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hly effective purification of silver
nanowires to enhance transmittance at low sheet
resistance with simple polyol and scalable selective
precipitation method†

Molla Bahiru Gebeyehu, Tolesa Fita Chala, Shao-Yen Chang, Chang-Mou Wu
and Jiunn-Yih Lee*

Networks of metal nanowires (NWs) have the highest performance of any solution-coatable material to

replace expensive indium tin oxide (ITO) as the transparent conducting electrode material in next-

generation devices. However, there is as yet no published process for producing NW films with an

optoelectronic performance that exceeds that of ITO. Here, we examine a process for the synthesis and

purification of uniform AgNWs that, when coated using a spin-coating technique to create a transparent

conducting film, show properties that exceed those of ITO. The morphology AgNWs can be controlled

by adjusting the concentration of silver nitrate (AgNO3) and [PVP] to [AgNO3] molar ratio. AgNWs with

average diameters of 20 nm and aspect ratios >1000 were obtained by adding 30.5 mM of AgNO3 and

6 : 1 molar ratio of [PVP] to [AgNO3] in a silver nanowire synthesis, but these NWs were contaminated by

some Ag nanoparticles. Selective precipitation was used to purify the NWs from nanoparticles, resulting

in a transmittance improvement as large as 2%. The transmittance of the purified AgNW film was 97.5%

at a sheet resistance of below 70 U sq�1. The synthesized and purified AgNWs were analyzed by field-

emission scanning electron microscopy (FE-SEM), atomic force microscopy (AFM), transmission electron

microscopy (TEM), energy dispersive spectroscopy (EDS), energy dispersive X-ray spectroscopy (EDX),

X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), ultraviolet-visible-near-infrared (UV-Vis-

NIR) spectroscopy and four-point-probe technique.
Introduction

One-dimensional nanostructures of metals play an important
role as both active components and interconnects in fabricating
nanoscale electronic devices for a large number of optoelec-
tronic applications.1 Transparent conductive lms are broadly
used in components of optoelectronic devices in liquid crystal
displays, large-area touch screens, thin-lm solar cells, elec-
tromagnetic shielding, organic light emitting diodes and
photovoltaic devices.2–9 Currently, many transparent conductive
lms are made of a sputtered lm of indium tin oxide (ITO) due
to its high transmittance at low sheet resistances.10–12 However,
the high-conductivity ITO used in these applications is partic-
ularly brittle and highly expensive because of the slow coating
rates involved with sputtering. This has inspired the search for
solution-coatable alternatives to ITO that can be coated at high
speeds and give comparable performance. There are various
ineering, National Taiwan University of

iwan, Republic of China. E-mail: jlee@

tion (ESI) available. See DOI:

hemistry 2017
solution-coatable alternatives to ITO, including ultra-thin
metallic lms,13–16 metallic mesh-structures,17–19 conducting
polymers and their hybrids,20–24 graphene,25–31 carbon nano-
tubes,32–36 silver nanowires (AgNWs),37–39 and copper nanowires
(CuNWs).40–42 Nevertheless, only commercially available AgNWs
have a veried optoelectronic performance that exceeds that of
ITO.43 The processes important for the production of metal NWs
that, when coated onto a substrate, have optoelectronic
performance exceeding that of ITO have not been reported. The
performance of AgNW-based transparent conductors generally
increases with decreasing diameter and increasing NW aspect
ratio. Thus, thin NWs scatter less light and increasing aspect
ratio reduces the number of high-resistance NW–NW contacts
in a lm.44–46 Numerous methods for the synthesis of AgNWs
have been developed. These methods include chemical
synthesis,47–49 hydrothermal method,50–52 electrochemical tech-
nique,53,54 ultraviolet irradiation photodetection technique,55,56

