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ble and conductive composite
based on an emulsion-templated silver nanowire
aerogel†

Zhilin Tian,ab Yu Zhao, c Shaogang Wang,d Guodong Zhou, b Ni Zhao *b

and Ching-Ping Wong *be

Stretchable and conductive composites are an important component of flexible electronics. However, it still

remains a challenge to achieve high stretchability and high conductivity simultaneously in the composites to

ensure high reliability in use. In this work, this issue is addressed by developing an emulsion-template

method to fabricate a porous silver nanowire (Ag NW)-based aerogel. The aerogel displays an isotropic

and hierarchical microstructure with good uniformity and process controllability. To make the aerogel

stretchable, the open cells in the aerogel are infiltrated with an elastomer. The obtained composite

exhibits high conductivity (65.7 S cm�1) and good stretchability (130% strain) at a remarkably low density

(50 mg cm�3) of Ag NWs, which is enabled by the formation of a three-dimensional conductive and

flexible network. The study suggests that the emulsion-templated Ag NW aerogel could be a good

candidate for the conductive scaffold of highly stretchable conductors.
Introduction

Flexible and so electronic devices have seen a rapid develop-
ment recently because of their great application potential in
health monitoring, motion detection, and human–machine
interactions.1 As compared to traditional electronics, exible
devices have lighter weight and can perform under various
deformations, thus enabling unconventional functionalities.2–4

In general, the deformation of the human body can be divided
into three regimes (Fig. 1a), small-scale (e.g., skin pulses or
facial expressions, <5%); middle-scale (e.g., nger or wrist
motions, 5–50%), and large-scale (e.g., joint movements, 50–
100%).1 To accommodate all these types of deformation while
minimizing the strains in the active electronic components
such as microprocessors, light-emitting diodes, and sensors,
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one has to use highly stretchable conductors as the intercon-
nects between the electronic components to make the entire
system exible and stretchable.

A key requirement of stretchable conductors is that they
should maintain a high conductivity under a large variation of
dimensions. There has been great effort devoted to developing
materials with high stretchability and conductivity. A
commonly used approach is embedding microscale or nano-
scale conductive llers into an elastomeric matrix to form
a stretchable conductive composite.5,6 When reaching a critical
concentration, the conductive llers, such as carbon-based
nanomaterials (carbon nanotubes and graphene),7–10 metal
nanowires and liquid metals,11–14 can form conductive pathways
for charge transport while the elastomer, such as polyurethane
(PU), polydimethylsiloxane (PDMS) and rubber, can endow the
composite with high stretchability.15–18 Stretchable composites
with high electrical conductivity have been demonstrated;17

however, limitations are still found in these systems. For
example, under high strain the metal nanomaterial-formed
conductive framework oen breaks due to disconnection of
the nanomaterials at joints or spallation of the materials from
the surface of elastomers;12 liquid metal-based composites
could also fail under high strain due to the leakage of the liquid
metal to form the defective points in the composites.17

Ag NWs with a large aspect ratio and high conductivity are
a popular choice as a conductive ller.11,12,19 Much effort has
been made to assemble the one-dimensional (1D) NWs into
a three-dimensional (3D) hierarchical architecture for desired
applications.20,21 Tang et al. reported a low-cost strategy to
fabricate ultralightweight aerogel monoliths and conducting
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Illustration of the human body activity and approximate range of strain scales and (b) schematic of the preparation of the Ag NW
aerogel. The inset shows the optical image of emulsions.
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rubber ambers from copper NWs.22 In their approach, the Cu
NW aerogel was obtained by directly freezing a Cu NW solution;
however, the random growth of the ice crystal results in an
inhomogeneous distribution of Cu NWs, which may affect the
performance reproducibility and reliability of the composite.
Oh et al. improved the aforementioned method by adding some
ice spheres into the Ag NW solution to direct the growth of an
isotropic composite structure.23 Yet, the large size of the ice
results in a sparsely distributed Ag NW network and conse-
quently limits the conductivity of the composite. Therefore,
alternative template approaches are needed to improve the
organization of 1D metallic NWs into a 3D network with
a desired microstructure and conductivity for stretchable elec-
tronic applications.

