 hour after injecting all the AgNO3 
solution (see the detail in ESI). We obtained AgNWs with a 

Page 1 of 4 ChemComm



COMMUNICATION Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

typical length of 10 to 50 µm and averaged diameter of 200 ± 
48 nm (Fig. 1a). The proposed mechanism to explain the 
AgNWs growth from nuclei is Ostwald ripening. Through this 
mechanism, Ag nanoparticles with larger sizes are able to grow 
by expensing smaller ones. A capping agent of PVP adsorbs 
preferentially on the {100} side surfaces rather than on the 
{111} ends, thus inhibits the lateral growth and induces 
preferential longitudinal growth of {111} facets.13 Following 
this mechanism, crystal structure at the middle of AgNWs is 
thus always the pentagonal dipyramid. Under this 
conventional synthesis condition, we found that nearly 100 % 
of nanowires had trapezoid-like end morphology, where {111}, 
{220}, {311} and {331} coexist at the end (Fig. S1).

In the second synthesis, a small amount of Milli-Q water was 
mixed with EG in advance, and this mixed solvent was used for all 
the precursor solutions. Except for adding water, the synthesis 
protocol was identical to the first synthesis. As seen in the SEM 
image of AgNWs synthesized in the presence of 0.2 % (v/v) water 
(Fig. 1b), most of AgNWs possess very sharp end morphology. We 
estimated to be more than 90 % of AgNWs with sharp-end and less 
than 10 % with trapezoid-like morphology. The facet of the sharp-
end consists of many facet, i.e. {111}, {200), {220}, and {311} (Fig. 
S2). The radius of curvature of the sharp AgNWs synthesized in the 
presence of 0.2 ~ 0.4 % (v/v) water is estimated to be 27 ± 5 nm, 
while that of trapezoid AgNWs is typically 64 ±10 nm.

In a typical polyol synthesis, AgNWs are obtained by 
reducing AgNO3 with EG as following two reactions.8 
CH2OH-CH2OH ⇆ CH3CHO + H2O   (1)
2Ag+ + 2CH3CHO ⇆ 2Ag0 + CH3COCOCH3 + 2H+   (2)
  At the beginning of the reaction, concentration of Ag+ is very 
high and the limiting parameter for reduction is the 
concentration of acetaldehyde. When extra water is added in 
the reaction, the equilibrium in equation (1) should be shifted 
to the left, resulting in lower amount of acetaldehyde. 
Reduction rate of Ag+ to Ag0 is thus decelerated. Indeed, 
according to inductively coupled plasma optical emission 
spectroscopy (ICP-OES) analysis, less reduction occurs at 
higher amount of water; at the very beginning of the reaction, 
91.6 % and 87.9% of Ag+ were reduced to Ag0 within 8 
minutes in the presence of 0.4 and 2.3 % (v/v) of water 
respectively, while the reduction in the absence of H2O was 
estimated to be 93.9 %. (See the ICP-OES results in Table S1)
 At the early stage of the reaction, twin defects at the borders 
of combined tetrahedron of multiply twinned particles (MTPs) 
is the first sites for deposition of reduced silver atoms.14 After 

these borders are filled with silver atoms, the surface energy 
of facets of tetrahedron becomes larger than that of the first 
deposited sites. Then, covering of reduced silver atoms to 
MTPs starts, leading to longitudinal growth of AgNWs. 
Meanwhile, continuous etching of MTP with oxygen also 
occurs as long as the reaction proceeds under air. When water 
is added to the reaction mixture, the reduction rate of Ag+ to 
Ag0 is expected to be slower than the etching rate of MTP with 
oxygen, which could give a huge impact on the end 
morphology. In such a way, an appropriate amount of water 
most likely leads to the formation of sharp-end morphology. 
On the other hand, the excess amount of water over 0.8 % 
(v/v) leads to very low reduction rate, resulting in increase of 
shorter AgNWs (~ a few μm) with various end morphologies 
and the entire bodies of AgNWs are etched (Fig. S3). The 
dependence of this water concentration is summarized in 
Table S2.  

