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soft template
C. Y. Liu1, Y. S. Zhang2, C. K. Kao2, J. H. Liu2*
1
2

School of Optometry and Vision Science Program, UC Berkeley, CA 94720 Berkeley, USA
Department of Chemical Engineering, National Cheng Kung University, 70101 Tainan, Taiwan (ROC)

Received 4 December 2017; accepted in revised form 30 January 2018

Abstract. Supramolecular β-cyclodextrin (β-CD) was used as a soft template for the fabrication of long silver nanowires. A
novel design using self-assembled β-CD for the reduction of silver ions was studied. The concentrations of iron chloride,
silver nitrate, and the template were controlling factors for the growth of the silver nanowires. Iron chloride was used to accelerate and facilitate the formation of the silver nanowires and inhibit oxidative etching. However, an excessive concentration
of Fe+3 resulted in etching of the silver nanostructures. Furthermore, the silver concentration was another controlling factor.
The length of the silver nanowires increased as the concentration of silver cations increased. Nevertheless, an excess concentration of silver cations formed various silver crystalline structures. In this study, the optimal ratio between iron chloride
and silver nitrate was determined to be 1:13.3. A maximum length of 20 μm was achieved using a concentration of 0.23 M
for the soft template. Moreover, the junction of two growing silver nanowires was observed, forming a long fused nanowire,
and some significant boundaries were observed. The observed results were further confirmed using scanning electron microscopy (SEM) and transmission electron microscopy (TEM) analyses. X-ray diffraction (XRD) and energy dispersive
spectrometer (EDS) analyses were used to indicate the presence of silver and the formation of crystalline materials.
Keywords: nanomaterials, β-cyclodextrin, heat-induced sol-gel template, silver nanowires

1. Introduction

possess high thermal and electrical conductivities,
bulky silver has a metallic color and a high melting
point (above 900 °C), which diverges from the properties of nanosilver (i.e., light-yellow color in solution and antibacterial properties). These differences
lead to ‘nano-generation’. Therefore, silver nanoparticles have emerged as one of the fastest growing
material categories in the nanotechnology industry.
It is very attractive, based on both fundamental and
technological aspects, to fabricate the size, shape,
and assembly of the inorganic nanoparticles because
they play important roles in many areas, such as electronic, magnetic, optical, optoelectronic, and catalytic fields [4–11]. The size and shape of organic compounds can be controlled using building blocks for
constructing an extended solid-state structure with

Silver is one of the most important industrial metals
in modern technologies, with the highest electrical
and thermal conductivity of any metal and the lowest
contact resistance, which has allowed it to be used
as an interconnection, particularly in the form of
wires [1, 2], in a wide variety of commercial applications, including conductive inks, electronic products, cosmetics, antibacterial medical products and
coatings [3].
Currently, nanotechnology is aimed at fabricating
functional and fine-tuned materials, devices and systems through the control of matter at the nanometerlength scale of less than 100 nm, where properties
differ significantly from those at larger scales. For
example, although both bulky silver and nanosilver
*
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organic molecules formed by a system of CD and
LiCl in DMF.

predesigned properties [12–14]. Because of their
unique properties and applications, silver nanoparticles have attracted great interest in our daily life [15–
20]. Accordingly, methods must be designed to prevent the formation of large metal clusters in their
growth processes. Template methods using a variety
of materials, such as alumina membranes, porous
polycarbonates, carbon nanotubes, DNA chains, rodlike micelles, and organogels, have been employed
in the growth of silver nanowires [21–30].
Organogels, particularly stimuli-responsive gels, have
been extensively investigated and have potential applications in smart biomaterials and drug-delivery
systems [31–33]. The gelation of small organic molecules usually occurs by the formation of fibrils and
self-assembled networks based on supramolecular
interactions [34].
Our group is interested in utilizing the properties of
these gels to construct high-order templates to synthesize silver nanowires. Nguyen and Liu [35] fabricated silver nanowires based on a soft template of
a cholesteryl pyridine carbamate organogel. For their
synthesis, silver nanowires must be under high-temperature conditions; however, gels usually form in
ambient environments. In the case of the polyol synthesis method, which is the most common method for
synthesizing silver nanowires, the number of functional groups must be limited to inhibit or promote
the formation of specific crystalline facets leading to
wires. Therefore, to overcome the above limitations,
we introduce reversible heat-set gels, which are usually prepared from small organic molecules. These
reversible heat-set organogels would be very valuable
in thermo-responsive and self-assembling materials
and other fields. As important supramolecular hosts,
skirt-shaped cyclodextrins (CDs, including α-, β-,
and γ-CD) with hydrophobic pockets and hydrophilic exteriors can form complexes with various
organic guest molecules through supramolecular interactions [36–40]. To the best of our knowledge, no
heat-set CD organogel has been reported; however,
many gels based on CDs have been prepared. These
findings of a heat-set organic CD gel could open a
door for the design of new low-cost and efficient
multicomponent organogelators and would be very
valuable in the delivery of functional molecules and
in the design of intelligent materials, biomaterials,
and other systems. Herein, we report a heat-set
organogel based on β-cyclodextrin (β-CD). This gel
system is a thermal responsive organogel of small

