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Abstract: As macroscopic three dimensional (3D) architec-
tures show increasing significance, much effort has been
devoted to the hierarchical organization of 1D nanomaterials
into serviceable macroscopic 3D assemblies. How to assemble
1D nanoscale building blocks into 3D hierarchical architec-
tures is still a challenge. Herein we report a general strategy
based on the use of ice as a template for assembling 1D
nanostructures with high efficiency and good controllability.
Free-standing macroscopic 3D Ag nanowire (AgNW) assem-
blies with hierarchical binary-network architectures are then
fabricated from a 1D AgNW suspension for the first time. The
microstructure of this 3D AgNW network endows it with
electrical conductivity and allows it to be made into stretchable
and foldable conductors with high electromechanical stability.
These properties should make this kind of macroscopic 3D
AgNW architecture and it composites suitable for electronic
applications.

One-dimensional (1D) nanostructures have shown great
application potential in electronics, optoelectronics, bioelec-
tronics, and molecular sensing devices[1] owing to their
anisotropic nature associated with their functionalities. The
problem of how to effectively assemble nanoscale building
blocks including 1D nanostructures into macroscopic func-
tional architectures has become increasingly important from
the viewpoint of practical applications.[2] Much effort has

been devoted to the hierarchical organization of 1D nano-
structures into serviceable macroscopic assemblies for desired
applications, among which, assemblies with three-dimen-
sional (3D) architectures are demonstrating increasingly
significance.[3] For example, Lieber et al.[3a] have prepared
macroporous, flexible, and free-standing nanowire nanoelec-
tronic scaffolds. The 3D architectures obtained can monitor in
real-time the physicochemical and biological microenviron-
ments throughout their 3D and macroporous interior, such
materials can have a marked impact in both electronics and
biomaterials. Suh et al.[3b] have fabricated a flexible strain-
gauge sensor using two interlocked arrays of conductive
nanofibers. This kind of hierarchical assembly can detect
pressure, shear, and torsion with high sensitivity. Wang et al.[3i]

use ZnO nanowire arrays to convert mechanical energy into
electricity and a solely nanowire-based, self-powered nano-
sensor unit was demonstrated. These remarkable achieve-
ments inspired us to build nanoscale building blocks into
higher hierarchically assembled architectures with fascinating
structures and potential applications. The present large-scale
assembly techniques for assembling these nanostructures into
highly ordered, aligned, and regular two-dimensional film
structures have been readily realized.[2a–f, 4] Yet, with respect to
the fabrication of 3D nanowire architectures, the synthesis
strategies are mainly based on direct growth of complex
nanowire arrangements[3g–k, 5] or the assembly of unordered
nanowire aerogels.[3c–f] The preparation processes of 3D
ordered nanowire architectures by the direct growth method
are commonly time-consuming and need harsh synthesis
conditions. With respect to the unordered 3D nanowire
aerogels, they should demonstrate inferior application prop-
erties compared to those 3D nanowire architectures with
more organized structures. A challenge, therefore, still facing
practical application is the large-scale and efficient assembly
of 1D nanowires into more complicated and hierarchical 3D
architectures with controlled organization, orientation, spac-
ing, and ultimately providing a useful system.

Herein, we report a general, versatile assembly technique
which has high efficiency and controllability, using an ice-
template approach to convert directly assembled monodis-
persed silver nanowires (AgNWs) into free-standing macro-
scopic 3D cellular-like architectures without using any extra
functionalization agent or crosslinking agent for the first time.
The 3D monoliths obtained have a hierarchical binary-
network architecture (2D nano-networks of AgNWs com-
partmental films and 3D AgNW micro-networks of the
interconnected compartmental units).[6] The unique binary-
network microstructure endows this kind of 3D nanowire
architecture with structural stability under a certain extent of
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deformation.[6] Remarkably, the 3D monoliths obtained can
reach a very high electrical conductivity of 50 S cm�1 with an
ultralow AgNW density. As one potential application, we
made this unique binary-network architecture into stretch-
able and foldable conductor[6, 7] and its electromechanical
stability was demonstrated.

