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Abstract

Flexible transparent conductive films (TCFs) based on silver nanowires (AgNWs) networks have been widely researched as
an alternative to indium tin oxide (ITO) for optoelectronic devices. However, AgNW-based TCFs still involve issues such
as high haze and poor transmittance for practical application. The innovation point of our work is the synthesis of ultra-fine
and high aspect ratio AgNWs, and they are developed to prepare high-performance AgNW-based TCFs. In this study, a rapid
and rationally designed method to synthesize ultra-fine AgNWs through dual ionic assistants assisted has been explored.
As a result, the as-synthesized AgNWs have a uniform ~20 nm diameter, and a high aspect ratio of 2000, which are the
minimum diameter and maximum aspect ratio among the values reported previously for solvothermal-processed AgNWs.
A highly transparent and bendable AgNW-based conductive film shows a 97.71% transmittance and a haze of 1.49% under
the condition of disregarding the transmittance and haze of bare PET substrate. The sheet resistance (R, of the resulting
AgNW-based conductive film is~ 15 Q sq'. Most importantly, the AgNW-based conductive film exhibits strong adhesion
to the substrate. The advanced and wide-ranging features of the as-prepared AgNW-based conductive film greatly contribute

to its use as a transparent conductive film in multifunctional flexible optoelectronic devices.

1 Relevance summary

In this paper, ultra-fine silver nanowires with a diameter
about 20 nm and an aspect ratio approximately 2000 were
prepared by a simple solvothermal process. To the best of
our knowledge, the synthesis of AgNWs with diameters
<40 nm is still difficult, and there is no report use solvo-
thermal and not attach any external pressure to control the
growth of AgNWs to obtain AgNWs with a small diam-
eter. This research uses hydroxyethyl cellulose as a crucial
film-forming adhesive, which has a characteristic of green
environmental protection. The AgNW-based conductive film
offers an excellent photoelectric property, which presents
more obvious advantages compared with previous reports.
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2 Introduction

Transparent conductive films (TCFs) play a pivotal role
in a variety of optoelectronic devices, including touch
panels [1], liquid crystal displays [2], transparent organic
light-emitting diodes (OLEDs) [3], thin-film solar cells
[4], and conducting film glasses [5], due to its high elec-
tric conductivity and high transmissivity within the range
of visible light. With the transformation and upgrading
of consumer electronics industry, and the rapid devel-
opment of display technology, an industrial demand for
flexible, pliable, and even stretchable TCFs to replace
the expensive, rigid, and brittle indium tin oxide (ITO)
thin films. Until now, emerging candidates have been pro-
posed as replacements for ITO, including silver nanow-
ires (AgNWs) [6-8], metal grids [9, 10], graphene [11,
12], conductive polymers [13], carbon nanotubes [14],
and ITO ink [15]. Among these alternatives, AgNWs can
provide good electrical conductivity, remarkable optical
transparency, excellent mechanical flexibility, and compat-
ibility with inexpensive processing. These superiorities
make AgNWs become most promising potential alterna-
tive as a next generation TCFs. Significantly, it has been
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theoretically predicted and experimentally proved that thin
and long AgNWs are beneficial to the performance of the
TCFs, especially for high-level applications such as pony-
size touch panel screens that require low haze and low
resistance under extremely high transparency conditions
[16]. Therefore, it is extremely critical to employ AgNWs
with a small diameter and a large aspect ratio to prepare
TCFs.