2. Experimental
2.1. Chemicals
β-Cyclodextrin (β-CD, 97%), silver nitrate (AgNO3,
extra pure), lithium chloride (LiCl, 99%), N,N-dimethylformamide (DMF, 99.8%), and iron(III) chloride (FeCl3, 97%, anhydrous) were purchased from
Tokyo Chemical Industry (TCI), Tokyo, Japan. All
chemical reagents were of analytical grade.
2.2. Measurements
Scanning electron microscopy (SEM) investigations
were carried out using a JEOL HR-FRSEM JSM6700F and a Hitachi HR-FESEM SU-8010.
The SEM samples were prepared on clean glass substrates. The samples were then coated with Pt by ion
sputtering (Hitachi, ε-1010). Transmission electron
microscopy (TEM) analyses were carried out on a
Hitachi HF-7500 Field Emission Transmission Election Microscope. The TEM samples were prepared
by drop coating onto a 200-Mech carbon-coated copper grid followed by solvent evaporation in a vacuum oven overnight. X-ray diffraction (XRD) data
were recorded with a D/Max-2500/PC powder diffractometer (Rigaku, Japan) operated at 40 kV and
40 mA using Ni-filtered CuKα (wavelength = 1.54 Å)
radiation.
2.3. Synthesis of silver nanowires
The heat-induced reversible gel was prepared using
the procedure reported by Li et al. [41] and described
as follows. A pre-determined concentration of β-CD
and 0.5 wt% LiCl in DMF were added to a 50 mL
double-neck bottle setup with a stirrer and condenser
and heated to 170 °C in a sand bath, resulting in a
white-colored gel. A solution of FeCl3 in DMF was
introduced dropwise to the obtained gel. During the
addition of FeCl3, the color of the gel changed from
white to light yellow, and the gel transitioned from
the rigid state to the partial gel state. Silver nitrate
was dissolved in DMF, and the resulting mixture
was sonicated for 10 minutes [42]. The β-CD system
was held at 170 °C for 10 minutes and then silver nitrate was then injected dropwise into the twoneck
bottle. The color sequentially changed from light
yellow to milky white, dark gray and reddish brown.
The mixture was heated for 1 hour and then was allowed to rest at room temperature overnight (>12 h).
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The synthesized silver nanowires contained many
impurities, such as AgCl, β-CD and other cations.
The crude product was washed with water, 1 M
aqueous ammonia and then ethanol three times via
a centrifuge. The unreactive β-CD and ions were removed thoroughly by washing, and AgCl were removed according to the following reaction [43]:
AgCl + NH4OH  Ag(NH3)2+ + Cl–
Ethanol was used to remove aqueous ammonia and
promote the dispersion of the samples for SEM and
TEM analyses.
Figure 2. (a) Emergence of the C=N bond from DMF influenced by Li+; (b) the polar-polar interaction between LiCl/DMF and β-CD; (c) schematic illustration of the self-assembly process.

3. Results and discussion
β-Cyclodextrin (β-CD) can form an organogel at elevated temperatures with N,N-dimethylformamide
(DMF) containing a small amount of lithium chloride. Figure 1 shows a photograph of the heatinduced
β-CD organogel. The transparent solution of the βCD system formed an opaque gel when heated, and
the gel reversibly transformed into a solution when
cooled to room temperature. This result is ascribed
to the self-assembly of cyclodextrin under the specified conditions when heated. The concentration of
β-CD in DMF affected the gelation temperature
(Tgel), which decreased as the concentration of βCD increased. The range of the permitted β-CD concentration was estimated to be 0.13 to 0.28 M. Within this range, heat-induced reversible sol-gel transition
was observed. A concentration of 0.5 wt% LiCl in
DMF was calculated to be the key factor for the gelation system. A schematic representation of the formation of the gel via self-assembly is shown in Figure 2. As shown in the figure, LiCl plays a significant