Fabrication of such a macroscopic 3D AgNW compart-
mentalized architecture is illustrated in Figure 1. Unidirec-
tional freezing as a straightforward, low-cost, scalable assem-
bly technique was applied[8] as the building process to
construct monodispersed AgNW into highly ordered complex
structures. High-quality AgNWs with lengths of 4–15 mm
(Supporting Information, Figure S1) were used as building
blocks. The formation of such a highly ordered compartmen-
tal architecture is generated by the oriented growth of ice
crystals in the suspension of AgNWs.[9] In brief, when the
AgNW suspension is poured into a mold on the precooled
plate, fast nucleation of ice crystals will occur randomly on the
freezing surface at temperatures far below the freezing point
of the solution. Afterwards, ice crystals sweep along with the
solidification front to form parallel ice fingers and at the same
time the separated AgNWs are pushed together into the inter-
finger spaces by the growing ice fingers. In this way,
interconnect 2D networks of AgNW films were formed
among the ice fingers and all the 2D AgNW network films
connect together to form an interconnected 3D AgNW
compartmental micro-networks. After the ice is sublimed by
freeze drying, a macroscopic free-standing monolith of a con-
tinuous and interconnected binary-network with well-ordered
compartmental architecture can be obtained (Figure 1d,
Figure 2, Figure 3; Supporting Information, Figure S2).

To construct free-standing macroscopic 3D AgNW archi-
tectures, a sufficient amount of AgNW building blocks is
indispensable. Suspensions with different concentrations of
AgNWs were investigated at the same freezing temperature
to observe the effect on the microstructures. Free-standing 3D
AgNW networks with different density can be obtained

without any collapse during the drying process when the
initial concentration of the AgNW suspension is no less than
10 mg mL�1. That is to say, it is difficult to form sufficient
contacts between AgNWs to support the ultimate 3D network
when there were insufficient AgNW building blocks. The
scanning electron microscope (SEM) images of the fracture
surface of the networks show that the 3D AgNW network is
discontinuous when a low concentration of AgNWs was
applied, and the 2D AgNW network films become more
complete and dense with increasing the amount of AgNWs in
the suspensions (Figure 2, Supporting Information Fig-
ure S2a–c and Figure S3).

This ice-template assembly method demonstrates great
flexibility in controlling both the macrostructure and the
microstructure of 3D AgNW architectures. The macrostruc-
ture can be simply altered by using molds with different
shapes. As the temperature of the freezing surface is the key
point to determine the size of the initial ice crystals, which in
turn control in the ultimate pore size of the scaffolds,[9] the
microstructure and pore structures of 3D AgNW network can
be tuned by using different freezing temperature. The SEM
images of the fracture surface of the networks show that the
reducing of the freezing temperature leads to a decrease in
the pore size but an increase in the pore numbers (Figure 3,
Supporting Information Figure S2d–f). Furthermore, as indi-
cated in Figure 3 and Figure S2d–f, the 2D AgNW network
films become thinner as the freezing temperature reduced
from�10 8C to�50 8C. When lower freezing temperature was
used, ice crystals grow faster and more and smaller initial ice
crystals would form, which then lead to thinner ice crystals in
the AgNW suspensions.[9] In this process, AgNWs in the
suspensions migrate to the boundaries of more ice crystals,
and more compartment are formed. So the 2D AgNW
compartmental films should become thinner when the
compartment numbers increased but the amount of AgNWs
is not increased accordingly. Temperatures above �10 8C and
below �50 8C were also studied and compartment width

Figure 1. Formation mechanism and morphology of the 3D AgNW compartmentalized architecture. a) Schematic showing the formation
mechanism of the compartmental monolith by freeze casting. b,c) Typical top-view (b) and side-view (c) SEM images of AgNWs networks.
d,e) Photos of the 3D AgNW monolith and AgNWs/PDMS composite.
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distribution of the assemblies obtain from �5 8C to �196 8C
(liquid nitrogen) are displayed in Figure S4. More interest-
ingly, this strategy can also be extend to assemble other one-
dimensional nanomaterials into macroscopic free-standing
3D compartmentalized architectures, such as copper nano-
wires (Supporting Information, Figure S5).

