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H
ybrid materials are becoming in-
creasingly important because of
the possibility to benefit from the

best of organic and inorganic realms. They
are considered as an attractive, versatile,
technological platform for future electronic,
optical, magnetic, and energetic appli-
cations.1�8 Even so, numerous of research
works mainly focus on the combined ad-
vantages of each component, having not
paid much attention to offsetting the weak-
nesses of nanocomponents. However, the
selectively offsetting becomes crucial for
some special applications, such as sensing.
The irrelevant influencing factors on sens-
ing materials can be picked off upon a
deliberate positioning of the building
blocks with opposite dependence upon
external stimuli.9

Piezoresistive sensors, transducing pres-
sure message to resistance signal, have

been rapidly developed and widely used
for their advantages in high sensitivity, fast
response, feasible fabrication, low cost, and
easy signal collection.9�19 However, as
the core part of sensors, the piezoresistive
materials always show temperature drift
caused by the temperature-dependent
electrical resistances. So, the temperature
compensation has to be involved in order to
determine the stress being measured
accurately.20�24 Even so, the temperature
compensation systems have to be cali-
brated frequently due to the newly exploit
and volatile application environments, mak-
ing the measurements more complex and
applicably restricted.Hence, self-temperature-
compensated sensors are highly desirable
in direct and precise measurement. The
most feasible solution is developing hybrid
sensing materials with a low/nearly zero
temperature coefficient resistivity (TCR) by
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ABSTRACT To obtain ideal sensing materials with nearly zero temperature coeffi-

cient resistance (TCR) for self-temperature-compensated pressure sensors, we proposed

an Incipient Network Conformal Growth (INCG) technology to prepare hybrid and elastic

porous materials: the nanoparticles (NPs) are first dispersed in solvent to form an incipient

network, another component is then introduced to coat the incipient network

conformally via wet chemical route. The conformal coatings not only endow NPs with

high stability but also offer them additional structural elasticity, meeting requirements

for future generations of portable, compressive and flexible devices. The resultant

polypyrrole/silver coaxial nanowire hybrid aero-sponges prepared via INCG technology

have been processed into a piezoresistive sensor with highly sensing stability (low TCR 0.86 � 10�3/�C), sensitivity (0.33 kPa�1), short response time

(1 ms), minimum detectable pressure (4.93 Pa) after suffering repeated stimuli, temperature change and electric heating. Moreover, a stress-triggered

Joule heater can be also fabricated mainly by the PPy-Ag NW hybrid aero-sponges with nearly zero temperature coefficient.

KEYWORDS: hybrid sponge . nearly zero temperature coefficient resistance . self-temperature compensation . stress sensor .
Joule heater
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offsetting the positive and negative temperature-
dependence of electric resistance.
Conductive and elastic sponges are an emerging

kind of candidates for fabrication of piezoresistive
sensors because of their combinational electric con-
ductivities and mechanical flexibilities. Heretofore, con-
ductive sponges are mainly obtained from (a) metal
aerogel produced by sol�gel procedure,25�30 (b) car-
bonized product of organic aerogel,31�34 and (c) nano-
material self-assembled by CNTs or G/GO sheets.35�49

However, few of them exhibit a low/nearly zero tem-
perature coefficient resistivity (TCR) with a single
component.
Therefore, we proposed an Incipient Network Con-

formal Growth (INCG) technology to prepare hybrid
and elastic porous materials. A polypyrrole/silver
(PPy/Ag) coaxial nanowire hybrid aero-sponge (we
called the resultant porous material “aero-sponge”
because it was prepared via wet chemical and super-
critical drying procedure analogous to “aerogel”) was
prepared successfully via INCG technology in a pro-
grammable way. Through the wise selection of the
ratio of PPy to Ag, the electric resistance of the hybrid
aero-sponges can be immune from temperature influ-
ence. The resultant aero-sponges are ideal candidates
for stress-sensing and Joule-heating materials with
nearly zero temperature coefficient behaviors.

