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Abstract: The polyol reduction of a Ag precursor in the
presence of an organic stabilizer, such as poly(vinylpyrroli-
done), is a widely used method for the production of Ag
nanowires (NWs). However, organic capping molecules intro-
duce insulating layers around each NW. Herein we demon-
strate that Ag NWs can be produced in high yield without any
organic stabilizers simply by introducing trace amounts of
NaCl and Fe(NO3)3 during low-temperature polyol synthesis.
The heterogeneous nucleation and growth of Ag NWs on
initially formed AgCl particles, combined with oxidative
etching of unwanted Ag nanoparticles, resulted in the selective
formation of long NWs with an average length of about 40 mm
in the absence of a capping or stabilizing effect provided by
surface-adsorbing molecules. These organic-stabilizer-free Ag
NWs were directly used for the fabrication of high-perfor-
mance transparent or stretchable electrodes without a compli-
cated process for the removal of capping molecules from the
NW surface.

Silver nanowires (NWs) have attracted great interest owing
to their high electrical conductivity, solution processability,
and potential for applications in highly conductive trans-
parent or stretchable electrodes.[1–3] During the last decade,
there has been considerable effort to develop an effective
strategy for the reliable and scalable production of Ag NWs in
high yield.[4] The polyol reduction of AgNO3 in the presence
of poly(vinylpyrrolidone) (PVP) has been the most widely
used method for the production of Ag NWs, whereby PVP has
long been considered to be necessary to promote NW
formation because of its role in stabilizing the {100} side
faces of growing NWs.[5] However, these long-chain polymeric
molecules introduce insulating layers around each NW, thus
dramatically increasing contact resistance between NWs in
electrode applications.[6] A typical procedure for removing

organic capping layers from the NW surface involves many
cycles of the precipitation and redispersion of NWs in a good
solvent for capping molecules, which is tedious and time-
consuming.[7] Despite considerable progress in NW synthesis,
the production of Ag NWs for electrode applications still
relies on a PVP-mediated polyol method, and the organic-
stabilizer-free, high-yielding synthesis of Ag NWs remains
a great challenge.

Herein we report a modified polyol synthesis of Ag NWs
and demonstrate that it is possible to produce NWs in high
yield without the use of any organic stabilizers. Our synthesis
is simple and only involves the use of ethylene glycol (EG),
AgNO3, and trace amounts of NaCl and Fe(NO3)3. We found
that AgCl particles, which were initially formed from the
reaction of some of the AgNO3 and NaCl, provided prefer-
ential sites for the heterogeneous nucleation and growth of
Ag NWs, thus allowing selective NW formation without the
aid of a capping or stabilizing effect provided by surface-
adsorbing molecules. By using this simple approach, we were
able to produce long Ag NWs with a length of approximately
40 mm and a diameter of approximately 45 nm on average in
high yield. These Ag NWs were successfully used for the
fabrication of transparent electrodes, whose performance was
comparable to that of electrodes made of indium tin oxide
(ITO), as well as stretchable electrodes. Our synthetic
strategy provides an efficient route for the fabrication of
high-performance transparent or stretchable electrodes based
on Ag NWs because it does not require an additional process
for the removal of capping molecules from the NW surface.

In this study, Ag NWs were synthesized by the heating of
an EG solution containing AgNO3 (150 mmol) and trace
amounts of NaCl (0.9 mmol) and Fe(NO3)3 (6 mmol) at 110 8C
for 15 h without stirring. A series of color changes occurred
during the synthesis (see Figure S1 in the Supporting Infor-
mation). Scanning electron microscopy (SEM) analysis of the
product revealed the formation of Ag NWs in high yield (ca.
91%; Figure 1A; see also Figure S2). The resulting NWs had
an average diameter of about 45 nm and an average length of
about 40 mm (Figure 1B; see also Figures S3 and S4). The
NWs had a pentagonal cross-section (Figure 1B, inset), thus
indicating that they were grown from fivefold twinned seeds.
Figure 1C shows a typical transmission electron microscopy
(TEM) image of a single NW. The corresponding electron
diffraction (ED) pattern consisting of more than one set of
spots is indicative of its twinned structure (Figure 1C, inset).
The product contained very few Ag NPs (ca. 9%; see
Figures S2 and S5). In the powder X-ray diffraction (XRD)
pattern taken from the product (Figure 1 D), the diffraction
peaks at 2q values of 38.1, 44.3, 64.5, and 77.48 could be
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indexed to (111), (200), (220), and (311) reflections of face-
centered-cubic (fcc) Ag (JCPDS Card No. 04-0783), respec-
tively.