role in the formation of the gel. In the absence of
LiCl, the system formed a precipitate in DMF. Moreover, LiCl supplied chloride anions, which reacted
with silver to form silver chloride, serving as a reaction rate controller during the silver nanowire synthesis. As shown in Figure 2 and Figure 3d silver
ions may interact with the polar groups and ionic
sites on the complexes. The β-CD gels showed selfassembled linear structures, as shown in Figure 3a.
Thus, the obtained self-assembled linear structures
are expected to act as a soft temple for the fabrication
of silver nanowires. The addition of silver ions into
the system, as shown in Figure 3b and 3c resulted in
the fabrication of some reduced silver nanoparticles.
The results suggest that some of the silver ions interacted with the soft template leading to the formation of silver particles. From the fabrication process
shown in Figure 2, it can be predicted that the concentrations of silver nitrate and the template as well
as the molar ratio of iron chloride to lithium chloride
might affect the formation and growth of the silver
nanowires.
To successfully fabricate the silver nanowires, the
silver nitrate concentration was optimized using a series of AgNO3 concentrations. The morphologygies
of the fabricated samples and the growth of the silver
nanowires were investigated using SEM and TEM.
The detailed fabrication conditions and the fabricated
wire lengths are summarized in Table 1. The SEM
images of the fabricated products are shown in Figure 4. For sample S1, only a limited amount of silver nitrate was added. As shown in Figure 4a to 4c

Figure 1. Photographs of sol-gel phase transition of the
β-CD/DMF/LiCl system: (a) a transparent solution
at room temperature and (b) white gel phase formed
at elevated temperatures.
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Figure 3. (a) SEM image of the fabricated xerogel (Cβ-CD = 0.16 M with 0.5 wt% LiCl); (b) and (c) SEM images of the reduced silver nanowires and nanoparticles via the β-CD template at different magnifications (Cβ-CD = 0.16 M with
LiCl:AgNO3 = 1:3 without FeCl3); (d) schematic representation of the fabrication of silver nanowires via the heatinduced soft template.
Table 1. Effect of silver nitrate concentrationa.
Sample

LiCl:FeCl3:AgNO3

Cl–:Ag+b

Max lengthc

S1
S2
S3
S4
S5

3:1:2.4
3:1:6.6
3:1:10
3:1:13.3
3:1:20

1:0.4
1:1.1
1:1.7
1:2.2
1:3.3

–
4
5
16
11

a[β-CD]

were further confirmed using TEM, as shown in Figure 4e to 4h. It has been well documented that slow
reduction during the initial growth stages facilitates
the formation of pentagonal twinned particles, which
can rapidly grow into silver nanowires when a sufficient amount of silver source is supplied (sample
S2 to S5). In this experiment, the first slow dropwise
addition of silver nitrate resulted in the precipitation
of silver chloride. Dynamic release of silver from silver chloride acted to control the reduction rate. However, the successive addition of silver nitrate provided a sufficient amount of silver source for fast
anisotropic growth. Finally, silver wires were fabricated via the reduction process.
The XRD analysis of the fabricated samples is shown
in Figure 5. The reflection peaks greater than 30°
were indexed as the (111), (200), (220), and (311)
planes of face-centered cubic (FCC) silver (JCPDS
card No. 04-0783). The XRD analysis results indicate

= 0.13 M in DMF at 170 °C. bCalculated ion molar ratio.
silver nanowire [μm].

cFabricated

instead of silver nanowires, some silver chloride precipitates were observed, which was further confirmed by XRD analysis. Moreover, the precipitated
AgCl exhibited cubic and octahedral morphologies
under SEM and TEM analyses, as shown in Figure 4a to 4c. As the concentration of AgNO3 increased, the nanowires gradually became longer,
reaching a maximum length of 16 μm for sample S4,
as shown in Figure 4h. The fabricated silver wires
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Figure 4. (a) and (b) SEM images and (c) TEM image of S1 showing that AgCl precipitates formed; (d) SEM image and (e)
and (f) TEM images of S4 showing that the product is mainly composed of Ag nanowires; (g) and (h) TEM images
confirming the maximum width and length of the Ag nanowires.

Figure 6. EDS analysis of the silver nanowires in S4.

It was found that the control agent, iron chloride,
played a significant role in the production of the silver nanowires [44]. The necessity for iron chloride
(FeCl3) was based on the following traits:
(i) Chloride anions could be used to control the reaction rate in a similar fashion as LiCl.
(ii) Fe+3 cations could prevent oxidative etching of
the silver nanowires. DMF can reduce Fe+3 to
Fe+2, and Fe+2 can rapidly scavenge oxygen,
leading to the oxidation of Fe+2 to Fe+3.
To determine the effects of iron chloride on the fabrication of silver nanowires, as shown in Table 2, a
series of iron chloride concentrations was used. The
results of the fabricated silver wires are summarized
in Table 2. Increasing the iron chloride concentration
from 0.5 to 1.0 M resulted in the formation of silver
nanowires. However, when the iron chloride concentration was increased to twice that of sample F2,