RESULTS AND DISCUSSION

We proposed an Incipient Network Conformal
Growth (INCG) technology to prepare hybrid and
elastic porous materials (Figure 1). 0D, 1D or 2D
nanoparticles (NPs) are first dispersed in solvent to
form a uniform suspension. Once the suspension is
within a proper concentration range, the incipient
network will be formed via NPs contact with each
other. Another component is then introduced and
supposed to coating the incipient network conformally.
The conformal coatings not only endow NPs with high

stability but also offer them additional structural elasti-
city, meeting requirements for future generations of
portable, compressive and flexible devices.
Ag nanowires (Ag NWs) were herein selected to

build the incipient 3D networks because of its mature
synthesis route and uniform diameters. The morphol-
ogy of the obtained Ag NWs was investigated
by Scanning Electron Microscope (SEM) measure-
ments. From the SEM results (Supporting Information
Figure S1), we can see that Ag NWs show uniform
diameter of about 50 nm and length of tens of micro-
meters. Doi and Edwards theory was adopted to
evaluate the solution range of Ag NWs suspension,
regarding Ag NWs as rod-like molecules.50,51 The Ag
NWs concentration described through the volume
fraction j is defined as

φ ¼ πnLd2

4
¼ πnL3

4r2

where n is the number of Ag NWs per unit volume,
while L, d, and r are the length, diameter, and a
corresponding aspect ratio (r = L/d) of each Ag NW,
respectively. According to the theory, once the con-
centration of the Ag NWs suspension reaches j1 =
π/(4*r2), i.e., n = 1/L3, Ag NWs begin to contact with
each other, while at a higher concentration of j2 = 1/r,
i.e., n = 1/(dL2), the nanowire suspension forms a 3D
continuous network due to the physical bonds forma-
tion between nanowires. That is to say, Ag NWs
suspension with the volume friction between j1 =
8� 10�7 andj2 = 10�3 was appropriate in this work to
form an incipient 3D networks, taken L ≈ 50 μm and
d ≈ 50 nm for calculation.
Pyrrole (Py) was chosen to coating Ag NW to form

elastic and conductive aero-sponges. The fabrication
process for PPy-Ag NW hybrid aero-sponge is demon-
strated in Figure 2a. Above the critical concentration of
j1 = 8 � 10�7, the dispersed Ag NWs in suspension
were intercontacted to build a 3D network at first. Py
was then added into the suspension and the core�
shell structure was formed resulting from metal-π

Figure 1. Schematic representation of how the Incipient
Network Conformal Growth (INCG) technology operates.

Figure 2. Schematic representation of the formation of PPy-
Ag NW aero-sponges. (a) Schematic illustration for the
fabrication process of PPy-Ag NW aero-sponges. (b) SEM
images of Ag NW-PPy aero-sponges with red circles high-
lighting the in situ welded junctions and enlargements of
structural details.
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strong interactions. Once the oxidant was introduced,
Py was oxidized and polymerized in situ. Thus, the 3D
network and the core�shell morphology were fixed.
After 24 h aging and 7 days solvent exchange by water
and ethanol sequentially, the PPy-Ag NW hydrogels
were converted into aero-sponges by supercritical CO2

drying process.
It can be confirmed from the SEM images (Figure 2b)

that the 3D network has been built by PPy-Ag NW
coaxial wires with in situ welded junctions. The core�
shell structure can be indicated by the brightness
contrast in SEM images caused by the emission differ-
ences of secondary electrons for PPy and Ag NWs. The
core�shell structure and PPy-Ag interface can be also
clearly viewed from Transmission Electron Microscope
(TEM) images (Supporting Information Figure S2). The
easily recognized in situ welded junctions, highlighted
by the red circles in Figure 2b, were formed by
enwrapping of polymer onto contacted Ag NWs con-
formally. Raman and XRD measurements were also
carried out to analyze the chain structure and regular-
ity (Supporting Information Figures S3, S4). Compared
with pure PPy, elaborate chemical bond deformations
of PPy-Ag NWhybrid materials can be figured out from
the Raman spectroscopy contributed by the Surface-
Enhanced Raman Scattering (SERS) effect of Ag NWs.52

Meanwhile, Ag NWs are confirmedmaintaining superb
crystallization attribute from XRD analysis. The bulk
density of the resultant PPy-Ag NW hybrid aero-
sponge can be adjustable within 9.2�203.7 mg/cm3,
controlled by the amount of Ag NWs and Pyrrole
added. The bulk density of porous materials obtained
via INCG technology can be adjusted in a wider range,
compared with CNT (3�30 mg/cm3) or G/GO (0.16�
96 mg/cm3) aerogels.35�49

