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ABSTRACT

Silver nanowires (AgNWSs) are promising materials in the fabrication of flexible
and transparent conductive thin films (FTCFs), which are key components of
flexible optoelectronic devices. However, the performance of AgNW FTCFs is
severely limited by their low aspect ratio, and the fabrication of AgNWs with a
high aspect ratio remains a significant challenge. In this study, AgNWs with a
diameter of 40 nm and aspect ratio of 2000 were synthesized rapidly by control-
ling the total molar concentration of Cl™ ions in the reaction solution by a typical
polyol method to adjust the Cu®*/Fe®" molar ratio. Subsequently, AgNW FTCFs
were fabricated by the coating method using hydroxyethyl cellulose (HEC). The
films exhibited a low sheet resistance of 68 (2/sq and transmittance of 86.70%,
which are comparable to those of typical indium tin oxide electrodes. Meanwhile,
a mechanical robustness test showed that the sheet resistance of the AgNW-HEC
films increased by only 3.15% even after 3000 bending cycles.
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because these devices require not only a high trans-
parency and conductivity but also good mechanical

1 Introduction

In recent years, owing to their high transmittance,
low sheet resistance, and high flexibility, flexible and
transparent conductive films (FTCFs) are being used
widely as electrodes in sensors [1], touch screens [2],
solar cells [3], organic light-emitting diodes [4, 5], and
human-machine interfaces [6]. However, owing to
the scarcity of indium and the complexity of its manu-
facturing process, indium tin oxide (ITO) has become
increasingly expensive. In addition, its inherent brit-
tleness hinders its applicability in flexible devices,

flexibility. Therefore, alternatives are being explored
to replace ITO. These include graphene [7-10], car-
bon nanotubes [11, 12], conductive polymers [13], and
metal nanowires (NWs) [14, 15], such as those of Ag
and Cu. Among the various materials being investi-
gated, metallic networks, especially AgNW networks
[16], are regarded as the ideal replacements for ITO
because of their excellent optical transmittance and
high electrical conductance.
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A few studies have suggested that the use of ultra-
long AgNWs with high aspect ratios is a promising
strategy for improving the performance of FTCFs.
The smaller the diameter and greater the length of the
NWs, the longer the penetration path and the lower
the number of high-resistance wire-wire contacts
in the film. This, in turn, results in a network with
a lower number density of wires and lower contact
resistance. Studies have also suggested that the length
and diameter of the NWs have a determining effect
on ensuring high transparency with low haze [17-20].
Therefore, extending the length of the NWs and keep-
ing their diameter as small as possible constitutes a
simple solution to overcome several challenges related
to the large-scale applicability of AgNWs. Many chem-
ical techniques have been developed for the synthe-
sis of AgNWs, including template-directed synthesis
[21], the electrochemical technique [22, 23], ultraviolet-
irradiation-based photoreduction [24], hydrothermal
and solvothermal methods [25, 26], and polyol synthe-
sis [27]. The polyol process remains one of the most
promising methods because of its simplicity and high
yield. Typically, polyvinylpyrrolidone (PVP) is used
as the capping agent, and ethylene glycol (EG) is used
as the solvent and reducing agent to reduce AgNO; to
AgNWs. The key factors for synthesizing high-aspect-
ratio AgNWs are slow nucleation, rapid growth, and
deoxygenation. To regulate AgNW growth, the length
and diameter of the AgNWs are tuned by changing the
molecular weight of PVP, controlling the concentra-
tion of the additives, or varying the type of agent used
(such as those containing Fe**, Cu®*, CI, and Br~ ions)
[28-31]. Increasing the aspect ratio of AgNWs further
via polyol processing is an appealing but challenging
strategy. Wang et al. [28] reported that the aspect ratio
of AgNWs prepared in a Br —Cl” mixed solution was
much higher than those of AgNWs prepared in both, a
single Br™ solution and a single CI” solution. Similarly,
by adjusting the Cu®*/Fe*" molar ratio, Mao et al. [32]
obtained AgNWs with a diameter of 30 nm and aspect
ratio of up to 4000.