DNA template,57,58 porous materials template,59,60 coaxial elec-
tro-spinning61 and polyol process,49,62,63 but none have demon-
strated lm performance that exceeds that of ITO.5,38,64 When
these methods are compared in terms of simplicity and cost
effectiveness, the polyol process seems to be the most
RSC Adv., 2017, 7, 16139–16148 | 16139
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promising one.65 AgNWs with a mean diameter of 20 nm and
lengths up to 20 mm were prepared by a high-pressure polyol
method.38 These NWs were used to produce lms with a sheet
resistance of 40 U sq�1 at a transmittance of 88%, performance
below that of ITO. Lee and co-workers have developed
a successive multistep growth process to obtain AgNWs with an
average diameter of 160 nm and length of 95.1 mm. Though
such long NWs exhibited optoelectronic performance exceeding
that of shorter NWs, their diameters are too large to match the
properties of ITO.39 Thus, there remains a need for a synthesis
of AgNWs that are both very ultra-thin (�20 nm in average
diameter) and very long (>40 mm in length) so as to achieve ITO-
level performance. However, it is not enough to obtain AgNWs
with precise dimensions; they must also be very pure and
uncontaminated by the existence of nanoparticles. These nano-
particle impurities dramatically decrease the electrical conduc-
tivity and transparency of NW networks.66,67 Given the fact that
the polyol synthesis is the most popular and versatile method
used for the production of AgNWs with inevitable nanoparticles
as a side product, this remains an important issue for the
synthesis of high-purity AgNWs.38,64,68,69 The old-fashioned puri-
cation process of performing many tedious cycles of centrifu-
gation is time-consuming and some authors have not produced
AgNWs with sufficient purity.37,68 Pradel and co-workers devel-
oped a cross-ow ltration method to purify NWs, but the
success of this method depends on many parameters, such as
NWpore size of the ber membrane, ow rate, and pressure, and
is not easily scalable.66 Thus, there remains a need for a simple,
convenient, cost-effective and scalable method for separating
nanoparticles from NWs. Many research groups have explored
different approaches in order to improve the polyol process.
There are also numerous reports in the literature that focus on
the effect of different parameters on the polyol synthesis of
AgNWs.70–72 However, in these studies, only a few parameters of
the polyol process have been examined.

Herein, we demonstrate simple polyol method and scalable
selective precipitation for the synthesis of well dispersed, highly
puried, ultra-thin, large-scale, uniform AgNWs to make high-
performance optically transparent conducting lms, which
have a lower sheet resistance than that obtained with CNT and
ITO and comparable to the values previously obtained using
AgNWs. In this method, poly(vinylpyrrolidone) (PVP) was used
as stabilizing and capping agent combined with sodium chlo-
ride (NaCl) and potassium bromide (KBr) salts, ethylene glycol
(EG) was used as both solvent and a reducing agent, and silver
nitrate (AgNO3) was used as a silver precursor.63 We also
determined that the diameter and uniformity of AgNWs can be
controlled by adjusting the concentration of AgNO3 and [PVP] to
[AgNO3] molar ratio keeping the other parameters constant.
AgNWs with diameters of 20 nm and aspect ratios >1000 were
obtained by adding 30.5 mM AgNO3 to a silver nanowire
synthesis. Moreover, we puried AgNWs from unwanted
nanoparticles with a simple selective precipitation process.
Finally, the puried and prepared AgNW ink was coated with
spin-coating methods onto a glass substrate to produce lms
with an average transmittance of 97.5% at a sheet resistance of
below 70 U sq�1.
16140 | RSC Adv., 2017, 7, 16139–16148
Experimental section
Materials

PVP (K-90, MW ¼ 1 300 000, Sigma-Aldrich, USA), silver nitrate
(AgNO3, Sigma-Aldrich, UK), sodium chloride and potassium
bromide (NaCl and KBr, Sigma-Aldrich Co. Ltd, USA), EG
(Sigma-Aldrich, USA) and ethanol (CH3CH2OH, Sigma-Aldrich,
USA) were used for AgNW synthesis without further purica-
tion. All glassware used in the experiments was cleaned with
deionized water, acetone (99.8%), isopropyl alcohol (99.8%) and
nally deionized water.