In order to understand the formulation mechanism of 
different end morphology in the presence of water, temporal 
evolution of the end shape was conducted. For this, SEM 
images of the product refluxed for 30 minutes, 1 hour, 2 hours 
and 6 hours after the addition of AgNO3 solution were taken 
(Fig. 2). In this experiment, EG containing 0.4 % (v/v) water 
was used as solvent. At 30 minutes, the end morphologies of 
AgNWs are not uniform (Fig. 2a), while after 1 hour reflux 
most of AgNWs obtain sharp-end (Fig. 2b). When the reaction 
time is prolonged to more than 1 hour, production of AgNWs 
with rounded trapezoid end increases (Fig. 2c and 2d). 
According to the previous report,18 dissolution of silver atoms 
at twinning defects and melting of MTPs by oxygen in air lead 
to the arcing of twin boundaries in MTPs and curving the 
surfaces of exposed {111} ends. In our reaction, the 
temperature was high enough to partially melt some of the 
MTPs and as a result, longer reaction time produces curved-
surface MTPs that likely result in the formation of rounded 
trapezoid-end AgNWs. In addition to the production of 
AgNWs, many micrometre-sized nanoparticles are also found 
(Fig. 2c). At the latter reaction during the longer reaction time, the 
concentration of Ag+ becomes lower, while oxidative etching rate 

Fig. 2 SEM images of silver nanowires in the presence of 0.4 % (v/v) of H2O in EG 
kept at 160 ˚C for 30 min (a), 1 hour (b), 2 hours (c), and 6 hours (d), respectively, 
after the addition of AgNO3 solution in the reaction. Scale bar is 1.5 μm.

Fig. 1 SEM images of AgNWs synthesized in pure EG (a) and in EG containing 0.2% 
(v/v) of H2O (b). The insets are TEM images of nanowire end (Scale bar in the insets 
50 nm).

Page 2 of 4ChemComm



Journal Name  COMMUNICATION

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

is constant. Therefore, increasing the reaction time to 6 hours, 
less AgNWs are produced and alternatively various shapes of 
nanoparticles are produced in the solution (Fig. 2d) (See the 
summary in Table S3). 

In the syntheses above, water was mixed with EG in 
advance. Now another question arises; which stage of the 
reaction does water play a role in formation of end 
morphology at? At the stage of the seed formation or growth 
process into nanowire? To address this question, only 
anhydrous EG was used to prepare all the precursor solutions 
and the timing of water injection was modified. Firstly, 
immediately after adding all AgNO3 solution, 100 µL of Milli-Q 
was quickly injected into the reaction solution and the solution 
was kept stirring for further 1 hour at 160 °C. In this condition, 
similar to the second synthesis, almost all AgNWs have sharp 
ends (Fig. 3a). Secondly, when adding additional 100 µL of 
water at 30 minutes reflux after the complete injection of 
AgNO3, the entire body of AgNWs was etched and AgNWs 
ends were no longer sharp as shown in Fig. 3b. At the final 
stage of the reaction (after 30 minutes reflux), the 
concentration of Ag+ is much lower than the first stage of the 
reaction, while the addition of water at 30 min induces further 
deceleration of the reduction speed of Ag+. Therefore, the 
oxidative etching of Ag happens much faster than the 
reduction, resulting in rough surface at the middle of 
nanowires and blunt end morphology. Note that adding water 
into AgNO3 EG solution produces sharp AgNWs with very low 
reproducibility and yield most likely because silver ions are 
partially reduced in the precursor solution before the injection. 
(Fig. S3)

As aforementioned, NLO response is sensitive to nanoscale 
structural change.27 Since the end morphology of AgNWs is 
now controllable, we investigated dependence of end 
morphology on SHG properties of AgNWs (See the ESI). Since 
AgNWs serve as excellent plasmonic waveguide,7 we 
investigated the possibility of remote excitation of SHG. In this 
experiment, fs laser was focused at one of AgNW sharp-ends 
(as indicated as ‘in’ in Fig. 4a) and out-coupling light at the 
distal end was monitored (‘out’ in Fig. 4a). As shown in Fig. 4a, 

SHG was observed at the apex of nanowire’s right end when 
the left end was irradiated by fs-laser. The spectra 
measurement proves that SHG was detected at ends but not at 
the middle of the NW (Fig. S4). Since 410 nm light hardly 
propagate along AgNWs (Fig. S5), it is most likely that 
propagating 820 nm SPPs was localized and induced SHG at 
the distal end. 