It has been reported that the metal cations intro-
duced into the polyol system act as redox pairs (such
as Fe*'/Fe*" and Cu?*/Cu") and prevent oxidative etch-
ing, thereby improving the selectivity and uniformity
of the formed AgNWs. Here, we report the one-step
synthesis of ultrahigh-aspect-ratio AgNWs (diameter
of 40 nm and aspect ratio of 2000) by controlling the
total molar concentration of CI in the reaction solu-
tion (concentration of CI” was 420 uM in 75 mL of the
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reaction solution) to adjust the Cu**/Fe** molar ratio.
This method does not require a protective gas during
synthesis, and the process time does not exceed 2 h.
The synthesized AgNWs were finally transferred to
plastic substrates (polyethylene terephthalate (PET))
by the coating method to fabricate AgNW-hydroxye-
thyl cellulose (HEC) FTCFs, which showed a low sheet
resistance (68 (/sq) and high transmittance (86.70% at
550 nm).

2 Experimental
2.1 Materials

All chemical reagents were of analytical grade and
used without further purification. These included sil-
ver nitrate (AgNOj3, 299.8%, Sinopharm), EG (= 99.0%,
Sinopharm), acetone (C;HyO, 299.5%, Sinopharm),
PVP (M,, = 1,300,000, Aldrich), ferric chloride hexa-
hydrate (FeCl;-6H,0, >99.5%, Sinopharm), copper
chloride dihydrate (CuCl,-2H,0, >99.5%, Sinop-
harm), sodium bromide (NaBr, >99.5%, Sinopharm),
HEC (Aldrich), and ethanol (C,H;0H, =99.0%, Xilong
Chemicals). Deionized water with a resistivity of 18.2
MQ cm was obtained using a purification system.

2.2 Synthesis of AgNWs

Ultralong AgNWs were synthesized by a one-step
chemical reaction. Firstly, 1.2 g of PVP (M, = 1,300,000)
was dissolved in 50 mL of EG. Next, the solution was
heated and continuously stirred at 170 °C for 1 h. Sub-
sequently, when the CI” ion concentration was 420 uM
(total volume =75 mL), EG containing FeCl; and CuCl,
was added in a certain proportion to the PVP solu-
tion. Simultaneously, 10 mL of a NaBr solution (1.05
mM) was added to the mixture, and the mixture was
stirred for 15 min at 170 °C. Finally, 10 mL of AgNO;,
(0.6 M) was added to the mixture and stirred at 170
°C for 45 min. The solution was then cooled to room
temperature.

After completion of the reaction, the solution was
added to acetone for rapid precipitation, following
which the supernatant was removed, dispersed in
ethanol, and washed. After repeating the reaction
3 times, pure AgNWs with ultrahigh aspect ratios
were obtained. Finally, the AgNWs were dispersed in
ethanol. A schematic representation of the synthesis
process and the changes in the color of the reaction
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solution during the procedure are shown in Fig. 1a
and b.

2.3 Fabrication of AgNW-HEC FTCFs

AgNW (10 mg/mL) and HEC (8 mg/mL) solutions
were mixed in a 1:1 ratio and stirred for 1 h to obtain
a AgNW conductive ink. A slit coater (Ossila L2005,
UK) coated with the AgNW conductive ink was used
to form films on PET substrates [33]. First, the ink
was injected, and a coating was formed at a speed of
3-8 mmy/s, ink flow rate of 0.5-2.5 mL/min, and sub-
strate temperature of 50 °C. The coated AgNW film
was subsequently dried in an oven at 130 °C for 30 min
to improve the wire-wire connections. A photograph
of the thus-prepared film is shown in Fig. 5d. It can be
seen that the FTCFs based on the AgNWs exhibit high
transmittance.

2.4 Structural characterization and property
analysis

The surface morphology of the AgNWs was charac-
terized using field-emission scanning electron micros-
copy (FESEM, Hitachi 5-4800, Japan) and high-reso-
lution transmission electron microscopy (HRTEM,
Talos F200X, USA). X-ray diffraction (XRD) analysis
(DX-2700BH, China) was performed at a scan rate of
4°/min using a Cu-Ka radiation source (1 =1.54056
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A) to analyze the structure and crystallinity of the
AgNWs. The ultraviolet-visible (UV-Vis) spectrum
of the AgNWs and the optical transmittance of the
AgNWs-HEC FTCFs were measured using a UV—-Vis-
near infrared spectrophotometer (Shimadzu UV-2600,
Japan). The sheet resistances of the AgNW-HEC FTCFs
were evaluated using a four-point probe system (SM-
4, China). Finally, their mechanical robustness was
analyzed using a laboratory-manufactured system.

3 Results and discussion

The aspect ratio of the synthesized AgNWs varied
with the Cu®/Fe®* molar ratio, and typical AgNWs
synthesized at a Cu®'/Fe®" molar ratio of 5:2 exhibited
the highest aspect ratio. Table 1 shows the average
length, diameter, and aspect ratio of AgNWs formed
using different experimental parameters.