Synthesis of AgNWs

The AgNWs were synthesized with a simple polyol method.72,73

In a standard synthesis, different concentration of AgNO3 (i.e.
20.6, 30.5, 60.4 and 90.3 mM), 3.5 mM NaCl and 1.8 mM KBr
solutions in EG were prepared as six separate solutions at room
temperature, while 75 mg of PVP was dissolved in 10 mL of EG
(contained in a 100 mL vial) and heated in an oil bath at 160 �C
for 60 min under magnetic stirring (550 rpm). Then, 40 mL of
NaCl and 20 mL of the KBr solution were pipetted into the vial.
Aer 20–30min, 5.2 mL of the AgNO3 solution was continuously
added through a syringe pump at an injection rate of 0.2 mL
min�1. Aer injection of silver nitrate solution, the reaction
mixture was further reuxed at 160 �C for 3 h until the color of
the solution became white to gray as shown schematically in
Fig. 1A. During the heating process, nitrogen gas was bubbled
through the reaction solution. Magnetic stirring was continu-
ously applied throughout the entire process of reduction of
silver ions and wire growth. Aer 3 h, the solution-containing
bottle was removed from the oil bath and the turbid polyol
solution was air cooled to room temperature, thereby quench-
ing the reaction.

Aer the synthesis, the resulting AgNWs could be puried
and separated from nanoparticles through ultrasonication and
centrifugation processes (Fig. 1A). In this case, the reaction
mixture was diluted with acetone (6–10 times by volume) for
ultrasonication and centrifuged at 5000 rpm for 10 min. The
supernatant silver nanoparticles could be easily removed using
a pipette. The aggregated NWs were dispersed in 10 mL of
ethanol. Subsequently, the re-dispersed NWs were puried
again by adding 10–20mL of acetone, allowing the NWs to settle
for 5 min, and removing the supernatant. The ultrasonication
and centrifugation procedures were repeated three times until
the supernatant became colorless. Every time before centrifu-
gation to remove the PVP polymer layer, the wires were shaken
gently to prevent them from breaking down. NWs with high
purity were obtained aer 2–3 cycles of this purication
protocol. The nal puried and precipitated product was
dispersed in ethanol for further characterization.

Fabrication of transparent conducting AgNW lms

Transparent conductive lms were made in a manner similar to
that of previous reports.40,74 The puried AgNWs were trans-
ferred into an ink containing ethyl alcohol, ethyl cellulose, ethyl
acetate, pentyl acetate, isopropyl alcohol and toluene for use
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (A) Schematic diagram of synthesis and purification of AgNWs with polyol process at 160 �C for 3 h. (B) Schematic diagram of spin-coated
AgNW network on a glass substrate. (C) FE-SEM image of the spin-coated AgNW network on the glass substrate. (D) TEM image of the spin-
coated AgNW network on a lacey carbon-coated copper grid.
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with a spin-coating method. Briey, the ink formulation was
prepared by dissolving ethyl cellulose (0.05 g) in ethyl alcohol
(3.0 g), before addition of ethyl acetate (0.25 g), pentyl acetate
(0.4 g), isopropanol (0.5 g), and toluene (1.15 g). Aer the
AgNWs were washed with ethyl alcohol, the ink formulation (1.2
mL) was added to the AgNWs, and this suspension was vor-
texed. The dispersion was centrifuged at a low speed (�500
rpm) so that a well-dispersed AgNW ink could be pipetted from
the solution. To make conductive lms, microscope glass slides
with dimensions of 25 � 75 � 1.0 mm were purchased from
Fisher Scientic and cut into pieces with dimensions of 25 � 50
� 1.0 mm. These slides were thoroughly cleaned with detergent
and washed with deionized water, sonicated in acetone, iso-
propanol, and ethanol each for 5 minutes and dried in an oven.
A transparent conductive lm of AgNW ink was prepared by
spin-coating the AgNW ink dispersion at 500 rpm on the surface
of the glass substrate. In the spin-coating process, 60 mL NW ink
was spread on the glass substrate with waiting for 30 seconds
before spinning to let the nanowires reach near the glass
surface; to enhance the evaporation rate, methanol was added
to the glass substrate and well agitated. Different densities of
NW ink on the surface of the glass substrate were obtained by
varying the concentration of the NWs. The slides coated with
AgNW ink were dried in air for 10 minutes at 70 �C. Once the
slides returned to room temperature, they were dipped in
a mixture of ethyl alcohol and acetone (3 : 1, v/v) for 15 seconds
to remove the organic material and dried under nitrogen gas.
Finally, the slides were put into a 70 �C oven in air for 20
minutes. The transmittance and sheet resistance of each NW
lm were measured using a UV-Vis-NIR spectrophotometer and
a four-point probe.
Characterization