Over the past few years, the polyol reduction process
has been the most universal synthetic method for preparing
AgNWs [17-19]. Although the method as the most common
method has substantial advantages, there are also some obvi-
ous disadvantages, limiting its practical application. Spe-
cifically, in the polyol reduction process, various influence
factors such as stirring speed, injection speed of chemicals,
and number of injection have almost always affected the
morphology of AgNWs, including length, diameter, and
surface structure, resulting in an tough experimental condi-
tion and intricate synthesis process. Moreover, and in gen-
eral, AgNWs synthesized by the polyol reduction route have
an average diameter larger than 40 nm and an aspect ratio
< 1000. In contrast, the solvothermal process is more con-
venient and easier, and can achieve one-step synthesis. Most
recently, synthesis of AgNWs by solvothermal method has
been reported. However, to the best of our knowledge, the
synthesis of AgNWs with diameters <40 nm is still difficult,
and there is no report on the utilization of solvothermal with
dual ionic assistants, and not attach any external pressure
to control the growth of AgNWs to obtain AgNWs with a
small diameter and a large aspect ratio, which are summa-
rized in Table 1 [20-24]. Chen et al. [20] demonstrated that
the AgNWs were successfully synthesized by solvothermal
process, but unfortunately their diameter ranging from 56.6
to 84.2 nm and aspect ratio ranging from 100 to 500, and far
below actual requirements. Fang et al. [21] claimed that the
as-synthesized AgNWs have a typical wire like structure;
however, the length is below 31.2 pm with diameter over
910 nm, and the aspect ratio reached only around 35. Liu
et al. [22] experimentally showed that AgNWs were syn-
thesized via a solvothermal method, with diameter ranging
from 50 to 100 nm and 5-10 pm in length. Banica et al. [23]
also independently showed that AgNWs diameter between
200 and 250 nm and length between 10 and 25 pm, can be

obtained by controlling the solvent composition. Therefore
we can conclude that it is urgent to achieve the synthesis of
thin and long AgNWs.

Herein, AgNWs with an average diameter of ~20 nm and
an average length of ~40 pm have been first synthesized via
a solvothermal method with dual ionic assistants, and not
attach any external pressure. Meanwhile, we demonstrate the
film of AgNWs network on a polyethylene glycol terephtha-
late (PET) substrate via bar coating. The AgNW-based con-
ductive film offers a sheet resistance (Ry,..,) of ~15 Q sq”!
with a 97.71% transmittance and a haze of 1.49%. And most
importantly, the AgNW-based conductive film exhibits
strong adhesion to the substrate.

3 Experimental
3.1 Chemicals and materials

Silver nitrate (AgNO3,>99.8%, STREM), poly-vinylpyr-
rolidone (PVP, Mw ~ 1,300,000, Aldrich), sodium chlo-
ride (NaCl, >99.5%, Sinopharm), potassium bromide
(KBr, >99.0%, Sinopharm), ethylene glycol (EG, >99.0%),
hydroxyethyl cellulose (HEC, Dow-QP-100MH), ethanol
(C,HsOH, >99.0%) and PET were purchased from commer-
cial sources. All the reagents were analytical grade reagents
and used as received without any further purification. Deion-
ized (DI) water was prepared by laboratory water purifica-
tion system with a resistivity of not < 18.2 MQ cm and an
operating temperature of 20 °C, and it was used throughout
the experiment.

3.2 Preparation of AgNWs

Ultra-fine silver nanowires were obtained through a dual
ionic assistants assisted synthesis process. Typically, 100 mL
of ethylene glycol solution of NaCl with a concentration
of 0.0086 mol L~!, and 100 mL of ethylene glycol solu-
tion of KBr with a concentration of 0.0042 mol L™ were
firstly prepared. Subsequently, transfer 5 mL of NaCl solu-
tion and 5 mL of KBr solution to 90 mL of ethylene glycol.
Meanwhile, 1.12 g of AgNO; and 6.95 g of PVP were dis-
solved into 150 mL of ethylene glycol, to form homogeneous