As was expected, the synthesized PPy-Ag NW aero-
sponges exhibited superb compressive elasticity. The
aero-sponge could be compressed by large deforma-
tions (>90%) and recovered to its original shape in
seconds (Figure 3a). As the compressive stress σ versus

stain ε curves for the obtained aero-sponge along the
loading direction during loading�unloading cycles
shown, σ returns to the original values after unloading
for each ε at 10�90% (Figure 3b). Although we found
hysteresis loops in loading�unloading cycles, indicat-
ing dissipations, that did not affect the shape recovery
of the obtained aero-sponges. From the comparison of
the σ vs ε curves for 50 compress-release circles, the
PPy-Ag NW aero-sponge can recover their original
shape with little mechanical failure under fixed com-
pression strain (Figure 3c).
The superb elasticity of the PPy-Ag NW aero-sponge

is attributed to the particular network structures ob-
tained via INCG technology. The resultant aero-
sponges possess: (a) strength and flexible 3D network
contributed by ultra-long coaxial nanowires, giving
materials resistance to external compressions and

structural elasticity by bending the framework skele-
tons; (b) rich pores, providing the possibility of com-
pressed aero-sponges to dissipate the external energy
by shutting off the pores without breaking the gel
frameworks; (c) in situ welded junctions and strong
metal-π interactions, avoiding the interfacial slippage
resulting from the poor load transfer between adjacent
NPs or NPs and surrounding coatings.
On the basis of the specific structure of PPy-Ag NW

aero-sponges, a programmed fabrication strategy
could be also realized by regulating the synthesis
conditions. First, the size and dispersity of pores in
the network have been easily controlled by the con-
centration of the Ag nanowire solution (Supporting
Information Figure S5). Second, the thickness of the
skeleton could be regulated readily by modulating the
ratio of Py to Ag NWs and reacting time. Increasing the
relative Ag NWs content from 1.9 to 15.6 wt %, the PPy
shell thickness was reduced from 375 to 125 nm
(Figure 4a�c, Supporting Information Figure S6 and
Table S1). If we neglect the effect of junctions to the
core�shell structure, the PPy shell thickness could be
theoretically estimated (Supporting Information Theo-
retical Analysis). There was a good corresponding
relationship between experimental data and theoreti-
cal prediction (Figure 4d). In addition, the thickness of
the PPy shell could be regulated by the reaction time
(Supporting Information Figure S7). The INCG technol-
ogy of preparing PPy-Ag NW hybrid aero-sponge
reported here shows large superiority in programma-
ble fabrication compared with other methods to
obtain hybrid porous materials.9,13,18

In the next, we tried to clarify how the structures of
PPy-Ag NW aero-sponges affect their properties. The
electric conductivity of PPy-Ag NW aero-sponges are
affectedmainly by the junction density of the network,
while the flexibility and strength of the frameworks are

Figure 3. Elasticity of PPy-Ag NW aero-sponges. (a) Digital
pictures, showing that hybrid aero-sponge recovers its
original shape after it is compressed by large deformation.
(b) σ versus ε curves for PPy-Ag NW aero-sponge along the
loading direction during loading�unloading cycles at ε =
10�90%. (c) A total of 50 consecutive compression tests to
the obtained PPy-Ag NW aero-sponge at 20% strain with
little mechanical failure.
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decided by the shell thickness directly. The junctions
were formed randomly, which was decided by the
INCG process. The incipient network was formed by
the intercontact of nanoparticles dispersed in suspen-
sion and then fixed by the in situ conformal coating of
conducting polymers. Because of the Brownian move-
ment of the nanoparticles in suspension, the incipient
network was dynamic and the junctions were formed
randomly, which means that the precise control of
junction density remains a big challenge. However, the
density of the randomly formed junctions showed
statistical regularity in large scale controlled by the
concentration of nanoparticles suspension. To illus-
trate the influence of junction density on the electric
conductivity of aero-sponges, we changed the con-
centration of Ag NWs and Py simultaneously to obtain
the similar PPy shell thickness. It is revealed from the
results (Figure 4e) that the denser the network, the
higher electric conductivity. In the sameway, fixing the
concentration of the Ag NWs at about 7 mg/mL and
increasing the Py concentration from 40 to 120mg/mL,
the compressive modulus of the hybrid aero-sponge
increased with the PPy shell thickness (Figure 4f, Sup-
porting Information Figure S5f and Table S2). In one
word, due to the structural controllability and direct
relationship of the properties and structures, PPy-AgNW
aero-sponges have been synthesized with designed
structures and properties in a programmable way.
The synthesized PPy-Ag NW hybrid aero-sponge