The morphologies of NWs were investigated using eld-
emission scanning electron microscopy (FE-SEM, JSM 6500F,
JEOL), high-resolution transmission electron microscopy (HR-
TEM, H-7000, Hitachi) and atomic force microscopy (AFM,
Bruker Dimension ICON). The crystalline structure of AgNW
This journal is © The Royal Society of Chemistry 2017
mesh was characterized by a Bruker D2-phase diffractometer
using Cu Ka radiation (l¼ 1.5418 Å) in the range of 20–80� (2q).
The elemental composition and binding energy of the core
electronic state were characterized by energy dispersive spec-
troscopy (EDS/FE-SEM, JSM 6500F, JEOL), energy dispersive
X-ray spectroscopy (EDX/TEM, H-7000, Hitachi) and X-ray
photoelectron spectroscopy (XPS) (VG-ESCA, British Thermo
Scientic, Theta Probe). Furthermore, the optical properties
(absorption and transmittance spectra) and sheet resistance of
each NW lm were measured using a Jasco V-670 UV-visible-
near-infrared (UV-Vis-NIR) spectrometer and four-point-probe
technique (Keith Link Technology, Taiwan).
Results and discussion
Purication of AgNWs

Nanoparticles and other low-aspect-ratio shapes are a common
byproduct from the solution chemical growth of NWs.75 They
are formed because growth is diffusion-limited and nucleation
is not instantaneous, thus causing nanoparticles to grow along
multiple pathways. These undesirable nanoparticles can bring
much difficulty to the subsequent material processing steps and
degrade the material performance in device applications. For
example, the presence of these short nanoparticles greatly
affects the assembly of the NWs. When making one-
dimensional arrays of NWs, the byproduct particles act as
structural defects, disrupting the packing of the NWs.76 Even
a small number of nanoparticles can prevent the formation of
a one-dimensional lattice. Also, as many properties of nano-
particles are highly shape- and size-dependent,77 such byprod-
ucts can have a detrimental effect on the quality of the nal NW
material. For example, AgNWs have rapidly attracted attention
as an alternative material to ITO for making high-quality
transparent conductor thin lms.5,78,79 Although there has
been a great success in the synthesis of AgNWs, predominantly
by the polyol route,1 the product is oen contaminated by low-
aspect-ratio particles and rods. The presence of these nano-
particle impurities in the NW network is highly undesirable
RSC Adv., 2017, 7, 16139–16148 | 16141
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because they would only have a marginal involvement in the
electrical conductivity as they are too small to provide effective
current pathways, but they will cause signicant optical loss
owing to their stronger light scattering properties.80 As the
commercial production of AgNW transparent conductors has
emerged,78 there is a pressing requirement for a purication
route that can meet the industrial scale of synthesis. Nano-
particle purication can be accomplished utilizing basic labo-
ratory separation techniques, such as simple ltration, dialysis,
and gel electrophoresis. However, these approaches are gener-
ally limited to small-scale processing and are time-consuming.
There are the additional challenges of protecting the NWs from
deformation under the applied force eld and keeping them
dispersed in the solvent aer the sedimentation steps during
processing. For example, gel electrophoresis is capable of
separating nanoparticle solutions by shape and size with great
precision,81 but the materials need to be rst processed through
the gel, and then exchanged to an appropriate solvent, making
it difficult to maintain the colloidal stability of the NWs except
at low concentrations. Dialysis is non-destructive but needs an
extended processing time as determined by the diffusion rate of
nanoparticles across the permeable membrane. Furthermore,
most dialyzing membranes are designed to eliminate sub-
10 nm substances, such as polymer chains, small molecules,
and viruses, thus limiting their use for NW purication. Simple
ltration (i.e., dead-end ltration) is routinely applied to remove
small particles from NW samples by passing the dispersion
through size-selection membranes. The downward solvent ow
could easily damage the NWs, especially those caught lying
across the membrane pores. Another common challenge is the
Fig. 2 Morphological and elemental composition characterization of uni
method at 160 �C and atmospheric pressure for 3 h of reaction. FE-SEM im
of the corresponding inset image. The inset image in (C) shows a high-ma
table in spectrum (C) shows the elemental composition of the sample su
diameters after purification respectively.

