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ABSTRACT: The directed assembly of nanomaterials into 3D architec-
tures is a powerful tool to produce macroscopic materials with tailored
physical properties. We show in this article that such a process can be
advantageously performed for the fabrication of lightweight electrically
conductive materials. Silver nanowire aerogels (AgNWAs) with very low
densities (down to ∼6 mg cm−3) were ice-templated and freeze-dried,
leading to 3D shaped cellular materials based on one-dimensional
nanoscopic building blocks. Due to their intrinsic moderate mechanical
resistance, the potential use of pure AgNWAs in real life applications
appears rather limited. We demonstrate that the addition of carboxymethylcellulose (CMC) in a 1:1 weight ratio leads to the
fabrication of hybrid aerogels with highly improved mechanical properties. The molecular weight of the CMC is shown to be a
critical parameter to ensure a good dispersion of the AgNWs, and thus to reach excellent performances such as a very low
resistivity (0.9 ± 0.2 Ω·cm at 99.2 vol % porosity). The combination of silver nanowires with CMC-700k results in a gain
higher than 7100% of the Young’s modulus, from 10.4 ± 0.9 kPa (at very low density, i.e., 12 mg cm−3) for the AgNWAs to
740 ± 40 kPa for the AgNW:CMC aerogel. Electromechanical characterizations allowed us to quantify the piezoelectric
properties of these hybrid aerogels. The very good elasticity and the piezoelectric behavior stability up to 100 cycles of
compression under high (50%) deformation were revealed, which may be of interest for various applications such as pressure
sensors.
KEYWORDS: aerogel, freeze-drying, ice-templating, nanowires, cellulose, pressure sensor, piezoresistivity

INTRODUCTION
Highly porous materials such as aerogels, cryogels and foams
are currently actively investigated since they combine multiple
advantageous properties such as lightweight, high specific
surface and low raw material consumption. Thanks to the
performances achieved so far, these structures have found a
wide range of promising applications such as insulation,
depollution, medicine, sensors, to name but a few.1−7 Among
that range of lightweight materials, those made of electrically
conductive materials such as metals appear of particular
interest. Notwithstanding a highly porous structure, usually
higher than 98 vol %, lightweight materials with high
electrically conductivity can be obtained. They have already
proven efficient in applications such as electronics, catalysis,
energy storage and electrochemistry.8−13

Although top-down processing routes were mostly preferred
until recently, for instance by foaming molten metals by gas
injection or investment casting,11 the development of metallic

nanowires (MNWs) has led to a promising alternative bottom-
up route. Mostly copper and silver nanowires-based light-
weight structures have been realized up to now. This can be
ascribed to their rather straightforward and well developed
chemical syntheses.14−22 Conveniently, Ag and Cu are the two
most electrically conductive metals. Based on the use of
MNWs, the two most studied routes rely on the fabrication of
aerogels through freeze-drying23−28 or CO2 supercritical
drying.29−31

This study was carried out with silver nanowires (AgNWs)
because silver is the most conductive metal and AgNWs are
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less prone to oxidation compared to CuNWs, though the latter
could possibly be stabilized by a core−shell structure.32,33 Also,
the AgNWs synthesis is now well-known and mastered.34−37

The highly porous structures made of MNWs are very
exciting materials and could address various uses. Unfortu-
nately, they demonstrate limited mechanical resistance, which
hampers their use for further exploitation.23 Two main two-
step procedures based on hybridation with polymers have been
developed to thwart this flaw. The most common one is a
process, which consists of dip-coating an insulating lightweight
structure in a solution containing MNWs in suspension. After
deposition of the MNWs onto the structure, superficial
conformal electrically conductive 3D networks can be
achieved.21,38−41 The second route is based on impregnation,
typically with polydimethylsiloxane (PDMS), of a pre-existing
metallic porous material to ensure mechanical resistance.
However, most of the porosity is lost in this case.25,42,43

So far, most hybrid structures have been developed with
cellulose derivatives polymers,44,45 polyurethane46−48 or poly-
(vinyl alcohol).49 Some cellulose-based polymers have already
been identified as very efficient stabilizer in 2D networks of
MNWs, notably because they facilitate the deposition process
and restrain resistive contacts during the fabrication of the
random networks, resulting in highly conductive transparent
and flexible coatings.50

In this article, we demonstrate the interest of ice-templated
hybrid cellular materials using both AgNWs and cellulose
derivatives. We show that though the synthesis of aerogels
made of pure AgNWs with high electrical conductivity is
possible, their mechanical properties remain quite limited.
However, once hybridated with some specific polymers such as
carboxymethylcellulose (CMC), we show that AgNWs give
access to mechanically resistant and still highly conductive
aerogels. The choice of the polymer is of utmost importance to
ensure an optimized 3D percolative network of the metallic
nanowires, and thus to maintain a high conductivity
throughout the 3D architecture. The piezoresistive behavior
of the aerogels was characterized by mechanical cycling tests,
and revealed an excellent stability under one hundred cycles at
high compression.