was expected to be an ideal sensing material for
piezoresistive sensors for the following three reasons:
(a) The hybrid aero-sponges possess rich pores and 3D
flexible networks contributed by ultra-long nanowires,
giving material better compressive elasticity and sen-
sing sensitivity. (b) Owing to the highly adjustability of
the structure and property, a series of PPy-Ag NW
conductive aero-sponges can be prepared to meet
the various application requirements in sensing sensi-
tivity, pressure range and detection limit. (c) Most

importantly, low temperature-coefficient stressingma-
terials are more likely obtained frommetal-conducting
polymer hybrid aero-sponges.
Although conductive and elastic sponges are an

emerging kind of candidates for fabrication of piezo-
resistive sensors, few of the existing conductive
sponges (e.g., polyurethane foam covered by conduc-
tive polymers or graphene sheets) serving as piezo-
resistive sensors showed low temperature coefficient
of resistivity (TCRs), which of great importance in
precise measurement.9,13,15,18,53 Nevertheless, the
low TCRs is possibly realized in PPy-Ag NW hybrid
aero-sponge prepared via INCG technology reported
here. Ag NWs experience an increase in electric resis-
tance while their temperature is raised, named positive
temperature-coefficient (PTC) property, while polypyr-
role (PPy) showed negative temperature-coefficient
(NTC) of electric resistance agreeing with Steinhart-
Hart equation.54,55 For the hybrid sponge of these two
components, the temperature dependence of electric
resistance can be probably tuned between the two
components by changing their weight proportions.
For the hybrid aero-sponge of PPy and Ag NW,

network was built mainly by the connection via Ag
NWs cores (contributed by interconnected Ag NWs
in suspension) or via PPy shells (resulting from the
increased volume fiction of nanocables during the
polymerizing procedure), illustrated in the insets of
Figure 5a. The electric resistance changes of the hybrid
aero-sponges aremainly influenced by PTC property of
Ag NWs in the former connectionmode, while the NTC
property of PPy in the latter one. Then the temperature
dependence of electric resistance can be regulated
between the two components by changing their
weight proportions. In a wide range, the higher of Ag
NWs suspension initial concentration, the more direct
contacting points between Ag NWs in 3D network and
the less sensitive of the electric resistance to the tem-
perature (Figure 5a, Supporting Information Figure S8).
Increasing the Ag NWs concentration until its weight
contention reached 83.3 wt %, a nearly zero tempera-
ture coefficient sample was obtained (Supporting
Information Figure S9). Increasing the temperature
from 17 to 50 �C, the relative change of the electric
resistance was less than 3% (Figure 5a), and the TCR
(= (ΔR/R0)/ΔT) value of the hybrid aero-sponge was
0.86 � 10�3 /�C. To the best of our knowledge, few of
the existing conductive sponges or films serving as
piezoresistive sensors concerned about the resistance
deviations with temperature, although it should not be
neglected. Among the rare sensing materials con-
cerned the resistance stability, the TCR of our aero-
sponge in the general sensing temperature range (e.g.,
15�50 �C) is the nearest to zero (exceeding 7� 10�3 /�C
of the ultrasensitive pressure sensor based on con-
ducting polymer films reported by Zhenan Bao),56 and
is even already within the TCR range of standard

Figure 4. Programmed syntheses of PPy-Ag NW aero-
sponges. (a�c) SEM images of PPy-Ag NW aero-sponge
containing 1.9 (a), 4.2 (b), and 15.6 wt % (c) Ag NWs.
(d) The relationship between Ag NWs content and PPy shell
thickness (inset in (d) is the comparison of the shell thick-
ness of various samples). (e) The comparison of current�
voltage (I�V) curves. (f) Compressive modulus of hybrid
aero-spongeswith different junction densities and PPy shell
thickness.
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resistors with low-resistance. The superb low TCR of the
PPy-AgNWhybrid aero-spongemeans that it would be
an ideal candidate for stress sensors.
To process into a stress sensor, the PPy-Ag NW aero-

