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ABSTRACT: Coassemble diverse functional nanomaterials with carbon
nanotubes (CNTs) to form three-dimensional (3D) porous CNTs hybrid
architectures (CHAs) are potentially desirable for applications in energy storage,
flexible conductors, and catalysis, because of diverse functionalities and
synergistic effects in the CHAs. Herein, we report a scalable strategy to
incorporate various functional nanomaterials with N-doped CNTs (N-CNTs)
into such 3D porous CHAs on the polyurethane (PU) sponge skeletons via
layer-by-layer (LbL) assembly. To investigate their properties and applications,
the specific CHAs based on N-CNTs and Ag nanoparticles (NPs), denoted as
PU-(N-CNTs/Ag NPs)n, are developed. The unique binary structure enables
these specific CHAs conductors to possess reliable mechanical and electrical
performance under various elastic deformations as well as excellent hydro-
philicity. Moreover, they are employed as strain-gauge sensor and heteroge-
neous catalyst, respectively. The sensor could detect continuous signal, static
signal, and pulse signal with superior sustainability and reversibility, indicating an important branch of electromechanical devices.
Furthermore, the synergistic effects among N-CNTs, Ag NPs, and porous structure endow the CHAs with excellent performance
in catalysis. We have a great expectation that LbL assembly can afford a universal route for incorporating diverse functional
materials into one structure.
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1. INTRODUCTION

Elastic conductors and electric circuits, which retain high
conductivity of interconnects under substantial degrees of
bending, shearing, twisting, and compression deformation, are
highly desirable for applications in flexible displays, energy-
related devices, deformable antenna and capacitors, smart
clothing, and actuators.1−5 To address the conductivity−
flexibility dilemma, a large number of conductively flexible
materials have been developed, such as conductive thin films
configured into waves or buckles on flexible substrates,6−9

carbon nanotubes (CNTs) and metal nanowires coated on
stretchable fabrics,10,11 conductive fillers embedded in
composite elastomers,12−14 and three-dimensional (3D)
conductive composite materials.15−17 A promising approach
for a flexible conductor/sensor is developing conductive
interconnected 3D structural materials by a facile assembly
method. In particular, carbon nanotubes have gained much
attention as distinctive nanoscale building blocks to construct
novel 3D porous architectures, due to their high aspect ratio,

excellent electrical conductivity, and mechanical robustness.
These 3D architectures exhibit high specific surface area as well
as a fast transport channel of charge carriers.18−21 More
importantly, one critical step in extending their specific
applications is how to incorporate a diverse functional
component into such porous CNTs structures to form
multifunctional porous CNTs hybrid architectures (CHAs),
because of diverse functionalities and synergistic effects in
CHAs. Several approaches,22−24 such as chemical vapor
deposition (CVD), hydrothermal coassembly, and template-
assisted growth, have been developed to assemble such 3D
porous CHAs. However, there are three main challenges which
render further development of 3D porous CHAs substantially
difficult. The first one lies in the difficulty in controlling the
thickness and multiple layers of various functional materials on
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nonregular geometric surfaces. The second one is the lack of
multifunctional diversity of CHAs, due to the immiscibility and
incompatibility of nanomaterials with CNTs by solution-based
approach. Moreover, these methods require highly time- and
energy-consuming cryodesiccation or CVD procedures,22

impeding the large-scale production of CHAs. To address
these challenges, it is highly desirable to develop a simple and
scalable method to assemble functional materials with CNTs to
form 3D porous CHAs for diverse applications.
Layer-by-layer (LbL) assembly is a versatile and simple

method to fabricate multifunctional, multilayer thin films on the
surface, which involves the repeated, sequential immersion of
substrates into desired solution.25−27 Here, we report a simple
and rapid method to incorporate diverse functional nanoma-
terials into 3D porous CHAs for flexible conductors on the
basis of commercially available polyurethane (PU) sponge and
LbL assembly. The key novelty to assemble such binary CHAs
lies in selection of available PU sponges with macroscopically
ordered 3D structure as the skeleton and synthesis of novel
polyelectrolyte as surfactant and adhesion layer for immobiliz-
ing various nanostructured materials. Moreover, the facile LbL
assembly is environmentally friendly and easily scaled up,
making practical application of the resultant 3D porous CHAs
possible. As a proof of concept, the specific CHAs based on N-
doped CNTs (N-CNTs) and Ag nanoparticles (NPs), denoted
as PU-(N-CNTs/Ag NPs)n, are successfully assembled and
their applications for strain-gauge sensor and heterogeneous
catalysts are demonstrated in detail, which show excellent
performance due to the synergistic effects among N-CNTs, Ag
NPs, and porous structure.