The products were also characterized using HRTEM
and selected-area electron diffraction (SAED) analyses.
A typical TEM image of sample AgNW-1 is shown in
Figs. 2a and S1; the diameter of the AgNWs is approxi-
mately 40 nm. Figure 2b shows an HRTEM image of
typical AgNWs. The NWs are highly crystalline with
an estimated lattice plane spacing of 0.24 nm, which
is consistent with the separation between the (111)
planes of Ag. The growth direction of the AgNWs is
perpendicular to the plane. The corresponding SAED
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change in the color of the reaction solution during synthesis.

Fig. 1 a Schematic of experimental procedure for the synthesis of AgNWs. b change in the color of the reaction solution during synthe-
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Table 1 Average length,

diameter, and aspect ratio Sarznple (Fe3+/ FeCl;/1 mL  CuCl,/1 mL  NaBr/1 mL L (um) D (nm) AR(L/D)
’ . Cut) (mM) (mM) (mM)
of AgNWs formed using
different experimental 1(2:5) 3.9 9.8 10.5 80+20 40+10 2000
parameters 2 (4:5) 5.7 7.2 10.5 65+20 45+10 1444
3(5:4) 6.9 5.5 10.5 50+20 5010 1000
4 (5:2) 83 33 10.5 40+20 50+10 800
5(2:5) 39 9.8 0 20+20 190+20 105
6 (2:5) 39 9.8 31.5 30+20 45+10 667

Fig.2 a TEM. b HRTEM.
¢ SAED. d XRD patterns of
synthesized AgNWs

pattern confirms the single-crystalline nature of the
AgNWs (Fig. 2c). Figure 2d shows the XRD pattern of
typical AgNWs. The diffraction peaks can be indexed
to the (111), (200), (220), (311), and (222) planes of
the pure face-centered cubic silver crystal; the peak
widths are small, indicating that the AgNWs have a
high crystallinity. This is consistent with the data in
JCPDS Card No. 04-0783. Finally, no peaks related to
impurities are detected, indicating the formation of
high-purity AgNWs.
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Figure 3 shows SEM images of the AgNWs synthe-
sized using different Cu?*/Fe molar ratios. First, we
increased the Cu®" ion concentration during prepara-
tion. As the concentration of Cu*" was increased, the
average length of the AgNWs increased from 40 um
to 3.3 mM to 80 um at 9.8 mM. This suggests that a
high concentration of Cu*" ions is beneficial for form-
ing ultralong AgNWs. However, the amount of the
byproduct, namely, Ag nanoparticles, increased with
increasing Cu®" concentration. Note that when the
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Fig. 3 SEM images of
AgNWs synthesized using
different Cu®*/Fe** molar
ratios. a 5:2. b 5:4. ¢ 4:5.

d 2:5. e Changes in AgNWs
diameter and length with
Cu?*/Fe** molar ratios
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molar ratio of Cu?*/Fe** was 5:2, although the AgNWs
were the longest, the amount of the byproduct (Ag
nanoparticles) formed was the largest.

When preparing high-aspect-ratio AgNWs, it is not
only important to form NWs of a suitable size and high
aspect ratio, but also necessary to ensure that the NWs
are highly pure and free from contamination. This is
because the aspect ratio of the AgNWs and presence
of nanoparticle-sized impurities significantly affect the
conductivity and transparency of the NW network. In
this study, the uniformity of the AgNWs was studied

Fe*/Cu** molar ratio

while changing the Cu**/Fe" molar ratio because Fe®*
ions can affect the uniformity and morphology of the
AgNWs. As shown in Figs. 3a and S2, uniform AgNWs
with a diameter of 40 nm and an ultrahigh aspect ratio
of up to 2000 are obtained at a Cu?*/Fe®* molar ratio of
5:2. When the molar ratio of Cu?**/Fe®" is 5:4 (Fig. 3b),
the average length of the AgNWs is 65 pm, the diam-
eter is approximately 45 nm, and there are many
impurities. In addition, when the molar ratio of Cu*'/
Fe®" is reduced to 4:5 and 2:5 (Fig. 3c and d), fewer
nanoparticles are formed as impurities in the reaction