In this work, we report an effective and versatile approach to
prepare an isotropic and homogenous Ag NW aerogel by an
emulsion template method. The Ag NW aerogel displays
a hierarchical microstructure with good uniformity and process
controllability. To make the aerogel stretchable, we inltrated
the open cells in the aerogel with an elastomer. The obtained
composite exhibits a high conductivity and good stretchability
at a remarkably low loading density of Ag NWs. A three-
dimensional and exible network is critical for achieving
excellent electrical performance at a low percolation threshold.
Experimental
Materials

Ag NWs with a diameter of 20–30 nm and length of 10–20 mm
were purchased from Jiangsu XFNANO Materials Tech Co., Ltd.
The Ag NWs were washed two times to remove the capping
agent by centrifugation. Polyvinyl alcohol (PVA, Mw 85 000–
124 000) and cyclohexane were obtained from Sigma-Aldrich.
This journal is © The Royal Society of Chemistry 2020
The SYLGARD 184 silicone elastomer base and curing agent
were purchased from Dow Corning.

Methods

A concentrated Ag NW solution was prepared by the centri-
fuging method. No other solvent was used to remove the
capping agent. A 5 mL Ag NW solution containing 0.015 g PVA
was mixed with equivoluminal cyclohexane and themixture was
shaken by hand acutely for 5 min to get a homogenous emul-
sion. Then, vacuum degassing was used to remove the bubbles
in the emulsion. The emulsion was placed in a sealed plastic
container, which was connected with a vacuum pump through
a plastic hose. The gas in the emulsion can be removed when
the pump is turned on. Ag NW emulsions with different
concentrations were poured into a mold and frozen at �40 �C.
The shape of the aerogel can be regulated by using different
shapes of molds. Aer 5 h, the frozen samples were taken out of
the mold and they were lyophilized by using a Labconco freeze-
drier and then the Ag NW aerogel can be achieved. The PDMS
prepolymer was made by mixing the base and curing agent in
a weight ratio of 15 : 1. The mixture was diluted with cyclo-
hexane and degassed for 10 min. Then, the Ag NW aerogel was
formed in a polytetrauoroethylene mold, following which the
PDMS precursor mixture was gently poured into the aerogel
lled mold. Degassing was conducted for 5 h to inltrate the Ag
NW aerogel with PDMS followed by thermal curing at 80 �C for
6 h to get the bulk sample.

Characterization

A eld-emission scanning electron microscope (SEM, JSM-
7800F, JEOL, Japan) was used to characterize the microstruc-
ture. The spatial distribution of the Ag NWs and elastomer in
the composites was measured using X-ray tomography (XRT,
J. Mater. Chem. A, 2020, 8, 1724–1730 | 1725
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Versa XRM-500, Xradia, USA). High-resolution transmission
electron microscopy was conducted using a Tecnai G2 F20 (FEI,
Netherland). The electrical conductivity of the Ag NW/PDMS
composites was measured through a four-point probe tech-
nique with a Keithley 2400 Source Meter. The stretchability of
the Ag NW/PDMS composites was measured using a homemade
universal testing machine. The stress distribution of stretching
of the Ag NW spheres was simulated with nite element
modeling soware (COMSOL Multiphysics 5.3a).
Results and discussion

The Ag NW aerogels were obtained through an emulsion-
templated assembly process, which is a facile process to
generate aerogels with uniform and isotropic microstructures.
Fig. 1b shows the schematic diagram of the fabrication process
of the Ag NW aerogel. Here an emulsion was applied to
construct the porous structure. As water and oil (cyclohexane)
are immiscible, oil droplets can be suspended in the water aer
intense shaking. When Ag NWs are added to the water/oil
mixture together with PVA, the NWs can spontaneously
distribute around the oil droplets, thus forming a stable
emulsion (Fig. S1†). Here, PVA serves as a phase stabilizer and
promotes the emulsication process. If no PVA is added, the
mixture will transform into two largely separated phases
(Fig. S2†) with the oil oating on water due to the Ostwald
ripening mechanism.24 Following the emulsion formation, we
Fig. 2 Microstructures of the Ag NW aerogel with different loading den