2. MATERIALS AND METHODS
2.1. Materials. Methylene bis(acrylamide) (MBA) and 1-(2-

aminoethyl) piperazine (AEPZ) were purchased from Aldrich Reagent
Co., Ltd. L-Ascorbic acid (LAA) and alginate were purchased from
Aladdin Reagent Co., Ltd. Methylene blue (MB, C16H18ClN3S), p-
nitrophenol (4-NP, C6H5NO3), rhidamine B (RhB, C28H31ClN2O3),
orange G (OG, C16H10N2Na2O7S2), and sodium borohydride were
purchased from Sinopharm Chemical Reagent Co., Ltd. N-CNTs was
purchased from Chengdu Chemicals Co. Ltd. (China), and its
diameter is 30−50 nm with a length of 10−30 μm, and its purity is
above 95% with a N content of 2.98 wt %.
2.2. Synthesis of Hyperbranched Polyamidoamine (HPAM).

HPAM was synthesized via conventional Michael addition polymer-
ization (Figure S1, Supporting Information).28,29 A typical polymer-
ization procedure was as follows: MBA (616 mg, 4 mmol) was added
into a solution of AEPZ (516 mg, 4 mmol) in a 10 mL solvent mixture
(methanol/water, 70/30, V/V). After complete mixing, polymerization
is carried out at 50 °C for 144 h. It is to be noted that the sequence of
adding monomers could affect the solubility of HPAM. The product
was dissolved in methanol and then precipitated in acetone. This
process was repeated at least three times. The dry polymer was then
obtained by freeze drying. The disappearance of the proton signal in
ethylene of MBA at 5.6 and 6.2 ppm indicates completion of
polymerization (Figure S2, Supporting Information).
2.3. Fabrication of CHAs by LbL Assembly. On the day of

coating, macroporous PU sponges were cleaned by deionized water
and ethanol several times, followed by completely drying at 80 °C for
2 h. PU sponges were then alternatively dipped into the anionic and
cationic polyelectrolyte. Initial dips retain for 5 min each, while
subsequent dips were 1 min. Foams were squeezed by hand to expel
liquid, gently dried with compressed air, rinsed with deionized water
for 1 min, and gently dried with compressed air again. In the case of
cationic polyelectrolyte-containing metal ions, a procedure of dipping
sponges in LAA solution was added after deposition of the HPAM
layer. A typical procedure of fabricating PU-(N-CNTs/Ag NPs)n

architectures is shown in Figure 1a in detail. Cationic polyelectrolyte
was prepared by mixing HPAM aqueous solution (0.4%) with the

same amount of AgNO3 aqueous solution (50 mg mL−1), while
anionic polyelectrolyte was prepared by mixing alginate aqueous
solution (0.4%) with the same amount of oxide N-CNTs aqueous
solution (6 mg mL−1), which was obtained according to our previous
work.30 First, cleaned PU sponges are dipped into anionic solution for
5 min. Second, the resultant sponges were submerged into cationic
polyelectrolyte for 1 min. Lastly, the absorbed silver ions were in situ
reduced into Ag NPs by LAA solution. All sponges in each procedure
experience squeezing, rinsing, and drying. After the desired numbers of
bilayers were deposited via the above procedures, CHAs were
completely dried before testing.