16142 | RSC Adv., 2017, 7, 16139–16148
reduction of retention and ow rate of nanoparticle impurities
by the lter cake. However, centrifugation is an effective and
convenient NW purication process in large-scale production,
a non-destructive, scalable method. This allows the production
of uniform, ultra-thin and high-aspect-ratio NWs for optoelec-
tronic application in general.

Fig. 2 shows SEM images of AgNWs with diameters of 22 �
2 nm and lengths of 50 � 5 mm before and aer three cycles of
selective precipitation (see Fig. S1 in ESI† for SEM images of
before and aer 1st, 2nd and 3rd cycle of purication). There is
visibly a dramatic decrease in the number of particles and
organic phase aer the purication process.

The EDS spectrum and tabulated results revealed that Ag, Si,
and Pt are the main elements present with Ag being the most
abundant in the selected eld. The Ag peaks originate from the
precursor (AgNO3), whereas Si peaks originate from the glass
slide that supports the sample and Pt is present due to the
sputtering step for sample preparation for SEM imaging. In
addition, C, O, N, Na, K, Br and Cl peaks do not appear in the
EDS spectrum of the sample mats, which further supports that
the AgNWs were highly puried from the precursor materials,
such as polymer, salt, and solvent. Moreover, the tabulated
results provide a quantitative view of the elemental composition
in the inspection area in units of both weight percent and
atomic percent.
Effects of AgNO3 concentration on the morphology of AgNWs

AgNO3 acts as the precursor, and its concentration is vital to the
yield and morphology of AgNWs because it can expand the
form, ultra-thin, purified and large-scale AgNWs prepared by the polyol
ages (A) before purification and (B) after purification. (C) EDS spectrum

gnification FE-SEM image of purified AgNWs on 100 nm scale. The inset
rface. (D and E) Histograms showing the distribution of NW lengths and

This journal is © The Royal Society of Chemistry 2017
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preparation scale and change the aspect of AgNWs.82,83 In this
study, we varied the concentration of AgNO3 added to the
synthesis to gain additional insight into how it affects NW
diameter and purity; all the other parameters in the typical
polyol process are kept constant. The FE-SEM (A–D) and TEM
(E–H) images of the AgNWs synthesized at different AgNO3

concentrations are shown in Fig. 3. It can be seen that AgNWs
tend to become shorter and wider as the concentration of
AgNO3 increases, which is consistent with what is reported
elsewhere.84 In addition, when the concentration of AgNO3 is
too high or too low, the numbers of nanoparticles increase
substantially, as shown from corresponding FE-SEM and TEM
images in Fig. 3. Briey, when there was only 20.6 mM of AgNO3

present in the polyol synthesis, it produced non-uniform
AgNWs with a mean diameter of 29 � 11 nm and lengths of
32 � 7 mm (Fig. 3A and E); whereas when there was only
30.5 mM of AgNO3 present in the polyol synthesis, it produced
uniform AgNWs with amean diameter of 22� 2 nm and lengths
of 50 � 5 mm (Fig. 3B and F). The addition of 60.4 mM AgNO3

into the AgNW synthesis produced a mixture of nanoparticles
and NWs with an average diameter of 35� 10 nm and lengths of
25 � 15 mm (Fig. 3C and G). Further increasing the concentra-
tion of AgNO3 to 90.3 mM resulted in much more nanoparticles
in the reaction product (Fig. 3D and H). Our experimental
results show that, when AgNO3 at a high concentration was
added, the silver ion concentration was high in a volume of the
same unit, causing the possibility of molecular collisions to
increase. Consequently, the chemical reaction rate increased,
and Ag nanoparticles were synthesized at larger sizes. The
added capping agent (PVP) can cover the synthesized Ag nano-
particles.85 The capped coating was arranged along one
dimension to form many Ag nanoparticles and a small number
of AgNWs having large diameters (low aspect ratios), as shown
in Fig. 3D and H. In contrast, adding a low concentration of
AgNO3 led to the synthesis of AgNWs with small diameters (high
aspect ratios), as shown in Fig. 3B and F. Particularly, when the
AgNO3 concentration is 30.5 mM, uniform NWs, and least
Fig. 3 FE-SEM (A–D) and TEM (E–H) images of purified products obtaine
(C and G) 60.4 and (D and H) 90.3 mM respectively, while the other all p