1726 | J. Mater. Chem. A, 2020, 8, 1724–1730
applied a freeze drying process to remove the oil and ice to
obtain the aerogel. Note that unidirectional freezing with an ice
crystal-based template is widely used to form anisotropic
architectures.21,25,26 Our process, on the other hand, exploits
spherical oil droplets as a template of pores and would therefore
lead to an isotropic microstructure. Aer the frozen emulsion is
lyophilized, a highly porous percolated Ag NW network is
formed, with PVA mechanically supporting the Ag NW frame-
work.22 The inset of Fig. 1b shows that the Ag NW aerogel is very
lightweight, which can be supported by petals of a ower. In
comparison to the ultralight conductive silver nanowire aero-
gels developed in a previous study,26 our Ag NW aerogel
possesses an isotropic pore structure and thus has a superior
capability of maintaining high conductivity during stretching;
furthermore, due to the function of PVA in supporting the Ag
NW network, the aerogel also has a higher mechanical strength.

The internal structure of an aerogel plays an important role
in the mechanical and electrical properties of the composite.
Fig. 2 presents the microstructural images of the as-prepared Ag
NW aerogels with different loading densities. It should be noted
that the length of the Ag NWs is 10–20 mm and the diameter is
20–30 nm. All the Ag NWs grow along the [1 1 0] direction
(Fig. S3†). Fig. 2b, e and h reveal that the pores of the aerogel are
spherical and have a diameter of around 100 mm. Also, the pore
size increases with increasing concentration of Ag NW. We
believe that this size increase is related to the emulsion
formation process: when the Ag NW solution and cyclohexane
sities: (a–c) 10 mg cm�3, (d–f) 20 mg cm�3, and (g–i) 50 mg cm�3.

This journal is © The Royal Society of Chemistry 2020
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mixture is emulsied under vigorous shaking, the cyclohexane
phase is sheared into small droplets under shear force. If the
concentration of Ag NWs is increased, the viscosity of the Ag NW
solution will be increased accordingly. As a result, the droplet
size of cyclohexane will increase, resulting in a larger pore size
of the Ag NW aerogel. In addition, the magnied images (i.e.,
Fig. 2c, f, and i) show that the walls of the pores are formed by
randomly intersecting Ag NWs. As the concentration of the Ag
NWs increases, the NW network becomes denser, thus gener-
ating more conductive pathways. Such hierarchical open-cell
structures can allow for full inltration of an elastomer into
the aerogel, as will be discussed later.

To make the aerogel stretchable, we inltrated the open cells
of the aerogel with PDMS (Fig. 3a). The Ag NW aerogel presents
good stability and no collapse occurs during the degassing and
curing process. No pores are discovered in the sample (Fig. 3b)
indicating that the pores in the Ag NW aerogel are open cells.
The magnied cross-section image (Fig. 3c) displays a contin-
uous Ag NW conductive pathway and the Ag NW framework is
strongly bonded with PDMS without the presence of cracks
which can increase the reliability of the composites. We further
performed X-ray tomography (XRT) for 3D visualization of the
internal microstructure of the composites. Fig. 3d and S4†
illustrate the overall XRT images of the Ag NW/PDMS compos-
ites, while Fig. 3e and f show the distribution of the Ag NWs and
PDMS, respectively. Ag NWs construct an isotropic and hierar-
chical 3D interconnected structure and PDMS fully inltrates
into the pores. The 3D Ag NW scaffold and PDMS framework
contribute to the electronic conductivity and stretchability,
respectively. In addition, the uniform distribution of Ag NWs
and PDMS ensures the reliability of the performance.