sponge was imbedded into two parallel copper elec-
trodes and two copper wires were connected onto the
electrodes, as shown in Figure 5b. Then, it was con-
nected into an electric loop to detect the electric
resistance changes (ΔR/R0 = (R0 � R)/R0, where R0
and R denote the resistance without and with imposed
stress, respectively) when it was compressed. SEM
measurement was taken to observe the microscopic
changes of the aero-sponge when suffering 0%, 50%,
80% compression (Figure 5c). The original aero-
sponges exhibit many macro pores with diameters of
about 10 μm. The more compressive pressure was
imposed on the aero-sponge, the compacter the net-
work showed with more contact numbers and lower
electric resistance reasonably.
The electric resistance decreased directly with the

compression strain, changing by 83% when it was
compressed by 80% at most (Figure 5d). The electrical
response speed and stability of the aero-sponge sensor
were investigated by alternate supply of compressive

and release stimuli. The electric resistance decrease of
PPy-Ag NW aero-sponge caused by compression
could be completed within 1 ms at least and so was
the electric resistance recovery once the aero-sponge
was released (Supporting Information Figure S10a),
which is much shorter than the response time of
SWNTs/PDMS film (<10 ms) and microstructured PPy
thin film (∼47 ms) reported elsewhere.12,56 The mini-
mum value of detectable pressure was as low as
4.93 Pa when the aero-sponge was compressed by
0.5% (Supporting Information Figure S10b), making
our sensor more sensitive than the interlocking nano-
wire-type pressure sensor (5 Pa)57 and graphene�
polyurethane sponge based on fractured microstruc-
ture design (9 Pa).13 Furthermore, the electrical
response of PPy aero-sponge to the external stress
stimuli exhibited high stability during hundreds of
compression and release circles for each compressive
strain (Figure 5e).
The sensitivity S (defined as S = δ(ΔR/R0)/δσ) was as

high as 0.33 kPa�1 for the nearly zero temperature coef-
ficient sample, while S = 0.06 kPa�1 for another sample
with a low Ag NW content of 2.7 wt % (Figure 5f). It
implies that a series of sensing samples with different
sensitivities can be prepared by programmed synthe-
sis. To our best knowledge, the sensitivity of the nearly
zero temperature-coefficient sample shows great
superiority to other reported sponge-type piezoresistive
sensors,9,13,18 especially exceeding the highly pressure-
sensitive graphene-polyurethane spongebased on frac-
tured microstructure design (0.26 kPa�1).13

To evaluate the temperature independence of the
self-temperature-compensated sensors fabricated
mainly by nearly zero temperature coefficient PPy-Ag
hybrid aero-sponges, the resistance responses upon
the different compressive pressure at 15 and 25 �C
were investigated (Figure 5f). By comparison, therewas
little difference of the sensing performance of the
optimized PPy-Ag NW aero-sponge sensor at two
temperatures with a difference of 10 �C. Furthermore,
the internal-current-induced Joule heating was also
considered in this work to investigate the sensing
stability of the nearly zero temperature coefficient
sensor by imposing a series of persistent compressive
pressure (last for more than 60 s for each pressure) on
the hybrid aero-sponge at ε = 5�80%. The relative
electric resistance changesmaintained nearly constant
under each pressure stimulus (Figure 5g), confirming
the temperature-independent sensing performance of
the nearly zero temperature coefficient sensor from
another aspect.
Additionally, although the influence of temperature

on the electric conductivity has been overcome by the
hybridization of Ag and PPy, the humidity or oxygen in
environment is likely to affect the electricity conduc-
tivity of PPy after a long period of time. So the aero-
sponges were kept in valve bag carefully to isolate