@ Springer
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product, and the diameter of the AgNWs increases to
50 nm. The diameter and length of AgNWs varying
with Cu?*/Fe®" molar ratio concentration is illustrated
in Fig. 3e. The experimental results presented in Fig. 3
suggest that even when the Fe® ions are present in a
trace amount, etching occurs to some degree, and this
etching effect is greatly enhanced with an increase in
the concentration of Fe®" ions. This, in turn, strongly
affects the morphology of the AgNWs. The oxidation-
etching effect of Fe®" is greater than that of Cu®'. The
addition of Fe®" ions facilitates the growth of multiple
twinned seeds for the formation of NWs by removing
oxygen from the surface of the twinned seeds and pre-
venting their dissolution by oxidative etching. There-
fore, when the Cu?/Fe®" ratio is increased to 4:5, the
purity of the AgNWs is the highest, and the concentra-
tion of the Ag nanoparticles is the lowest. Intriguingly,
when the Cu?"/Fe® ratio is increased to 2:5, spherical
nanoparticles, polyhedral, and nanorods are formed
because of the excessive Fe® ions. Thus, moderate
amounts of Cu®* and Fe®" ions synergistically facilitate
the formation of AgNWs with high purity and aspect
ratios.

The physicochemical properties of AgNWs play an
important role in determining their growth behavior.
Br~and CI” ions promote the adhesion of halogen ions
onto the surfaces of AgNWs, promoting their growth
and crystallinity. When the molar ratio of Cu?*/Fe®*
is 5:2, the Br™ ion concentration is 0 mm, the average
length of the AgNWs is 20 um, and their diameter is
approximately 190 nm (Fig. 4a). However, when the
concentration of Br™ is increased to 31.5 mM, the aver-
age length of the AgNWs changes from 20 to 30 um, as
shown in Fig. 4b. With the addition of Br~ ions in the

Fig. 4 SEM images of
AgNWs synthesized at a
Cu?*/Fe** molar ratio of 5:2
when the Br~ concentration is
a0mM and b 8§ mM
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appropriate concentration, the diameter of the AgNWs
decreases significantly from 190 to 40 nm, and their
length increases from 20 to 80 nm. Because of the selec-
tive etching effect of the Br™ ions, their addition in the
appropriate concentration can promote the formation
of AgNWs; however, when the Br™ ion concentration
is too high, the release rate of the Ag+ ions is too low,
resulting in the growth of multiple double seeds into
the AgNWs that are strongly etched by Br/O,.

Moreover, the conductivity and transmittance of
the synthesized AgNW-HEC films have a determining
effect on their commercial applicability. In this study,
PET films were used as the substrates, resulting in the
AgNW-HEC films exhibiting different sheet resist-
ances and light transmittances (Fig. 5a). The transmit-
tances of the films at 550 nm with sheet resistances of
68 and 15 Q/sq were 86.70 and 82.05%, respectively.
Its sheet resistance after the folding-relaxation cycles
is shown in Fig. 5b. No degradation is observed dur-
ing the first 1200 folding cycles. Thereafter, the sheet
resistance slowly increases with folding, and after 3000
folding cycles, the sheet resistance increases from 68 to
70 Q)/sq. The net increase is only 3.15%. Next, the con-
ductivity of the FTCFs was confirmed by inserting an
FTCF with a sheet resistance of 68 ()/sq in a circuit (red
dashed circle), as shown in Fig. 5¢, and turning on the
light-emitting diode. Figure 5d shows a photograph of
a representative AgNW-HEC conductive thin film. The
experiment results on atmospheric degradation behav-
ior of the film were shown in Figs. 53 and S4. Based
on the results of this study, it can be concluded that
AgNW-HEC conductive films are promising materials
with high conductivity and foldability for use in the
electronics industry.
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Fig. 5 a Transmittance of AgNWs-HEC film fabricated in this
work. b changes in the sheet resistance of the AgNW-HEC con-
ductive thin film during 3000 cycles of folding. ¢ turning on of

4 Conclusions

In summary, we synthesized ultralong AgNWs with
aspect ratios higher than 2000. The average diameter of
these AgNWs was 40 nm and their average length was
approximately 80 um, which is greater than that of
normal AgNWs (typically, the aspect ratio of AgNWs
is approximately 1000). The successful fabrication of
the ultralong AgNWs was achieved by controlling the
Cu2+/Fe3 + molar ratio during the formation reaction.
Subsequently, a simple coating method was used to
prepare AgNW-HEC FTCFs with a sheet resistance of
68 ()/sq and transmittance of 86.70% at 550 nm. Even
after 3000 bending tests, the sheet resistance of these
films changed only slightly, indicating that the fabri-
cated AgNWs are highly suitable for preparing trans-
parent conductive films.
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