This journal is © The Royal Society of Chemistry 2017
byproducts, are produced. Thus, we selected 30.5 mM as the
optimal concentration of AgNO3.
Effects of [PVP] to [AgNO3] molar ratio on morphology of
AgNWs

Xia et al. veried that the anisotropic growth of AgNWs is
maintained by selectively covering the facets with PVP while
leaving some of the facets largely uncovered by PVP and thus
highly reactive. The nal morphologies of AgNWs at the end of
the polyol process are strongly dependent on the [PVP] to
[AgNO3] molar ratio86 and the molecular weight of PVP
chain.87,88 The effect of [PVP] to [AgNO3] molar ratio on the
morphology of AgNWs is shown in Fig. 4A–F. When the [PVP] to
[AgNO3] molar ratio is too small, the as-prepared AgNWs have
non-uniform morphology, and low aspect ratio is obtained
since the planes cannot be adequately passivated.89 When the
[PVP] to [AgNO3] molar ratio is too large, more Ag nanoparticles
and very much fewer AgNWs are obtained, because in this case90

the planes are completely passivated (Fig. 4F). Therefore, in
order to obtain AgNWs with the least by-products, uniform
morphology, and large aspect ratio, we selected the optimal
[PVP] to [AgNO3] molar ratio as 6 : 1.

The XRD pattern of puried AgNWs is shown in Fig. 5A. This
shows four peaks, which are located at diffraction angles 2q ¼
38.2� (111), 2q ¼ 44.4� (200), 2q ¼ 64.4� (220), and 2q ¼ 77.6�

(311). Based on the experimental data, the synthesized and
puried AgNW diffraction peaks can be indexed to face-
centered cubic with a lattice constant of about 4.085 Å, which
is very close to the reported value (a¼ 4.082 Å, JCPDS le no. 04-
0783). The intensity ratio of the reections at (111) and (200)
exhibits a high value indicating that (111) is the preferred
coordination similar to previous reports.51,91

The UV-visible absorption spectrum aer three cycles of
ultrasonication, centrifugation and separation of the product
obtained at 1 h is shown in Fig. 5B (see Fig. S2 in ESI† for before
and aer purication). In this case, the precipitate indicates
a typical UV-Vis spectrum of pure AgNWs in ethanol solution.
d from different concentrations of AgNO3: (A and E) 20.6, (B and F) 30.5,
arameters were kept constant.
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Fig. 4 FE-SEM images of AgNWs synthesized at different [PVP] to [AgNO3] molar ratio: (A) 2 : 1, (B) 4 : 1, (C) 6 : 1, (D) 8 : 1, (E) 10 : 1, and (F) 12 : 1.

Fig. 5 (A) XRD pattern of the purified as-prepared AgNWs (160 �C; 3 h) indicating FCC crystals. (B) UV-visible absorption spectrum of the purified
AgNWs. The inset in (B) shows a photo of AgNW solution, dispersed in ethanol after purification.
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The absorption spectrum exhibits two relatively sharp surface
plasmon resonance peaks at about 350 and 380 nm. The
absorption peak at 350 nm could be attributed to the plasmon
response of long AgNWs, similar to that of bulk silver, whereas
the peak at 380 nm may be assigned to the transverse plasmon
mode of AgNWs.91 A peak at 410 nm corresponding to silver
nanoparticles is detected in the spectrum before purication
(see Fig. S2 in ESI†). The absence of the peak allocated to silver
nanoparticles indicates the purity of the AgNWs because of the
effective removal of silver nanoparticles.