Table 1 Comparison of AgNWs

. Method Diameter (nm) Length (pm) Aspect ratio References
synthesized by solvothermal
method Solvothermal method 56.6-84.2 8.63-29.8 100-550 [20]
910 31.2 ~35 [21]
50-100 5-10 50-200 [22]
80 3 ~40 [23]
97 78 ~800 [24]
Solvothermal method ~20 ~40 ~2000 This work
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solution. Later, the former solution was poured into the
mixed solution of NaCl and KBr. After magnetically stirring
for 10 min, a light white suspension was obtained. 250 mL of
the suspension was transferred into a Teflon-lined stainless
steel autoclave with a capacity of 500 mL and was reacted
under solvothermal condition at 170 °C for 2 h 10 min with
a ramping rate of 6 °C min™' at an oven. After reaction fin-
ished, the autoclave was taken out and cooled under atmos-
pheric conditions. The free-standing AgNWs was collected
by centrifugation of 4800 rpm for about 20 min and washed
repeatedly by ethanol and deionized water, respectively.
Finally, a black green sample was obtained. The sample
was dispersed in a small volume of deionized water, and the
suspension liquid was filtered through a sieve (aperture: 400
mesh) to remove the agglomerated AgNWs. After this, the
solid content of AgNWs was measured.

3.3 Preparation of AgNW ink

A water-soluble AgNWs conductive ink was prepared using
HEC as matrix resin. The matrix resin was used as adhesive.
First, 1.0 g HEC was stirred in 100 mL of deionized water
for 90 min at 60 °C to obtain a uniformly dispersed liquid.
Then, transfer 5 mL of above HEC solution and 15 mL of
aqueous AgNWs dispersion solution with the solid content

of 0.67% to beaker. Subsequently, two types of solutions
were mixed together to form the final ink.

3.4 Preparation of AgNW-based TCFs

The PET substrate was adsorbed onto the platform of the
bar coater (BEVS1811/2) by vacuum. After this, the bar (a
diameter of 20 pm) was put down to hold the substrate. The
AgNW ink was added to the substrate using a dropper. The
coating speed and distance were set as at 300 mm s~ and
15 cm, respectively. Later, the bar pushed the conductive ink
to glide over the substrate. The obtained wet film was taken
down and put in an oven at 130 °C for curing 5 min, and
the resulting AgNW-based flexible transparent conductive
film was obtained, the thickness of film containing the bare
substrate is ~ 120 pm. The most suitable curing temperature
and time should help the AgNW network obtain the best uni-
formity. In view of the above experimentation, the synthesis
of ultra-fine AgNWs and the preparation of AgNW-based
TCFs as illustrated in Fig. 1.

3.5 Characterization
The phase constitution identification of the sample was made

by X-ray diffraction (XRD, Rigaku TTRIII) with a Cu K,
(A=1.54056 A) radiation source. All the measurements were

Matrix resin

170 °C wash
>
2 h 10 min centrifugation
Precursor Ultra-fine AgNW's AgNWs dispersion
\/
130 °C 5 min coating
< 45 < y.
curing -
AgNW-based TCF Wet film AgNW ink

Fig. 1 Typical technology flow diagram of preparation of ultra-fine AgNWs and AgNW-based TCFs
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performed in the 26 range 20°-90° in steps of 0.02° s~
The microstructures and morphologies of the sample were
characterized by field emission scanning electron micros-
copy (FE-SEM, JSM-7800F, operating at 15 kV). The
detailed microstructures of the sample were also deter-
mined using transmission electron microscopy (TEM), fast
fourier transform (FFT), and high-resolution transmission
electron microscopy (HRTEM, JEOL JEM-2100) with an
acceleration voltage of 200 kV. The sample was dispersed in
ethanol and dropped on copper grids for measurement. The
UV-Vis spectra of the sample were recorded by UV-Vis
spectrophotometer (PERSEE Genera TU-1901) with a scan
range from 190 to 900 nm. The transmittance and haze of
the AgNW-based TCFs were obtained using transmittance
and haze analyzer (SGW-820), and a bare PET film was
used as blank contrast group. The sheet resistance of the
AgNW-based TCFs was measured via a four point probe
(SB100A/2). The adhesion of the AgNW conductive ink on
the PET substrate was performed by tape test. All measure-
ments were performed in air under ambient conditions.