As silver nanowires are one of the best electric materi-
als,[1b] this unique interconnected network of AgNWs should
have excellent electrical performance. The electric resistances
of the 3D AgNW networks prepared with different conditions
(the amount of AgNWs and freezing temperature) were
measured. As revealed in Figure S6, the resistance decreased
rapidly when the density of AgNWs was increased owing to
the presence of more inter-wire junctions, and also showed
a linear dependence with the freezing temperature used in the
preparation. The results show that the electrical conductivity
has a close relationship with the microstructures of 3D AgNW
networks.

For networks made with the same amount of AgNWs but
a lower preparation temperature, the 2D AgNW network

films become increasingly
thinner and the number of
compartments in the whole
monolith increase. Thus the
number of paths electrons
could take increased in the
3D networks with more
compartmental units. As
a result the electrical con-
ductivity increases with the
reducing freezing tempera-
ture. This fact can be used to
influence the final electrical
conductivity of the 3D net-
works. The networks can
reach a very high electri-
cal conductivity 21.5 Scm�1

at an ultra-low density of
25 mgcm�3. This conduc-
tivity value is much higher
than that of the 3D aerogel-
based conductive materials
(Supporting Information,
Table S1), demonstrating
great advantages of our hier-
archical 3D AgNW binary-
network architecture in elec-
trical applications. The supe-
rior electrical conductivity
should be attributed to the
unblocked electron migra-
tion through the infinite
interconnected network of
high-conductive AgNWs.

To further display the
structural advantage of the
binary-network architecture
in electrical applications, we
infiltrate AgNW networks

with polydimethylsiloxane (PDMS) to fabricate AgNWs/
PDMS composites (Figure 1e). Importantly, the macrostruc-
ture of the 3D AgNW network was not affected at the
infiltrating and curing process, as demonstrated by optical
microscope and SEM images of the cross section of AgNWs/
PDMS composites film (Figure 4a–d). Compared the elec-
trical conductivity of the initial AgNW networks to that of
AgNWs/PDMS composites, nearly no change was observed
(about 12.5 S cm�1 at the AgNW density of 25 mgcm�3

prepared at �10 8C), indicating that introduction of the
PDMS matrix does not damage the microstructure of the
interconnected 3D network. The microstructure variation of
AgNWs/PDMS composites under tensile strength was studied
by optical microscopy. As shown in Figure 4a–c, when the
tensile strain on AgNWs/PDMS composite increased from 0–
80%, the macropores of compartmental units (marked by the
red window) shrank perpendicular to the direction of the
tensile force and elongated in the direction of the applied
force. At the microscale, the deformation and elongation of
the 3D compartmental units guarantees a continuance of the

Figure 2. Microstructure of the 3D AgNW compartmental architectures with different amount of AgNWs
prepared at �10 8C. a–c) Top-view SEM images of monoliths with a density of a) 10, b) 25, and
c) 40 mgcm�3. d–f) Higher magnification images of (a–c).

Figure 3. Microstructure of the 3D AgNW compartmentalized architectures prepared by different freezing
temperature. a–c) Top-view SEM images of monoliths with a density of 25 mgcm�3 prepared at a) �10,
b) �30, c) �50 8C. d–f) Higher magnification images of (a–c).
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conductive network in the PDMS, which would protect
contacts among AgNWs in the 2D compartmental films
from quick disconnection. At the nanoscale, a fine intercon-
nected AgNW network in the 2D compartmental films
embedded in PDMS can also effectively accommodate the
deformation without a significant decay in conductivity under
stretching. The unique binary-network microstructure should
offer the great advantage of structural stability under a certain
extent of deformation.