We monitored the growth process of Ag NWs by UV/Vis
spectroscopy and electron microscopy (Figure 2). The UV/Vis
spectra recorded at different stages of the synthesis are shown
in Figure 2A. Until 7 h, no characteristic peaks associated
with Ag NWs appeared in the UV/Vis spectrum. SEM
analysis of the sample taken at t = 3 h revealed that it mainly

contained AgCl particles (Figures 2B; see also Figure S6).
The UV/Vis spectrum recorded at t = 8 h showed the appear-
ance of two peaks centered at 355 and 385 nm. The latter is
associated with the transverse plasmon resonance of Ag NWs,
thus indicating that NW growth had begun to occur. The
sample taken at this stage contained a number of nanorods
and NWs branching out from AgCl cores (Figure 2 C, D). The
surface of AgCl particles was also decorated with Ag
nanoparticles (NPs), as revealed by high-angle annular
dark-field scanning TEM (HAADF-STEM) and energy-
dispersive X-ray spectroscopy (EDS) line scanning analyses
(Figure 3A, B). As the synthesis proceeded, NWs grew

further in length, whereas the number of particles decreased
dramatically, leaving behind long Ag NWs in high yield
(Figure 2E, F). These observations indicate that NW growth
occurred by the heterogeneous nucleation of Ag on initially
formed AgCl particles.

The selective formation of Ag NWs in the absence of any
organic stabilizers is intriguing. At early stages of this
synthesis, some of the AgNO3 and NaCl reacted to form
AgCl particles, which serve as heterogeneous nucleants for
Ag (Figure 3C). At the nucleation stage, seeds can take
a decahedral shape in an attempt to minimize the total free
energy by maximizing the surface coverage with low-energy
{111} facets. Once Ag has nucleated on the AgCl surface,
which provides multiple nucleation sites, Ag nuclei can grow
into either NPs or NWs rather than a continuous overlayer
owing to a large lattice mismatch between Ag and AgCl (ca.
26.4% mismatch). One-dimensional growth of NWs in an
outward direction from a AgCl core may occur without
a significant increase in lattice strain energy that might
otherwise be caused by the lattice mismatch at the interface
between Ag and AgCl as well as internal twin defects, and
thus would be more favorable than the quasi-isotropic growth
of NPs. During the growth stage, Ag cations in AgCl may be
reduced to metallic Ag by EG and incorporated into growing
NWs or NPs, while Cl anions are dissolved into the solution.
At later stages of the synthesis, the number of Ag NPs

Figure 1. A, B) SEM images of as-synthesized Ag NWs. The inset in (B)
shows the pentagonal cross-section of a single NW. The scale bar in
the inset is 50 nm. C) TEM image of a single Ag NW and the
corresponding ED pattern (inset). D) Powder XRD pattern of the
product shown in (A).

Figure 2. A) UV/Vis spectra recorded at different stages of the syn-
thesis. B–F) SEM images of samples taken at different stages of the
synthesis: 3 h (B), 8 h (C,D), 11 h (E), and 13 h (F).