2.4. Characterization. The morphology and microstructure were
investigated by field-emission scanning electron microscopy (FE-SEM,
nanoSEM 450, NOVA, USA). Ultraviolet−visible spectroscopy (UV−
vis) absorption spectra of the samples are recorded on an UV−vis−
NIR spectrometer (Shimadzu UV-3000) with a wavelength range of
250−800 nm. The X-ray diffraction (XRD) diagrams of the samples
were measured on an X-ray diffractometer (Rigaku D/Max 2500) with
monochromated Cu Kα radiation (λ = 1.54 Å) at a scanning rate of 8
deg/min−1. The dynamic modulus of CHAs was measured using small
amplitude oscillatory shear (0.1%) on an Anton Paar MCR 302
rheometer. 1H NMR and 13C NMR spectra were recorded on a Bruker
AV400 NMR spectrometer in deuterated DMSO at room temperature,
and the chemical shifts are given in ppm relative to tetramethylsilane
as the internal reference. The electrical resistance variation was
measured by a two-probe method under various mechanical
deformations. During the measurement, two copper sheets serve as
electrodes to connect CHAs to a Keithley 2410 Source Meter
instrument. Every electromechanical experiment was repeated 3 times,
and the value of electrical resistance is the average value. Compressive
stress−strain measurements were performed using an electronic
universal testing machine (RGM-4000, REGER Co. Ltd., China)
with two test plates. The samples were set on the lower plate and
compressed by the upper plate connecting to a load cell. The strain
ramp rate was controlled to be 2 mm min−1 for the measurements.

Figure 1. (a) Schematic procedure for the fabrication of porous CHAs
by layer-by-layer assembly. (b) Optical images of PU and CHAs. (c)
SEM images of PU. (d, e) SEM images of PU-(N-CNTs) architecture.
(f, g) SEM images of PU-(N-CNTs/Ag NPs/GO) hybrid
architectures. (h, i) Electric resistance of PU-(N-CNTs/Ag NPs)n
fabricated by LbL assembly. (h) n = 1.5, (i) n = 5.
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The current response of as-prepared strain-gauge sensor iwass
recorded using a paperless current monitoring recorder (WZ-
2300RX, Lingshuo Testing Equipment Co. Ltd., China).
2.5. Catalytic Performance Tests. The catalytic performance of

the prepared CHAs was investigated by measuring the reduction and
degradation of various dyes, namely, 4-NP, OG, MB, and RhB, in the
presence of NaBH4. In a typical procedure, 5 mL of 4-NP or OG
aqueous solution (0.4 mM) was mixed with 10 mL of fresh NaBH4
solution (40 mM). In the case of MB and RhB, 5 mL of MB or RhB
aqueous solution was mixed with 10 mL of fresh NaBH4 solution (40
mM) and 25 mL of deionized water. Then 3.5 mL of mixture and 12
mg of CHAs were placed into a quartz cell. The progress of the
conversion reaction was monitored by recording the time-dependent
UV−vis absorption spectra of the mixture using a spectrophotometer.

3. RESULTS AND DISCUSSION
3.1. CHAs Fabrication via LbL Assembly and Structure

Characterization. Figure 1a schematically illustrates the
scalable fabrication process of porous CHAs by LbL assembly.
In a typical experiment, commercially available, precleaning PU
sponges with 3D-interconneted networks are dipped into
anionic solution; thus, the bare PU sponges are successfully
coated with oxide N-CNTs and alginate, owing to the unique
macropores of sponges and repeated squeezing. After rinsing
and drying, the sponge color changes from white to black
(Figure 1b) and the skeletons of sponge are uniformly coated
with the N-CNTs (Figure 1d and 1e), resulting in a conductive
sponge with crumpled and rough texture associated with the
aggregation of N-CNTs. Then, the N-CNTs-coated PU
sponges are immersed into an aqueous solution of AgNO3
and HPAM, which is synthesized by a one-pot Michael addition
polymerization (Figures S1 and S2, Supporting Information).
After procedures of squeezing, rinsing, and drying, the LAA
aqueous solution is injected into the resultant sponges to
reduce the absorbed silver ions into Ag NPs. After rinsing and