Figure 5. Properties of PPy-Ag NW hybrid aero-sponges in
stress sensing. (a) The relative electric resistance changes�
temperature (ΔR/R � T) curves for Ag NWs, PPy-Ag NW
membrane deposited by nanocable suspension, and PPy-
Ag NW hybrid aero-sponge, respectively. (b) Schematic
illustration of how to prepare a stress sensor with PPy-Ag
NW aero-sponge, copper sheets, and metal wires. (c) SEM
images of PPy-Ag NW aero-sponge with 0, 50, and 80%
compression. (d) Multiple-cycles electric resistance tests of
repeated loading and unloading pressure with different
values with 1 V voltage input. (e) Reliability test of PPy-Ag
NW hybrid aero-sponge under repeated loading and un-
loading pressure at different values with partial enlarged
details in insets. (f) The relative electric resistance chan-
ges�compressive pressure (ΔR/R � p) curves for PPy-Ag
NW aero-sponge performed at 25 and 15 �C, respectively.
(g) Electric resistance response of nearly zero temperature
coefficient sensor at different strain by introducing a series
of persistent compressive pressure.
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from humidity or oxygen. The electric conductivity of
the obtained aero-sponge was basically stable in our
experimental period. In the further application, the
encapsulation of these porous sensing materials is
quite necessary and vital to avoid the influence of
environment.
In addition, the PPy-Ag NW aero-sponges with

nearly zero temperature coefficient resistances are
also expected to fabricate a promising stress-
triggered Joule heater. Under compression, the elec-
tric resistance can be reduced by 83% at most, which
means that the Joule heating generation can be
raised by 4.88 times. Inputting a proper voltage, the
thermal generation may be inconspicuous for aero-
sponge in original state, while for the compressed
aero-sponge the Joule heating can raise its tempera-
ture considerably, named stress-triggered Joule heat-
ing. The stress-triggered Joule heater can be fabri-
cated by placing the electric circuit containing the
PPy-Ag NW hybrid aero-sponge upon silicon dioxide
(SiO2) aerogel thermal insulating blanket and then
covering it by a reversible thermo-allochroic mem-
brane (Figure 6a, see Supporting Information Meth-
ods for thermo-allochroic membrane preparation de-
tails). Inputting a persistent voltage of 3 V for 160 s,
the Joule heating generated by electric current run-
ning through the original aero-sponge was mostly
dissipated by heat convection, leading to invisible
differences of the thermo-allochroic membrane
(Figure 6b). However, if a persistent compressive
pressure was imposed on the hybrid aero-sponge,
the electric current was boosted by nearly 4 times. The
increased Joule heating caused by the raised current
was collected effectively. Thus, the aero-sponge
was warmed and induced the color changes of the
thermo-allochroic membrane once temperature
exceeded 43 �C (Figure 6c, Supporting Information
Video S1). Once the compressive pressure was re-
leased, the temperature of the aero-sponge returned
to the ambient level and the membrane recovered
its color.
It is worthwhile to notice that the electric current

value of the hybrid aero-sponge showed little
changes while it was warmed after pressure-trigger-
ing. It means that the output power was maintained
as a constant. It is because of the temperature-
independent electric resistance of the aero-sponges
that the steady and controlled Joule heating can be
generated by adjusting the input voltage. Our future
work will concentrate on creating intelligent Joule-
heating blankets and 2D stress sensors. Both of the
two devices will be built mainly by PPy-Ag NW aero-
sponge thin films sandwiched by thermo-insulating
and flexible electrodes or PPy-Ag NW aero-sponges
with treated surfaces collecting electricity better. (a)
For intelligent Joule-heating blankets, imposing on
proper electricity inputs, it will start to generate

heating at certain sites suffering compressions while
it remains original temperature in natural state. The
low thermo-conductivity of aero-sponges brought by
the porous structure will largely avoid the energy
transfer in plane so as to realize the precisely site-
selected Joule-heating. (b) 2D stress sensors fabri-
cated by PPy-Ag NW aero-sponge could potentially
rival existing flexible 2D stress sensor in easy process.
They will relieve people from onerous fabrication of
sensing element arrays for the reason that it could be
cut into any shape arbitrarily. These 2D stress sensors
will detect the planar pressure distributions contrib-
uted by the electric resistance changes caused di-
rectly by the compression strains.

CONCLUSIONS

In conclusion, we have realized the programmed
synthesis of conductive PPy-Ag NW hybrid aero-
sponge for the first time via Incipient Network Con-
formal Growth (INCG) technology; specifically, pyrrole
was polymerized in situ on the surface of incipient 3D
networks formed by Ag NWs suspension. The micro-
structures of the resulting materials, such as the junc-
tion joint density and the shell thickness, can be
regulated by synthetic procedure via changing the
concentration of Ag NWs, reacting time and the feed-
ing ratio of Py and Ag NWs. Nearly zero temperature
coefficient (0.86 � 10�3/�C) PPy-Ag NW hybrid aero-
sponge can be prepared by optimizing the microstruc-
ture of the material via regulating the Ag NWs con-
centration and PPy shell thickness. The resulting aero-
sponges have been processed into a piezoresistive
sensor with high sensing stability (suffering more than
3000 times repeated stimuli, 10 �C temperature
changes or 3 V electric heating for 160 s), high sensi-
tivity (0.33 kPa�1), short response time (1 ms) and low
minimum detectable pressure (4.93 Pa). Moreover, a
stress-triggered Joule heater can be also fabricated