Fig. 6A shows a single representative of puried AgNWs with
a diameter of 20 nm. Fig. 6B shows a high-resolution TEM image
of an AgNW. It shows that there is a twin plane located parallel to
the AgNW longitudinal axis, and the spacings of the lattice
planes at symmetrical twin boundaries are both 2.35 Å, which is
consistent with the standard (111) crystal spaces (JCPDS le no.
16144 | RSC Adv., 2017, 7, 16139–16148
04-0783). Fig. 6C shows the lattice fringes of a single AgNW of the
selected dashed square area in Fig. 6B. The pattern clearly shows
that there is only a set of the diffraction pattern, indicating the
selected area is a single-crystal NW. The calculated spacing
distance was 2.35 Å, which corresponds to (111) and further
conrmed the plane of metallic silver. The chemical composi-
tions of AgNWs were determined by EDX analysis of samples
deposited on a lacey carbon-coated copper grid. The EDX spec-
trum (Fig. 6E) shows the presence of Ag element, in which the
peaks of the corresponding Ag element were distinct (other peaks
originated from the copper and carbon from the TEM grid). The
XPS spectrum in the region of Ag 3d of puried AgNWs is shown
in Fig. 6F. The resulting NWs show two peaks centered at 368.43
and 374.43 eV, corresponding to Ag 3d5/2 and 3d3/2 binding
energy, respectively, with a spin–orbit separation of 6.00 eV,
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Typical structural and morphological characterization of AgNWs. (A) TEM image of single NWwith a diameter of 20 nm. (B) TEM image of
single NW at high magnification. (C) HR-TEM image shows the lattice fringes in the middle region of a single AgNW. The calculated spacing
distance is indexed to face centered cubic silver. The lattice fringes confirm the crystalline structure. The big white arrow in inset image of (C)
indicates the twin boundary of the NW. (D) Selected area electron diffraction (SAED) of a single AgNW. (E) TEM/EDX spectrum analysis of AgNWs.
(F) The Ag 3d XPS spectrum of purified AgNWs.
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which are consistent with previously reported values (368.48 and
374.48 eV) for Ag dendrites.92

Further, surface roughness and topography studies were also
conducted by AFMas shown in Fig. 7. The rootmean surface (RMS)
roughness of a representative single AgNW on glass is 2.5 nm,
indicating a much-enhanced surface smoothness of the AgNW on
the glass substrate compared to that of a previous report.93 Fig. 7A
and B show the AFM image of AgNWs in different views, whereas
Fig. 7C shows the corresponding line scan data of AgNWs.
This journal is © The Royal Society of Chemistry 2017
Fig. 8A shows an FE-SEM image of a spin-coated AgNW lm.
Fig. 8B shows a plot of specular transmittance (% T) versus sheet
resistance (Rs) for lms of AgNWs of �20 nm in diameter before
and aer purication, together with some of the best previous
literature results for solution-coatable transparent conductors.
The transmittance of lms made from puried NWs was up to
2% greater than that of lms made from NWs without purica-
tion. The performance of the puried NWs exceeds the perfor-
mance of any other unpuried transparent conductor at sheet
RSC Adv., 2017, 7, 16139–16148 | 16145
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Fig. 7 Morphological characterization and analysis of a representative single AgNW on a glass surface in different views: (A) 2D AFM image and
(B) 3D AFM image. (C) The representative line scan data corresponding to the red dashed line in (A).

Fig. 8 (A) Typical FE-SEM image of AgNW film. (B) A plot of specular transmittance (l ¼ 550 nm) versus sheet resistance for AgNW films before
and after purification. Each data point is the average of five measurements. The performances of AgNWs,42 CuNWs,94 CNT,95 and ITO are shown
for comparison.
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resistances >45 U sq�1. Only AgNWs from Cambrios have higher
values at lower sheet resistance. These results further demon-
strate the importance of the aspect ratio, diameter, and purity for
the performance of NW-based transparent conductors.
Conclusions