drying, the sponge color changes from black to light gray and
the microfibers are decorated by Ag NPs (Figure S1a−c,
Supporting Information), resulting in a composite conductive
sponge with well-defined nano/microscale network structures.
It should be noted that 5 min of initial dip is guaranteed to
obtain perfect surface coverage, which allows complete charge
reversion of the surface and consecutive growth of the
multilayers. To verify the feasibility and scalability of our
strategy, several typical nanomaterials, which vary in shapes,
size, and preparation methods, are employed to coassemble
with N-CNTs to prepare other porous CHAs in Figure 2b, and
their structures are characterized by XRD as shown in Figure
S4, Supporting Information, indicating the coassembly of
diverse nanomaterials (Ag NPs, Fe3O4 NPs, etc.) with N-CNTs
into one architecture simultaneously. For example, PU-(N-
CNTs/Ag NPs/GO) hybrid architecture is also prepared.
Figure 1f and 1g illustrates that the skeletons of the network
exhibit a wrinkled and rough texture, indicating the assembly of
Ag NPs and GO sheets on the struts of the network. After
undergoing a subsequent hydrazine hydrate treatment, the
reduced GO (rGO) sheets are in situ assembled on the
skeletons (Figure S1g−i, Supporting Information), with a color
change from yellow to black (Figure 1b), and the resulting
CHAs possess good flexibility as well as excellent electrical
conductivity.
We should take note that the polyelectrolyte layer plays a

critical role in the microstructure and properties of CHAs. It
acts not only on the adhesion layer between the multifunctional
nanomaterials and the sponges but also on the surfactant to
form stable suspension via various interactions. Moreover, the
properties of CHAs are dependent on the number of deposited
layers. As an example, the electric conductivity of PU-(N-
CNTs/Ag NPs)n is calculated, which is 4.95 × 10−4 and 4.61 ×
10−2 S/m for n = 1.5 and 5, respectively (Figure 1h and 1i).

Figure 2. Cyclic compression stress−strain curves of PU-(N-CNTs/Ag NPs)1.5 at the compression speed of 2 mm min−1 (a) in the dry state and (b)
in the wet state (ethanol). (c) Stress recorded at set ε = 60% vs cycles for comparing PU and CHAs in different states, showing an increase of at least
ca. 100% in compressive stress. (d) Storage modulus recorded at 10 rad s−1 set ε = 60% vs cycles for comparing PU and CHAs in different states,
showing no obvious modulus degradation.
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The conductivity increases as the deposited layer increases,
which is attributed to the increase of the conductive materials.
Furthermore, the surface energy is also varied with the number
of deposited layer. As shown in Figure S5, Supporting
Information, the water contact angle of the original PU
sponges is about 120.3°, indicating its hydrophobicity, while the
PU-(N-CNTs/Ag NPs/N-CNTs) shows a contact angle of
109.3°. Notably, a droplet is completely absorbed by PU-
(CNTs/Ag NPs)5, realizing a wettability transformation from
hydrophobicity to hydrophilicity.
Importantly, compared to other strategies to design CHAs,

such as sol−gel coassembly23,31 and the CVD method,22 the
whole process of LbL assembly is solution processed at room or
mild condition, and it can be readily scaled up. Besides, it can
directly coassemble various functional nanomaterials in one
CHA without considering the interaction among the nanoma-
terials. Finally, the sponge is intrinsically flexible and porous;
thus, the CHAs prepared by our method possess flexible
skeletons and large size pores, which would not only maintain
the excellent physical properties but also enhance the mass/
electron transport properties in the CHAs. As a consequence,

the designed porous architecture would hold great potential as
flexible conductors, strain-gauge sensor, and heterogeneous
catalysts, due to the combination of porous structure and the
synergistic effects between N-CNTs and other functional
nanomaterials.

3.2. Mechanical and Rheological Properties. The
excellent mechanical behavior is of great importance for
CHAs to be applied in various fields. As a proof of concept,
PU-(N-CNTs/Ag NPs)1.5 is developed. The porous structure
presents superior flexibility and can be bent and twisted without
structure disruption (Figures S6a and S6b, Supporting
Information). Notably, strong adhesion among N-CNTs,
other nanomaterials, and PU is confirmed by washing in
water showing no visible residual in the solution (Figures S6c
and S6d, Supporting Information). PU sponges are selected to
be as skeletons of CHAs, because that the PU sponges can
undergo large-strain deformations, and resist structural fatigue
under cyclic stress conditions, in both air and liquid (ethanol),
as shown in Figure S7, Supporting Information. The loading
process of the skeletons exhibits three evident deformation
domains: a pronounced linear-elastic region for ε < 15%, a