4 Results and discussion

The as-prepared AgNWs were investigated by XRD and the
result is displayed in Fig. 2, which is verified as a pure phase
by comparing with JCPDS number of 99-0094. As is evi-
dent, no other secondary or amorphous phase is found from
the XRD pattern. All diffraction peaks can be indexed to
the face-centered cubic (fcc) Ag crystal with a space group
of Fm-3 m (255) and an a=b=c=4.086 A lattice constant.
Also, from XRD data one can observe that the intensity ratio

-O-Ag
I JCPDS NO. 99-0094

(111)

Intensity (a. u.)

(220) (311)
e
L) v L) M L) v L) I' | v I L) I

20 30 40 50 60 70 80 90
20 (degree)

Fig.2 Typical XRD pattern of the as-prepared AgNWs
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of the reflection (111) exhibits relatively high value, indicat-
ing that the grown of AgNW:s preferentially along the (111)
plane. The average grain size is estimated to be approxi-
mately 18 nm using the Scherrer equation (d =0.9431/fcos6)
derived from (111) direction of XRD results. Moreover, the
peak sharp and peak intensity suggest that the as-synthesized
AgNWs have high crystalline degree.

The morphology and the microstructure of the as-pre-
pared AgNWs are characterized by FE-SEM, as displayed
in Fig. 3. The FE-SEM image in Fig. 3a shows a typical wire
like structure. The average length of the pristine AgNWs is
40 pm, which is measured based on hundreds of nanowires.
It can be observed that the as-prepared AgNWs possesses
few silver nanoparticles, indicating the synthetic process
will form seed crystal of different shapes. Figure 3b dis-
plays the magnified FE-SEM image of as-prepared AgNWs,
from which it can be seen that the high purity and uniform
AgNWs have been obtained. Moreover, a smooth surface
is apparently observed on the magnified FE-SEM image.
From high magnification FE-SEM images in Figs. 3c, d,
the as-prepared AgNWs with a diameter of ~20 nm are pre-
sented in the images. The long AgNWs with thin diameter
gives a high aspect ratio of 2000 that is conducive to a high
performance AgNW-based film. From the theory of perco-
lation, a certain amount of AgNWs is required for the net-
work to percolate. The thinner and longer the AgNWs, the
less number of AgNWs needs to form conductive network,
which can increase effectively the transmittance and reduce
the haze [25].

The TEM, high resolution TEM and FFT micrographs
of as-prepared AgNWs provide more information about the
structure characteristics, as shown in Fig. 4. As can be seen
from the low magnification TEM images (Fig. 4a, b), the
as-prepared AgNWs are thin and uniform in diameter, which
have a narrow size distribution. Magnified TEM images have
given further insight into the structure, as shown in Fig. 4c,
d. Figure 4c shows a smooth surface of the as-prepared
AgNWs. Figure 4d displays the tip of an individual AgNW,
clearly manifesting the existence of a twin-plane structure
parallel to the crystal growth direction, and the pentagonal
cross tip demonstrates the formation of a five-fold twinned
structure. In order to further confirm the crystalline struc-
ture of AgNWs, high resolution TEM image is carried out,
as shown in Fig. 4e. It is observed that there is an obvious
capping layer with an average thickness of 2.2 nm on the
surface of a single AgNW, corresponding to the residual
PVP. The PVP layer is difficult to completely eliminate, even
after wash and centrifuge repeatedly. On the one hand, PVP
plays a vital role in the preparation of AgNWs, as it is used
to control effectively the growth of AgNWs and disperse
AgNWs by encapsulating encapsulating the {100} planes
of AgNWs. On the other hand, contact resistance between
AgNWs is caused by residual PVP layer, adsorbing on the
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Fig.3 FE-SEM micrographs

of the as-prepared AgNWs at a
low magnification, b relatively
high magnification and c, d high
magnification, respectively