The electrical conductivity of the Ag NW/PDMS composite
was measured, and the results are displayed in Fig. 4a. It can be
Fig. 3 (a) Optical image, (b) cross-section image and (c) magnified imag
PDMS composite, (e) Ag NW skeleton, and (f) PDMS framework (Ag NW

This journal is © The Royal Society of Chemistry 2020
seen that the conductivity of the composite increases almost
linearly with the loading of the Ag NWs, with the highest
conductivity reaching 65.7 S m�1 at a loading density of 50 mg
cm�3. The excellent electrical conductivity can be attributed to
the efficient and abundant charge transport pathways through
the well-interconnected network of highly conductive Ag NWs.
We further test the variation of the electrical resistance (DR ¼ R
� R0, R and R0 represent the measured resistance and original
resistance of the composites, respectively) of the composites
during stretching (Fig. 4b). In general, for all the composites,
regardless of their NW loading density, the change of their
electrical resistance increases with the amount of tension
experienced by the sample. The Ag NW/PDMS composite with
a higher Ag NW loading presents a smaller change in its elec-
trical resistance. Fig. S5† shows the magnied image of DR as
a function of tensile strain of Ag NW/PDMS composites with
50 mg cm�3 of Ag NW. It expresses very small changes of
resistance and less than 0.7 ohms at 130% strain, which already
meets the application requirements of so electronics in the
human body. The result suggests that the unique isotropic
microstructure of the Ag NW/PDMS composites is benecial for
maintaining the good conductivity of the material within a wide
stretching range.

To further explain the origin of the excellent electrical
performance of the Ag NW/PDMS composites under stretching,
we performed a simulation of the deformation of a spherical Ag
NW architecture under a strain of 30% (Fig. 4c). The result
reveals that the Ag NW skeleton will change its shape to
accommodate external stress and that the stress will concen-
trate in the middle of the Ag NW sphere. The changes in the
microstructure of Ag NW/PDMS composites were investigated
by the in situ tension test. As displayed in Fig. 4d–g, the
spherical Ag NW framework gradually becomes elliptical with
e of the Ag NW/PDMS composite. XRT image of the (d) overall Ag NW/
density: 50 mg cm�3).

J. Mater. Chem. A, 2020, 8, 1724–1730 | 1727
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Fig. 4 (a) Electrical conductivity of the Ag NW/PDMS composites at different densities of Ag NWs, (b) change of resistance of Ag NW/PDMS
composites as a function of uniaxial tensile strain until fracture, (c) simulation of the stress distribution of the Ag NW skeleton after stretching and
(d–g) microstructural images of Ag NW/PDMS composites at 0%, 20%, 30% and 50% tensile strain, respectively (scale bar: 500 mm). The red boxes
highlight a sample region as an example to show the deformation of the spherical pores to an elliptical shape during stretching.
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the increase of the tensile strain. Such deformation reduces the
local strain at the Ag NW-formed walls of the pore structure, as
illustrated in Fig. S6,† thus allowing the composite to maintain
its conductivity at a high strain value. In this sense, the 3D Ag
NW micro-pore structures are generally more desirable for
stretchable electronic applications than 2D Ag NW frameworks.
We also analysed the variation of the electrical conductivity with
different Ag NW densities using the tunneling model proposed
by Simmons.27,28 Based on the model we calculated the change
of the conductive pathways and tunneling distance based on the
tting parameters (Table S1†) extracted from the resistivity–
strain curves and plotted the results against strain as shown in
Fig. 5 Resistance change (DR) of the Ag NW/PDMS composites unde
stretching cycles at a strain of 50%. Inset: the DR of the composite as a f
releasing cycles. (b)DR of a composite when bent to a radius of 3.0mman
of up to 3.0 mm in the first bending cycle; photographs show the bend

1728 | J. Mater. Chem. A, 2020, 8, 1724–1730
Fig. S7.† It is found that the number of conducting paths in the
Ag NW/PDMS composite with a higher Ag NW density decreases
more slowly than that with a lower Ag NW density, and the
tunneling distance of the former also increases at a much lower
rate, both agreeing well with the experimental observations.