Figure 3. A) HAADF-STEM image of Ag NWs and NPs grown from a AgCl
core (recorded for a sample taken at 8 h). B) Compositional line profiles
of Ag and Cl recorded along the line shown in (A). C) Proposed nucleation
and growth mechanism of Ag NWs.
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dramatically decreases to leave behind NWs in high yield,
which might be attributed to the oxidative etching of NPs by
O2/Cl� pairs.[8] As a control experiment, we conducted the
synthesis in the absence of chloride ions. In this case, the
product mainly contained irregular Ag particles as well as
a small portion of short NWs with a broad range of
thicknesses (see Figure S7), thus indicating loss of selectivity
for NW formation. In the absence of O2/Cl� pairs, twinned
seeds formed by homogeneous nucleation in solution can
survive and grow into large particles as well. Although AgCl-
mediated polyol syntheses of Ag NWs have been reported
previously,[9] the previous syntheses still involved the use of
PVP. Our results clearly show that selective NW formation is
possible by AgCl-mediated synthesis that does not involve the
use of any organic stabilizers as structure-directing agents. Ag
nanostructures did not form in the absence of Fe ions (see
Figure S8), which seem to play a role in facilitating the
reduction of Ag ions by EG at
a relatively low temperature, as
suggested by a previous study
by the Xia group.[10] The EDS
line scanning analysis of a grow-
ing NW also revealed the pres-
ence of Cl ions adsorbed on the
surface of the NW (Fig-
ure 3A, B). It seems that the
surface-adsorbed Cl ions play
a role in stabilizing Ag NWs by
causing electrostatic repulsion
between the NWs.

We tested our Ag NWs for
application in transparent elec-
trodes. To prepare the NW dis-
persion for the coating of a sub-
strate, the as-synthesized NWs
in EG were transferred to iso-
propyl alcohol (IPA) with only
two cycles of precipitation and
redispersion of NWs (see Fig-
ure S9). The EDS analysis of
a Ag NW film prepared on a Si
substrate revealed the presence
of residual organic species on
the surface of Ag NWs (see
Figure S10). It is thought that
some EG may remain on the
surface of our Ag NWs after the
solvent exchange and subse-
quent drying process. For the
fabrication of transparent elec-
trodes, Ag NWs were deposited
onto a poly(ethylene terephtha-
late) (PET) substrate by a bar-
coating method with a Meyer
rod. After coating, the substrate
was immersed in an aqueous
NaCl solution (10 wt %) at
room temperature for 40 s and
then washed with water. This

simple salt treatment was shown to effectively induce welding
at junctions of NWs.[7c] Figure 4A shows an SEM image
of a Ag NW network film on a PET substrate prepared
by bar coating and subsequent salt treatment. It can be
seen that the NWs are evenly distributed on the sub-
strate without aggregation. Figure 4 B shows a plot of trans-
mittance at a wavelength of 550 nm versus sheet resistance for
Ag NW films with different NW densities. The Ag NW film
exhibited a transmittance of 94.8% at 40.2 W/sq, which is
comparable to the performance of ITO (transmittance of
95% at 50 W/sq) and much better than that of PVP-stabilized
Ag NWs (see Figure S11). Hence, our organic-stabilizer-free
synthesis of Ag NWs offers an efficient strategy for the
fabrication of highly conductive, transparent, and flexible
electrodes without the need for a complicated procedure for
the removal of organic capping molecules from the NW
surface.