The main goal of this study proposes to enhance the trans-
mission of synthesized AgNW lms at low sheet resistance with
a simple and scalable selective precipitation process. In addi-
tion to that, we also studied the effect of AgNO3 concentration
and [PVP] to [AgNO3] molar ratio on the formation of ultrathin,
very long and uniform AgNWs. The results indicate that AgNWs
with small diameter (�20 nm) and high aspect ratios (>1000)
were produced when the concentration of AgNO3 and [PVP] to
[AgNO3] molar ratio were 30.5 mM and 6 : 1 respectively. The
reduction in NW diameter obtained through the optimization
of AgNO3 concentration was primarily due to an increase in the
number of nucleation events, and secondly due to a reduction
in the percentage conversion of Ag+ to Ag0. The nanoparticles
that undoubtedly contaminate the NWs produced by the polyol
synthesis can be removed with a simple and scalable selective
precipitation process. The puried and prepared AgNW ink
with high aspect ratio NWs was then uniformly coated onto
16146 | RSC Adv., 2017, 7, 16139–16148
glass substrates with a spin-coating technique to make trans-
parent conducting lms. These transparent conducting lms
exhibited an average transmittance of 97.5% at a sheet resis-
tance of below 70 U sq�1. The purication of the NWs enhanced
the transmittance at a given sheet resistance by as much as 2%.
Different kinds of selective precipitation process can likely
enable the purication of a wide variety of NWs. The synthesis
of uniform NWs and purication process demonstrated here
are suggested to be very useful for researchers in industry
standard and academia seeking to produce NW-based lms
with a performance that exceeds that of ITO.
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8 X. Wang, L. Zhi and K. Müllen, Nano Lett., 2008, 8, 323–327.
9 D. Zhang, R. Wang, M. Wen, D. Weng, X. Cui, J. Sun, H. Li
and Y. Lu, J. Am. Chem. Soc., 2012, 134, 14283–14286.

10 Z. Chen, W. Li, R. Li, Y. Zhang, G. Xu and H. Cheng,
Langmuir, 2013, 29, 13836–13842.

11 J. Lee, M. A. Petruska and S. Sun, J. Phys. Chem. C, 2014, 118,
12017–12021.

12 J. Lee, S. Lee, G. Li, M. A. Petruska, D. C. Paine and S. Sun, J.
Am. Chem. Soc., 2012, 134, 13410–13414.

13 J. Zou, C. Z. Li, C. Y. Chang, H. L. Yip and A. K. Y. Jen, Adv.
Mater., 2014, 26, 3618–3623.

14 J. H. Kim, P. W. Liang, S. T. Williams, N. Cho, C. C. Chueh,
M. S. Glaz and A. K. Y. Jen, Adv. Mater., 2015, 27(4), 695–701.

15 D. Gu, C. Zhang, Y.-K. Wu and L. J. Guo, ACS Nano, 2014, 8,
10343–10351.

16 B. Bari, J. Lee, T. Jang, P. Won, S. H. Ko, K. Alamgir,
M. Arshad and L. J. Guo, J. Mater. Chem. A, 2016, 4, 11365–
11371.

17 P. Kuang, J. M. Park, W. Leung, R. C. Mahadevapuram,
K. S. Nalwa, T. G. Kim, S. Chaudhary, K. M. Ho and
K. Constant, Adv. Mater., 2011, 23, 2469–2473.

18 L. Hu, H. Wu and Y. Cui, MRS Bull., 2011, 36, 760–765.
19 B. O'Connor, C. Haughn, K.-H. An, K. P. Pipe and M. Shtein,

Appl. Phys. Lett., 2008, 93, 223304.
20 P. Lee, J. Ham, J. Lee, S. Hong, S. Han, Y. D. Suh, S. E. Lee,

J. Yeo, S. S. Lee and D. Lee, Adv. Funct. Mater., 2014, 24,
5671–5678.

21 J. Lee, P. Lee, H. B. Lee, S. Hong, I. Lee, J. Yeo, S. S. Lee,
T. S. Kim, D. Lee and S. H. Ko, Adv. Funct. Mater., 2013, 23,
4171–4176.

22 D. Y. Choi, H. W. Kang, H. J. Sung and S. S. Kim, Nanoscale,
2013, 5, 977–983.

23 L. Yang, T. Zhang, H. Zhou, S. C. Price, B. J. Wiley and
W. You, ACS Appl. Mater. Interfaces, 2011, 3, 4075–4084.
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