(c)

17.6 nm

surface of AgNWs and leading to loose contact between
AgNWs, which induces capacitive junctions [26]. The diam-
eter of a single AgNW is measured to be about 20 nm, which
effectively supports the above SEM measurement. The spe-
cial part marked by the red line is magnified and shown in
inset. The clear well-developed lattice fringes imply a high
crystallinity and single orientation. The inset shows lattice
fringes with an interplanar spacing of ~0.24 nm, which is
consistent with (111) plane of faced-centered cubic phase
of Ag, and in good agreement with XRD results. It is also
reveals that AgNWs are enclosed with the {111} plane act-
ing as the surface plane with a corresponding growth direc-
tion of [422], which is consistent with reported values [27].
Furthermore, the FFT pattern (Fig. 4f) further proves that
AgNWs possess a twin crystalline structure.

To explain the possible formation mechanism of thin and
long AgNWs by dual ionic assistants assisted method, sys-
tematic formation process of AgNWs from the nucleation
to growth stages has been carried out and shown in Fig. 5.
The role of dual ionic assistants, especially the existence
of KBr, plays a key part in control of the size of Ag seeds
and the diameter of Ag nanowires. Firstly, in the preheating
stage, AgCl and AgBr seeds are primarily formed. When the
temperature rises to 170 °C, the Ag* is continuously reduced
to Ag. Meanwhile, a certain amount of multiply twinned
particles (MTPs) and nanoparticles are taken shape on the
surface of seeds. Then the MTPs grow into silver nanorods
and further grow into nanowires under the action of PVP.

During the formation of AgNWs in this work the Br™ can
more effectively passivate the {100} planes and limit its
growth [28], leading to the synthesis of thinner AgNWs.
On the other hand, the AgBr seeds are smaller than the AgCl
seeds [29], the smaller AgBr seeds thus promote the forma-
tion of ultra-fine AgNWs.

The UV-Vis absorption spectra of as-prepared AgNWs
are shown in Fig. 6. It is well known that the UV-Vis spec-
troscopy can be used to analyze the morphology of AgNWs
because the Ag nanostructures have different sizes and
shapes exhibit surface plasmon resonance (SPR) bands at
different frequencies. In general, there are two plasmon
absorption resonances for AgNWs; one is attributed to the
transverse oscillation of electrons with the peak around
354 nm, while the second plasmon is due to the oscillation of
electrons along the long axis [30]. Figure 6 shows the typical
absorption peaks are at 353.43 nm and 369.95 nm, respec-
tively. Meanwhile, no other absorption peaks were obtained
by UV-Vis spectroscopy, which further confirm the synthe-
sis of AgNWs. In additional, it has been reported that if the
diameter of AgNWs is sufficiently small, it will lead to the
blue-shift of absorption peaks, and the large characteristic
frequency will <370 nm [31]. The blue-shift phenomenon
is due to a reduction in diameter of the nanostructures, and
causes further a reduction of scattered light. This suggests
that the as-synthesis AgNWs are ultra-fine AgNWs.

To further analyze and illuminate the characteristics of
as-synthesized ultra-fine AgNWs, the appearance features
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Fig.4 a, b Low magnifica-

tion TEM micrographs of the
as-prepared AgNWs, ¢, d high
magnification TEM images of
the as-prepared AgNWs, e the
corresponding HRTEM image
with obvious lattice fringes, and
f a corresponding FFT pattern

are recorded by optical image, and as displayed in Fig. 7a.
As can be seen from the Fig. 7a, the aqueous AgNWs dis-
persion is the nearest to an atrovirens, it is a typical color of
ultra-fine AgNWs. And for all we know, the more thin the
AgNWs, the more dark the exterior colour, which further
confirm the ultra-fine AgNWs are successfully synthesized
by solvothermal method without attach external pressure.
The uniform colour indicates that the AgNWs have a good
dispersibility in deionized water. Figure 7b shows the flex-
ible nature of the as-fabricated AgNW-based TCFs, exhibit-
ing good flexibility and high optical transmittance.