Figure 3. Electric performance evaluations of the elastic PU-(N-CNTs/Ag NPs)1.5 conductors. (a) Resistance change ratio (ΔR/R0) as a function of
applied compression strain for each compressing/releasing cycle. (b) GF at different strains for each cycle. (c) Resistance change ratio (ΔR/R0) as a
function of ΔL/L0 during a loading an and unloading process (bending process). (d) Resistance change ratio (ΔR/R0) for each cycle (ΔL/L0 = 0.4).
(e) Resistance change ratio (ΔR/R0) as a function of twisting angle during a loading and an unloading process (twisting process). (f) Resistance
change ratio (ΔR/R0) for each cycle at a twisting angle of 270°.
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relative plateau region for 15% < ε < 38%, and a steep slope
region for ε > 38%. Meanwhile, the stress (σ)−strain (ε) curve
of the CHAs prepared by LbL assembly is identical to that of
the PU, with the exception that the compressive stress (7.2
KPa) at ε = 60% increases nearly 3 times of the values of PU
sponge (2.5 KPa) (Figure 2a). This considerable increase in
strength can be attributed to the enhancement of the HPAM/
alginate alloy and rigid nanofillers incorporated via LbL
assembly.32 The CHAs can be easily compressed to 60%
volume reduction at low stress (∼7.2 KPa) due to their high
porosity and structural flexibility. The hysteresis loops formed
by the loading and unloading curves indicate substantial energy
dissipation due to friction between flowing air and the sponge
skeleton.33 In addition, cyclic tests show a small plastic
deformation, as seen from the gradual shift of the loading
and unloading curves in increasing cycles and high compressive
stress of 6.4 KPa with no evident strength degradation after 500
cycles (Figure 2c), indicating excellent mechanical robustness.34

The CHAs are also characterized mechanically by immersing
them completely in a solvent (e.g., ethanol) bath, in which
ethanol is extruded out of the CHAs pores during compression
and is reabsorbed during unloading and the expansion of
CHAs. However, the stress needed to remove ethanol from the
CHAs (∼1.2 KPa) is quite lower than that required to remove
air (∼7.2 KPa), indicating that ethanol flow through the
interconnected pore is more smooth. In detail, the excellent
wetting behavior of ethanol to CHAs and open-pore structure
of CHAs enables the ethanol to flow smoothly and are
responsible for the less plastic deformation, whereas the cyclic
compression in air enhances the plastic deformation of CHAs
due to the friction among the skeletons of CHAs. Moreover,
the plastic deformation of CHAs originates from the sliding of
skeletons, and the resulting sliding could recover easily in
ethanol. Interestingly, the CHAs readily recover their original
volume by ethanol uptake during the unloading process, even
after 500 cycles, and they can maintain a stable compressive
stress in each cycle, implying superior resistance to structural
fatigue in ethanol.
To further investigate the structure and properties of the

CHAs, the rheological behaviors are also characterized. Small-
deformation oscillatory measurements (Figure S8, Supporting
Information) reveal that the low-frequency plateau indicates
their true elasticity, and subsequently storage modulus (E′)
increases with the increase of angular frequency in both air and
liquid conditions, and E′ in the dry state is approximately 20
times higher than that in the wet state, due to the lubrication of
ethanol during the oscillating process. In detail, the lower E′ in
ethanol bath indicates that the ethanol absorbed on CHAs is
easily driven out of the CHAs pores during oscillation. The
CHAs are completely infiltrated by ethanol, leading to a
decrease of the friction among the skeletons of CHAs;
moreover, the open-pore structure of CHAs enables the
ethanol to flow smoothly. These properties are responsible for
the nonoccurrence of plastic deformation, whereas the
continuous oscillation in air enhances the plastic deformation
of CHAs, which increases the contact area among the skeletons
to increase the friction. Furthermore, the E′ of CHAs is also
∼10 times higher than that of PU sponges, due to the
enhancement of the HPAM/alginate alloy and rigid nanofillers
through LbL assembly. Notably, all sponges can maintain a
similar storage modulus at 10 rad s−1 and 60% strain in both air
and ethanol for each cycle (Figure 2d), indicating structural

robustness under oscillation. The highly structural and chemical
stability are favorable for their applications over many cycles.