Figure 6. Fabrication process and the performance of
stress-triggered Joule heater. (a) Schematic illustration
on how to construct a stress-triggered Joule heater with
PPy-Ag NW aero-sponge and reversible thermo-allochroic
membrane. (b) Real-time I�t curves of the stress-triggered
Joule heater under both natural and compressive states
with 3 V voltage input, and inset is the digital pictures of
the Joule heater in natural state. (c) Digital pictures of the
intelligent Joule heater at the corresponding time point
marked in (b).
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mainly by the PPy-Ag NW hybrid aero-sponge with
nearly zero temperature coefficient. Our future work

will concentrate on creating intelligent Joule-heating
blankets and 2D stress sensors.

METHODS
Materials. Pyrrole (98.0%), silver nitrate (99.9%), sodium

chloride (99.5%), and ethylene glycol (99%) were purchased
from Sinopharm Chemical Reagent Co., Ltd. Polyvinylpyrroli-
done (Mw: 1 300 000, AR) were purchased from Aladdin. The
water (18 MΩ cm) used in all syntheses was obtained from a
milli-Q purification system. The pyrrole was distilled under
reduced pressure before use. All the other chemicals were used
as received without further purification.

Synthesis of Ag Nanowires. Ag nanowires (Ag NWs) were pre-
pared by the polyol hydrothermal synthesis method,58 de-
scribed briefly as follows: 6.9 mg sodium chloride and 2.64 g
polyvinylpyrrolidone were added to 90 mL ethylene glycol
under 90 �C (solution 1), and 1.02 g silver nitrate was dissolved
in 60 mL of ethylene glycol (solution 2). In the next, solution
2 was added dropwise to solution 1 over 30 min. Then, the
mixed solutionwas heated at 160 �C for 6 h via a solvent thermal
process. The product was purified by centrifugation with water
and ethanol for several times.

Preparation of the PPy-Ag NW Hybrid Aero-Sponges. Ag NWs were
dispersed in H2O-ethanol (1:1 v/v) mixed solvent with a proper
volume friction. Py monomer was then added into the suspen-
sion with continuous agitation. In the next, the silver nitrate
(with the equimolar amounts of pyrrole) was introduced into
the reactant solution rapidly as the oxidant and vigorously
stirred for 30 s. The mixed solution was gelated in hours. The
initial PPy-Ag NW gels were aged at room temperature for 24 h
and purified via 7 days solvent exchange with a large amount of
deionized water to remove unreacted monomer and other
impurities. At last, the PPy-Ag NW gels were converted into
aero-sponge by supercritical CO2 drying process.

Characterizations. The compressive stress�strain measure-
ments were performed on the elastic PPy-Ag NW aero-sponge
by using a tensile testing machine at a crosshead speed of
5 mm/min. The electric resistance and stress sensing perfor-
mance of the obtained aero-sponges were measured by real-
time testing the electric current of series circuit which contained
the tested samples under 1 or 3 V input voltage. Raman spectra
were recorded on a LavRAM Aramis spectrometer with 50 mW
He�Ne laser operating at 632.8 nm with a CCD detector. X-ray
diffraction (XRD) patterns were recorded on a D8 Advance,
Bruker AXS diffractometer using Cu KR radiation (λ = 1.5406 Å)
and operating at 40 kV and 40 mA. The XRD data was collected
as a scanning rate of 0.04/s over an angular range of 10�80�
(2θ). The morphologies of the obtained PPy-Ag NW aero-
sponge were examined by SEM (Hitachi S-4800) with the
acceleration voltage of 10�20 kV and Transmission Electron
Microscope (TEM, Tecnai G2 F20 S-Twin) with the acceleration
voltage of 200 kV. The diameter of the cross section of gel
skeletonweremeasured and analyzedwith Image-Pro Plus (IPP)
software.
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