Figure 5. XRD analysis of the fabricated samples with different silver nitrate concentrations.

that the fabricated amount of silver and the crystallinity of silver increased as the silver nitrate concentration increased.
Furthermore, the intensity ratio between the (111)
and (200) peaks in sample S4 was 2.14 (the theoretical ratio is 2.5), suggesting a deficiency of (111)
crystalline planes in the silver nanowires. The silver
chloride reflection peaks are marked in Figure 5
(JCPDS card No. 31-1238), which decreased upon
raising the amount of silver additive in the system.
Energy-dispersive X-ray spectroscopy (EDS) was
used for further analyze sample S4.
The atomic percentage of Ag was 77.05% in the
sample, as confirmed by Figure 6.
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Table 2. Effect of iron chloride concentrationa.
Sample

LiCl:FeCl3

Cl–:Ag+

the system. This result could arise from the lack of
reduction competition between the silver and iron
cations. Reduction competition could be considered
as another method to control the reaction rate. On
the other hand, trapezoidal and triangular plate-like
structures were found in Figure 7a, which demonstrated that they were used as seeds for the growth of the
silver nanowires in DMF solution [45].
In the XRD analysis (Figure 8), all the products
showed diffraction peaks from silver, as the (111),
(200), (220), (222), and (311) FCC facets were clearly observed in the spectra. Nonetheless, as the concentration of iron chloride increased, silver chloride
signals were observed in the XRD patterns.
Theoretically, to fabricate silver nanowires, the added
silver cations must coordinate via polar sites and
high electron density lone pairs to the highly ordered
soft template in the system. The reduction of silver
cations occurs easily at elevated temperatures. Accordingly, the predesigned heat-induced reversible β-CD
sol-gel template is an effective system for fabricating

Max. length

F1

3:0.5

1:3.0

–

F2(S4)

3:1.0

1:2.2

16

F3

3:2.0

1:1.5

4

F4

3:3.0

1:1.1

4

a

[β-CD] = 0.13 M in DMF at 170 °C with fixe amounts of silver nitrate and lithium chloride. Molar ratio was used.

along with the formation of silver nanowires, silver
nanoparticles were etched by Fe+3 (Figure 7c). In addition, the maximum wire length was reduced to
4 μm for samples F3 and F4. When the ratio of FeCl3
was equimolar to LiCl, too many iron cations were
present, which destroyed the β-CD template, leading
to the formation of several kinds of silver nanowire
morphologies (Figure 7b and 7d). The average diameters of the fabricated silver nanowires in F2–F4
were approximately 50~100 nm.
Notably, the formation of silver nanoparticles was
only observed when iron chloride was not present in

Figure 7. (a, b) SEM and (c, d) TEM images of the three different products observed in (a) F1, (b) F4, (c) F3, (d) F4 with
different iron chloride concentrations, showing the morphological evolution of the Ag nanostructures.

596

Liu et al. – eXPRESS Polymer Letters Vol.12, No.7 (2018) 591–599

nanowires to lengthen themselves. Figure 9 shows a
bent connection of two growing silver nanowires. At
the end of the synthesis, the silver nanowires can be
etched by aqueous ammonia, and the most erosive
region is the (100) facet [46].

4. Conclusions
In summary, silver nanowires were successfully fabricated via a sol-gel template using a heat-induced
β-cyclodextrin organogel. The self-assembled highdensity β-cyclodextrin sol-gel template fabricated
silver nanowires with long lengths. Studying the effect of the silver nitrate concentration showed that
the lengths of the silver nanowires increased as the
ratio of silver cations to chloride ions increased. The
investigations of the effects of the iron chloride concentrations indicated that the presence of iron ions
prevented etching of the silver materials.

Figure 8. XRD analysis of the fabricated samples with different iron chloride concentrations.

silver nanowires. Moreover, the presence of iron chloride collapses the gel state, leading to a partial gel
state. The partial gel state contains self-assembled formations in the solvent, which allows the ions to easily move and aggregate. With the assistance of lithium chloride and iron chloride, the silver cations were
reduced at elevated temperatures.
The first nucleation point for silver nanowires is typically multiply twinned particles exhibiting nearfivefold symmetry. As shown in Figure 9, the most
commonly observed polyhedral are decahedrons,
and continuous nucleation occurs on the (111) facet
for anisotropic growth in the [110] direction. When
thin silver nanofibers are synthesized, they aggregate
with other silver nanofibers, forming longer and wider
nanowires. The ends of the nanowires could then be
sometimes sensitized, attaching to other silver
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