3.3. Electrical Properties and Strain-Gauge Sensor.
Importantly, the unique structure of PU-(CNTs/Ag NPs)1.5
endows them to be highly compressible, bendable, and
twistable while maintaining considerable conductivity. Their
resistance variations upon compression, bending, and twisting
deformations are investigated, where R0 is the initial resistance
of CHAs. For compression tests, the resistance change ratio
(ΔR/R0) as a function of strain (ε) for each cycle is shown in
Figure 3a. It can be seen that the electric resistance decreases
with the increase of ε, which is attributed to the increase of
contact area between the interfaces of the CHAs and the
copper electrode and the increase of contact area among the
conductive building blocks.18 In addition, the cyclic stability of
the resistance−strain relation is enhanced under larger
deformation, i.e., fewer cycles are needed for CHAs to become
stable under high strain, which could be explained by the
effective restructure of CHAs under higher strain. In terms of
gage sensitivity, the gauge factor (GF) of the CHAs is
evaluated, as plotted in Figure 3b. It can also be seen that fewer
cycles are needed for the GF to stabilize under larger
compression strain, and the GF varies from ca. 1.5 to 3 at
investigated strain ranges. Especially, the CHAs has a GF of 3.2
at a strain of 13.3%, which originates from the contact
resistance mechanism. Moreover, these variations are related to
the different variation rate of contact area at different strain
during the compression process, resulting in the nonlinearity of
resistance variation (ΔR) vs strain variation (Δε), which is
consistent with Cheng’s observations.35

Furthermore, the response behavior of the CHAs conductors
to bending and twisting is also investigated. For bending test,
the stress-induced resistance changes are reproducible with
moderate hysteresis in loading−unloading cycles except for the
first loading−unloading cycle (Figure S9, Supporting Informa-
tion, Figure 3c). The partial breaking of the conductive
percolation network may result in different resistance changes
in the first loading−unloading cycle.36 For the following
loading−unloading cycles, the resistance changes become
consistent. Moreover, the elastic CHAs show high electro-
mechanical stability on increasing the bending cycles and
possess small variations of resistance at a fixed bending strain
(ΔL/L0 = 0.4) after 500 cycles, indicating excellent durability.
Similar response characteristic is observed in the twisting tests.
The resistance decreases during the bend and twist tests
originating from the increase of contact area between the
conductive materials under mechanical deformations. To
demonstrate the flexibility and high conductivity, the electrical
behavior of a simple light-emitting diode (LED) circuit
integrated using CHAs as interconnects under various elastic
deformation is investigated. As expected, the light intensity of
the LED with the applied turn-on voltage of 3 V is almost
retained without decrease under twistable, bendable, and
foldable deformations in Figure S10, Supporting Information,
which shows the feasibility for the CHAs as flexible conductors
while retaining high conductivity under various mechanical
deformation.
As proof-of-concept applications of porous CHAs, a highly

elastic strain-gauge sensor capable of detecting human motion
is successfully demonstrated. Figure 4a shows the photograph
of the finger-sensor demonstrating the bending and stretching
states of the fingers. As shown in Figure 4b, when the finger
slowly bends toward the palm and then releases repeatedly, the
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finger motion is faithfully recorded by the continuous variation
of current. Depending upon the modes of the finger motion,
e.g., bending speed, degree, and retaining time, the curves of
sensing current variation exhibit different waveforms. For
example, the continuous signal, static signal, and pulse signal
are generated by manipulating the modes of finger motions,
indicating an important branch of electromechanical devices.
3.4. Catalytic Performance of CHAs. As another example,