The full-width half-maxima (FWHM) of the point spread 
function (PSF) of SHG along the transverse axes observed at 
the distal a sharp and trapezoid end are ~216 and ~275 nm, 
respectively (Fig. 4b). The FWHM is narrower and the SHG 
intensity is higher on sharp NWs, indicating LSPR is confined at 
smaller region and thus higher electromagnetic field 
enhancement at end of sharp NWs compared to that of 
trapezoid ones. Since SHG couples back to plasmon mode and 
re-emits from metal structure that disturbs PSF as recently 
demonstrated,3 the actual size of the SHG spots at near-field 
are hardly estimated using far-field optical microscopy. Thus, 
localized surface plasmon resonance at a sharp AgNW end was 
numerically calculated using the finite-difference time-domain  
method. To mimic the experiment, 820 nm light was focused 
on one of AgNW end and electromagnetic (EM) field at the 
distal end was monitored (Fig. S6a). The simulation indicates 
tight localization of near-field EM field at the apex. Since the 
size of localized EM at end is estimated to be less than 10 nm 
(Fig. S6c-d), SHG should be also generated at nanoscale.

For application like near-field super-resolution microscopy, 
Poynting vector of emitting SHG from a nanowire end plays an 
important role. As shown in Fig. S7, the emitted SHG shows 
polarization parallel to the long axis of AgNW. This kind of 
polarization measurement, however, does not provide 
information regarding the direction of far-field scattering. Thus, 
the defocused image of SHG was taken, as it reflects the 
angular distribution of emission in PSF pattern. 28, 29 As shown 
in Fig. 4c, the defocus image shows two-lobe pattern with one 
lobe brighter than another. This asymmetric two-lobe 
defocused pattern suggests that the SHG radiates along the 
long axis in a direction toward outside of AgNW. To confirm 
this, a far-field projection of photon-radiation from an end of a 

Fig. 4 (a) Remote excitation of SHG on a sharp-end AgNW. While 820 nm fs laser 
was focused at the left end of the nanowire, strong SHG signal was observed at the 
right end. The white dashed lines are eye guides to indicate the nanowire position.  
(b) The FWHM of SHG at out-coupling end of trapezoid (black) and sharp (red), 
respectively. (c) Defocused image of SHG. (d) Numerically calculated far-field 
projection of fan-out from the right end.

Fig. 3 SEM images of silver nanowires synthesized with different timing of water 
addition and inculcation temperature. (a) 100 µL of water was added in the 14.7 
mL reaction solution after the addition of AgNO3 and kept at 160 ˚C for 1 hour. (b) 
100 µL of water was added and kept at 160 ˚C for 30 minutes followed by another 
100 µL water injection and incubation at 160 ˚C for another 30 minutes.
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sharp AgNW was calculated from the FDTD simulation (Fig. 4d). 
Indeed, the far-field projection clearly shows the uni-
directionality of Poynting vector from an end, where it 
propagates within ±15 degree from the long axis. The SHG thus 
emit from an end of AgNW with a cone-angle of 30˚ as 
schematically illustrated in Fig. 4d, agreeing with a previous 
report30. 

Conclusions
In conclusion, synthesis of AgNWs with sharp ends has been 
developed through the slight modification of the well-known 
polyol synthesis. We found that water content in the solvent in 
the synthesis is the key to control end morphologies of 
AgNWs. The end shape can be controlled by varying the 
amount of water in the reaction solution and/or timing of 
water injection. Appropriate amount of water (0.2 ~ 0.4% 
(v/v)) together with proper reaction time (1 hour) provide 
pencil-like AgNWs with sharp end morphology in excellent 
yield over 90%. As an application, nonlinear optical effect, i.e. 
SHG, on the sharp nanowires was investigated. The SHG can be 
remotely generated through propagating plasmons on AgNWs. 
SHG emitted from a nanowire end shows uni-directional 
Poynting vector along the long axis of AgNWs. We suggest that 
the sharp-end AgNWs are suitable for nonlinear plasmonic 
applications, such as super resolution nonlinear optical 
microscopy and spectroscopy. 
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