To evaluate the reliability of the composites, we further
conduct the cycling test of the Ag NW/PDMS composites at
a maximum strain of 50% (Fig. 5a). In the rst stretching cycle,
the resistance increased by 35% (DR/R0 ¼ (R � R0)/R0) at
a maximum strain of 50%; aer releasing the load, the irre-
versible resistance increase was only about 18% under 50%
stretching. Partial breaking or sliding of Ag NWs mainly
r mechanical deformation. (a) DR of Ag NW/PDMS as a function of
unction of tensile strain up to 30% and 50% in the first two stretching–
d then released for each cycle. Inset: the composite at a bending radius
ing process.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Comparison of conductivity, concentration of filler, and change of electrical resistance (DR/R0) at 100% strain or maximum strain with
previously reported systems with a 3D conductive framework

Conducting ller/polymer DR/R0 Loading (mg cm�3) Conductivity (S cm�1)

3D graphene/PDMS9 209% at 95% strain 5 10
3D Ag NW/PDMS21 67% at 100% strain 60 49.1
Cu NW/PDMS22 19.5% at 60% strain 10 0.83
3D Ag NW/PDMS23 142% at 100% strain 20 42.36
3D Ag NW/cotton29 182% at 100% strain — 56.82
PUS/Ag NW/PDMS30 160% at 100% strain 20 10.25
3D Ag NW/PU31 430% at 100% strain 73 20
Graphene/Ag NW/PDMS32 250% at 40% strain 18 10.28
Carbon nanotube/PU33 52% at 100% strain 64 1
Ag NW/PDMS (this work) 69% at 100% strain 50 65.7
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contributes to this phenomenon. When decreasing the tensile
strain, the loss of conductivity will also reduce. The Ag NW/
PDMS composite shows a stable performance even aer 1000
stretching and releasing cycles. The irreversible resistance
increase does not enhance aer the second cycle. In addition,
the bending test was performed at a bending radius of 3 mm.
The resistance increases slightly and nearly recovers to the
initial state aer releasing (Fig. 5b). The stretching and bending
tests of the Ag NW/PDMS composites demonstrate their good
reliability for application as stretchable conductors.

Finally, it is worth noting that a low NW loading ratio could
lead to a lower material cost and better mechanical exibility of
the composite. Therefore, we compare our Ag NW/PDMS
composites with previously reported systems with a 3D conduc-
tive framework in a comprehensive chart containing base
conductivity, ller loading, and change of electrical resistance at
100% or maximum strain (Table 1).9,21–23,29–33 Ag NW/PDMS
prepared using the isotropic aerogel shows a great advantage. It
can achieve high conductivity and the low increase of resistance
under deformation at a small amount of loading of Ag NW llers
demonstrates its potential application as exible conductors.
Conclusions

In summary, a 3D porous Ag NW aerogel was developed by an
emulsion-template method. 1D short Ag NWs can be efficiently
assembled with isotropic and hierarchical architecture. The
open cells in the aerogel guarantee that the elastomer fully
inltrates into it and results in a high stretchability. Ag NW/
PDMS composites consist of percolation networks of conduc-
tive Ag NW llers in an elastomeric matrix and they can achieve
high conductivity at a very low concentration of Ag NWs.
Application of the 3D Ag NW scaffold with homogeneous
architecture is a cost-effective strategy to realize good perfor-
mance. The results highlight the Ag NW/PDMS composites as
promising stretchable conductors in so electronics for appli-
cation in the human body. Furthermore, the emulsion-template
method is a versatile strategy for the fabrication of porous
aerogels and it can be easily extended to other highly conductive
materials (e.g. metal nanowires, carbon nanotubes, and gra-
phene) which show advantages in efficiency and uniformity.
This journal is © The Royal Society of Chemistry 2020
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