The deformation mechanism of the binary network during
stretching is shown in Figure 4e,f. Although the composite
was elongated to a certain strain (e) under the tensile strength,
the tensile strain observed in AgNW networks in the 2D
compartmental films is smaller than e due to the shape
deformation of the 3D compartments. In other words, the
tensile strain applied to the AgNW nano-networks of the 3D
binary-network architecture was shared by the 3D compart-
ments. Therefore, the 3D nanowire binary-network architec-
tures we prepared should have a better performance in
electrical applications than the 2D nanowire networks.

The structural advantages of the 3D binary-network
architecture and extraordinary electrical conductivity com-
bines with the excellent mechanical robustness of PDMS
make the AgNWs/PDMS composite an appropriate candi-
date for use as flexible and stretchable conductors
(Figure 5).[10] 3D AgNW networks with a density of
25 mg cm�3 were chosen to make stretchable conductors and
the electrical resistance with respect to stretching strain and
bending radius were investigated, which were carried out with
a high-precision mechanical system (Instron 5565A).

We first investigated the stretchability of the composites,
and the resistance revealed a steep increase in the continuous
stretching process (Figure 5a). Note that the composite
remained conductive with the resistance change of only

about 2 W until it broke at 140 % strain (Figure 5a). In
addition, during the first stretching, the resistance increase
(DR/R0) of our AgNWs/PDMS composites at the strain of
100 % was about 150%, which is better than other reported
flexible conductors based on AgNWs (Supporting Informa-
tion, Table S2).[6] The resistance variation as a function of
uniaxial tensile strain from 0 to 50% was then investigated.
As revealed in Figure 5b, the resistance of the AgNWs/PDMS
composite increases with increasing tensile strain during the
first cycle of stretching, while becomes nearly stable from the
second cycle of stretch-release. The irreversible resistance
increase is only about 0.3 W under 50 % stretching (Inset in
Figure 5b) and becomes larger for a larger tensile strain
(Supporting Information, Figure S7). Even after one-thou-
sand stretch–release cycles the AgNWs/PDMS composites
did not show any obvious irreversible resistance increase
(Supporting Information, Figure S8). These results can be
reasonably attributed to the partial irreversible separation
between the AgNWs in the network.

We further investigated the resistance variation under
bending deformations. As displayed in Figure 5 c,d, the
resistance showed a slight increase of less than 0.1 W at
a bending radius of 2.0 mm during the first bending cycle, and
can almost recover after straightening (Figure 5c). Notably,
even after 5000 cycles for a bend radius of 2.0 mm, the
resistance variation of composites is just less than 0.2 W

(Figure 5d and inset). These results are a good demonstration
of the excellent electromechanical stability of AgNWs/PDMS
composites and their great potential for high-performance
stretchable and flexible conductors.

In conclusion, we have successfully assembled 1D silver
nanowires into free-standing complex macroscopic hierarch-
ical 3D architectures by ice-templating assembly method. The
3D AgNW networks prepared by this approach have a fasci-

Figure 4. a–c) Optical microscope images of 3D AgNWs/PDMS composite at 0%, 40%, and 80% strain, respectively. All the scale bars are
100 mm. Red windows highlight the changing size of the macropores) Cross section SEM image of 3D AgNW network embedded in a PDMS
matrix. The white part indicates the cross section of the 2D AgNW films. e,f) Illustration of effects of elongation on the AgNWs/PDMS micro-
network (e) and the 2D AgNW nano-network (f) of the composite under tensile strain (e).
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nating ordered binary-network microstructure, which can be
readily tuned by changing the fabrication condition. The 3D
binary-network architecture has advantageous structural
properties and high electrical conductivity. The tunability of
the network structure together with its electrical properties
should make this macroscopic 3D AgNW architecture and its
composites suitable candidates in electronic applications. As
a potential application, we have made this network into
stretchable and foldable conductor and its electromechanical
stability has been demonstrated. Furthermore, this ice-
template assembly method is versatile and shows high
efficiency and controllability, which may be used as a general
strategy for assembly of other nanowires into advanced
macroscopic 3D architectures.
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