To verify whether the as-prepared ultra-fine and high
aspect ratio AgNWs can serve as TCFs with lower haze,

@ Springer

higher transmittance and lower sheet resistance, the pho-
toelectric properties of AgNW-based TCFs were meas-
ured, and shown in Fig. 8. As is well known, the bare
PET substrate is not completely transparent. Figure 8a dis-
plays the transmittance and haze of are 91.92% and 0.96%,
respectively, for the bare PET substrate. When the AgNW
ink was coated on the PET substrate using bar coater, the
transmittance and haze of AgNW-based TCFs are 8§9.63%
and 2.45%, respectively (as shown in Fig. 8b). Therefore,
the AgNW film exhibits a 97.71% transmittance and a haze
of 1.49% under the condition of disregarding the transmit-
tance and haze of bare PET substrate. The weak fluctu-
ate illustrates that the as-fabricated AgNW-based TCFs
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Fig.6 UV-Vis absorption spectra of the as-prepared AgNWs disper-
sion

exhibits superior transparency, and a bit hazy is due to
light scattering from the AgNWs. Figure 8c shows a typi-
cal photograph of an AgNWs mesh on a PET substrate.
From the photograph, the AgNWs are uniformly coated
on PET substrate, and the film appears to be light blue.

Observe carefully, the AgNW-based TCFs are sufficiently
transparent that the logo below the film could be seen
clearly. The investigated sheet resistance as a function
of a four point probe is summarily shown in Fig. 8d. It
can be seen that the sheet resistance of the as-fabricated
AgNW-based TCFs can as low as~ 15 Q sq~'. In view of
the excellent photoelectric properties, the as-fabricated
AgNW-based TCFs present more obvious advantages
compared with previous reports, including lower haze and
sheet resistance, and higher transparency [32-35].

For an efficient TCF, the adhesion is also a very impor-
tant factor. In order to verify the combination property
of the as-fabricated AgNW-based TCFs, an adhesion test
was performed by a kapton tape. The results show that
the AgNWs mesh possesses strong and excellent adhe-
sion with 0/5B (ISO/ASTM grade) on the PET substrate.
Moreover, the AgNW-based TCFs passed 180" recipro-
cating bend test of 20 times, and have outstanding bend-
ing resistance. In practical applications, the stability of
AgNW-based TCFs is also one important parameter to
determine its reliability and service life. In our incipient
experiments, after 60 days exposed to the natural environ-
ment, the sheet resistance of AgNW-based TCFs is still
near ~40 Q sq~!, which indicates the film surely possess
good long-term stability.
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Fig.7 a The photograph of
aqueous AgNWs dispersion,
and b the flexible nature of as-
fabricated AgNW-based TCFs

b

Fig.8 a, b The transmittance
and haze based on bare PET
substrate and as-fabricated
AgNW-based TCFs, c the opti-
cal photograph of the AgNW-
based TCFs, and d the sheet
resistance of the AgNW-based
TCFs

Bare PET film

5 Conclusion

In conclusion, we have developed dual ionic assistants
assisted synthesis route of ultra-fine AgNWs by solvo-
thermal method without any external pressure. The as-
prepared AgNWs exhibits overly thin diameter of ~20 nm
and greatly lager aspect ratio of 2000. The flexible TCFs
based on as-prepared ultra-fine AgNWs reveal excellent
conductivity, low haze, high transparency, and strong
adhesion, showing a 97.71% transmittance, a haze of
1.49%, a sheet resistance of ~ 15 Q sq_l, and a 0/5B

@ Springer

NWs conductive film
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adhesion. The excellent performance suggests that the
ultra-fine AgNW-based TCFs can be a promising candi-
date for using in high-performance optoelectronic devices
as a next generation TCF.
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