PU-(CNTs/Ag NPs)5 hybrid architectures prepared by LbL
assembly are employed as the heterogeneous catalysts to
enhance the reduction of various dyes. The catalytic reduction
of 4-NP to 4-nitroaniline (4-AP) with an excess amount of
NaBH4 is investigated in Figure 5a. The UV−vis absorption
spectra of the aqueous mixture of 4-NP and NaBH4 exhibit an
extinct absorption peak at 400 nm due to the formation of 4-
nitrophenonlate ion in alkaline solution.37 In the absence of the

catalyst, the peak remains unaltered with time, indicating the
nonoccurrence of reduction. Upon adding the CHAs, the
reduction reaction proceeds, due to the fact that the Ag NPs
start the catalytic reduction by relaying electrons from the
donor BH4

− to the acceptor 4-NP (Figure S11, Supporting
Information). The reaction progress could be monitored from
the time-dependent absorption spectra, which shows the
successive decrease of the intensity of the absorption peak at
400 nm, ascribed to nitro compounds, and the concomitant
growth of a new peak at 300 nm corresponding to 4-AP, the
reduction product of 4-NP (Figure 5a). After completion of the
reaction (46 min), the peak at 400 nm is no longer observed,
meaning that the catalytic reduction of 4-NP has proceeded
successfully. The CHAs can be also employed in other dyes
(MB, RhB, and OG) and enhance their reduction and
degradation (Figure 4b−d). On the basis of traditional theory
on the catalytic reduction of dyes, e.g., 4-NP, by Ag NPs,
electron transfer takes place from BH4

− to 4-NP through
adsorption of the reactant molecules onto Ag NPs surfaces,
which determines the catalytic performance. In our work, the
excellent catalytic performance arises from the synergistic
effects of N-CNTs, Ag NPs, and 3D porous structure, explained
as follows. (1) CNTs has high adsorption ability toward various
dyes containing benzene ring structure via π−π stacking
interactions, which provides a high concentration of dyes near
the Ag NPs on CHAs, leading to highly efficient contact
between them. (2) When Ag NPs are in contact with
semiconductor (N-CNTs), Fermi level alignment occurs,
leading to charge redistribution and formation of a depletion
layer surrounding the Ag NPs. Thus, electrons leave the Ag
NPs into N-CNTs to form an electron-enriched regions,
facilitating the uptake of electrons by dyes that happen to be
close to these regions. (3) Ag NPs supported on CHAs, which
could afford multiple accessible channels for diffusion and

Figure 4. Wearable strain-gauge sensor for detecting finger movement.
(a) Photographs of the strain-gauge sensor mounted on the middle
figure. The bending (top) and stretching (bottom) states of the finger
during testing are also shown. (b) Relative current changes for the
strain sensors with different bending speed and bending degree.

Figure 5. Time-dependent UV−vis absorption spectra during the catalytic reduction of various dyes by PU-(N-CNTs/Ag NPs)5 at room
temperature: (a) 4-NP, (b) MB, (c) OG, and (d) RhB.
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transport of the reactant molecules to approach the active sites,
enhancing the catalytic performance.38,39

4. CONCLUSION
In summary, a layer-by-layer coassembly method, which is
scalable and low cost, is developed to prepare binary 3D porous
CHAs functionalized by various multifunctional nanomaterials.
The key novelty to assemble such binary CHAs lies in selection
of available PU sponges with macroscopically ordered 3D
structure as the skeletons and synthesis of novel polyelectrolyte
as surfactant and adhesion layer for immobilizing various
nanostructured materials. Notably, various functional materials
with different sizes, shapes, and fabrication methods can be
coassembled with N-CNTs into one CHAs with designed
functionality. As a proof of concept, the CHAs based on N-
CNTs and Ag NPs are successfully assembled. The PU-(N-
CNTs/Ag NPs)1.5 conductors show reliable mechanical and
electrical performance under various elastic deformations. A
simple LED demonstration indicates the feasibility of the CHAs
conductors in practical application. In addition, the CHAs
based on N-CNTs and Ag NPs are employed as strain-gauge
sensor and heterogeneous catalyst, respectively, and excellent
performance is achieved in both cases. We believe that LbL
assembly will open avenues for large-scale production of
functional porous materials with desired functionality for
applications in flexible conductors, man−machine interaction,
heterogeneous catalysis, etc.
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