Figure 4. A) SEM image of a Ag NW film prepared on a PET substrate by bar coating of the NW
dispersion in IPA. B) Plot of transmittance at a wavelength of 550 nm versus sheet resistance for Ag NW
electrodes with different NW densities. The inset shows an optical image of a Ag NW transparent
electrode under bending. C) Schematic diagram of an OLED based on an Ag NW anode (Alq3 = tri(8-
hydroxyquinolinato)aluminum, HAT-CN = 1,4,5,8,9,11-hexaazatriphenylene-hexacarbonitrile, NPB= N,N’-
bis-(1-naphthyl)-N,N’-diphenyl-1,1’-biphenyl-4,4’-diamine). A light-emission image of the OLED under
bending is also shown. D,E) Current-density–voltage–luminance characteristics of OLEDs based on the
Ag NWs and ITO. F,G) Current efficiency and power efficiency as a function of the luminance of OLEDs
based on the Ag NWs and ITO. H) Fabrication process of the silver-nanowire-embedded stretchable
electrodes (ODTS= octadecyltrichlorosilane). I) Change in resistance (R/R0) for silver-nanowire-embedded
stretchable electrodes in response to tensile strain. The inset shows an optical image of an electrode
prepared with our Ag NWs under stretching at 50 % strain. J) Variation in the change in resistance (R/R0)
for the silver-nanowire-embedded electrodes during 5000 cycles of stretching at 30% strain. During the
cycles, the resistance was measured after release of the strain.
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The transparent Ag NW film was successfully used in an
organic light-emitting diode (OLED) device. Figure 4C
shows the basic structure of our OLED based on Ag NWs.
Figure 4D,E shows the current-density–voltage–luminance
characteristics of the OLED prepared with the Ag NW
electrode in comparison with those of a reference OLED
prepared with commercial ITO. The OLED prepared with
our Ag NWs showed a higher current density than the ITO-
based OLED at low voltages below 4 V as result of the higher
leakage current originating from the higher surface roughness
of the Ag NW film as compared to that of ITO. At high
voltages beyond 4 V, the current density and luminance of the
silver-nanowire-based OLED were comparable to those of
the ITO-based OLED. The luminous current and power
efficiencies of the silver-nanowire-based OLED were also
comparable (2.7 CdA�1 and 1.3 lm W�1 at 1000 Cd m�2) to the
corresponding values for the ITO-based OLED (3.3 CdA�1

and 1.7 lm W�1 at 1000 Cd m�2; Figure 4F,G). These results
suggest that our transparent electrodes based on Ag NWs are
promising alternatives to brittle ITO electrodes and thus for
the preparation of flexible displays.

We also fabricated a highly stretchable and durable
electrode by embedding a Ag NW network film in a polydi-
methylsiloxane (PDMS) elastomer (Figure 4H). This embed-
ded Ag NW electrode exhibited high stability in a 3M Scotch
tape detachment test, with its resistance remaining constant
during 100 detachment cycles (see Figure S12). For compar-
ison, an electrode was also prepared by the same protocol
except for the use of commercially available Ag NWs
(Nanopyxis), which were 20 mm in length on average (see
Figure S13). Figure 4I shows plots of the change in resistance
with tensile strain for the two electrodes. Both exhibited
similar behavior up to 30 % strain, with the R/R0 value
increasing with strain, where R and R0 are the resistance
measured at a given strain and initially, respectively. At large
strains (> 30%), the electrode prepared with our Ag NWs
showed slightly better performance than that prepared with
the commercial Ag NWs. The resistance of the electrode
prepared with our Ag NWs remained nearly unchanged
during stretching/releasing cycles (5 000 cycles) at a tensile
strain of 30% (Figure 4J); the resistance was measured after
the strain was released, thus demonstrating the excellent
electrical stability of the electrode. However, the resistance of
the electrode prepared from the commercial Ag NWs with
relatively short lengths increased continuously during
repeated stretching/release cycles at the same strain. The
stretchable electrode fabricated with our Ag NWs is charac-
terized by a percolating network consisting of long NWs with
an average length of approximately 40 mm, which would be
beneficial in maintaining electrical contacts between NWs
and recovering the original percolating network during
stretching/release cycles.[11]

In summary, we have demonstrated a high-yielding polyol
synthesis of Ag NWs without the use of any organic
stabilizers. Our results clearly show that by exploiting the
heterogeneous nucleation and growth of Ag in the presence
of AgCl nucleants, it is possible to achieve high selectivity for
NW formation even in the absence of a capping effect
provided by organic stabilizers. We have also shown that these

organic-stabilizer-free Ag NWs could be directly applied to
the fabrication of high-performance transparent or stretch-
able electrodes without the need for a surface-decapping
process.
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