RESULTS AND DISCUSSION
Silver Nanowire Aerogels (AgNWAs). We first inves-

tigated the microstructure as well as the electrical and
mechanical properties of AgNWAs without CMC. More
precisely, the role of the freezing temperature as well as the
presence of a cryoprotectant on the microstructural and
physical properties of AgNWAs was analyzed.4,29,51,52 We also
investigated the effect of AgNW concentration. Thus, several
cylindrical samples were produced according to the protocol
shown in Figure 1a−c. Because the addition of a

Figure 1. Synthesis of AgNW-based aerogels: Electrical, mechanical and morphological characterizations of pure AgNWAs at 1.0 wt %. (a−c)
Schematic representation of the AgNWA synthesis protocol with (a) dispersion of AgNW in liquid water; (b) generation of 3D percolating
network of AgNWs during ice-templating and (c) ice sublimation leading to the dried 3D AgNW network. (d) Photograph of three
AgNWAs, from left to right frozen at −196 °C without tBuOH, frozen at −50 °C without tBuOH and frozen at −196 °C with 5.0 wt %
tBuOH. (e) Electrical resistances and densities of the three AgNWAs. (f) Mechanical properties (Young’s modulus and yield strength) of the
three aerogels. (g−i) SEM images of AgNWA networks.
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cryoprotectant (a substance mainly used in biology and food
industry that prevents the tissue deterioration due to ice
expansion during freezing) has been advantageously reported,
we assessed the potential interest in our synthetic protocol. We
used tert-butanol (tBuOH) as it (i) sublimates easily with
water during the freeze-drying process and (ii) has already
proven efficient in some aerogel syntheses.53 During the freeze-
drying process, the water crystallizes and the AgNWs are
segregated around the ice crystals.54 Once located at the
boundaries of the ice crystals, the AgNWs form a 3D network
that remains practically unchanged after ice sublimation. The
aerogel shape can be defined according to the mold geometry,
for instance in a cylindrical vessel as shown in Figure 1d.
Effects of Freezing Conditions. First, AgNW solutions at

1.0 wt % in water only were subjected to two freezing
temperatures: −50 °C on the freeze-dryer’s tray (conditions
detailed in Figure S1), which induced a quasi-vertical freezing
(along the z-direction, which corresponds to the axis of the
cylindrical samples), and −196 °C by immersion of the molds
into liquid nitrogen. In the second case, a radial directed
freezing was observed. Those two protocols resulted into slow
and fast freezing rates, respectively. The final densities of 1.0 wt
% AgNWA were measured at 13.0 ± 1.0 mg cm−3, whatever
the freezing mode (Figure 1e). This density is consistent with
the one estimated theoretically from the AgNW weight
content. In addition, the whole processed samples exhibited
nice cylindrical shape. These two observations indicate a
negligible and homogeneous shrinkage during the freeze-
drying process. Moreover, as shown in Figure 1g, at a given

volume and identical compositions, the microstructure of
AgNWs within the aerogels are driven by the process
parameters. When the samples are slowly frozen, the growth
of ice crystals is favored, which results in aerogels exhibiting
large pores (242 ± 50 μm perpendicular to the z-axis) as
shown in Figure 1g. When the applied freezing rate is faster,
the crystal seed density is increased and ice-crystal growth is
restrained. The pores are not so well-defined and their average
diameter drops down to 5 ± 2 μm (Figure 1h.). These changes
of microstructures alter the macroscale electrical and
mechanical properties. For instance, for the AgNWA fabricated
at −50 °C the electrical resistance at 1 cm (R2P1cm) was 0.5 Ω,
whereas it rose up to 86 Ω for the AgNWA prepared at −196
°C, as displayed in Figure 1e: as the cell-wall density in
AgNWa freezed at −50 °C is higher, more electrical pathways
are formed, which induces a decrease of the electrical
resistance. Also, it is worth noting that no significant impact
of the freezing rate on the mechanical stiffness and resistance
was observed: the Young’s moduli and yield strengths of
AgNWAs prepared at −50 and −196 °C were measured at
10.4 ± 0.9 kPa, 0.62 ± 0.04 kPa and 12.0 ± 1.5 kPa, 0.74 ±
0.05 kPa, respectively (Figure 1.f.).

Effects of Cryoprotectant. Mixtures of water and tBuOH
resulted in aerogels with smaller pores and yielded smaller
crystal sizes depending on the freezing conditions.55 Only the
data obtained with the aerogels frozen at −196 °C are
presented herein because the samples with tBuOH frozen at
−50 °C could not be unmolded properly due to mechanical
instability, leading to the collapse of the structure. The

Figure 2. Electrical and mechanical characterizations of pure AgNWA (freeze-dried at −50 °C). (a) Measured and predicted density of the
AgNWAs as functions of the AgNW concentration in solution. (b) Evolution of the electrical resistance R2P

1cm of AgNWAs with the AgNWA
relative density. (c) Relative Young’s modulus (E/Es) as a function of the relative density. (d) Relative yield strength (σ/σs) as a function of
the relative density. The dotted lines in panels c and d correspond to power laws used to fit experimental data (the corresponding
coefficients are displayed on the top left parts of the figures).
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resulting microstructures are very different from those
obtained without tBuOH. For example, the cross section
displayed in Figure 1I shows a lamellar structure of this
material with pores of 133 ± 34 μm average length and 33 ± 7
μm average width. Such lamellae were not observed without
tBuOH, and the pores appear significantly larger. This

structural modification resulted in important changes on
both electrical and mechanical properties of the aerogel.
Thus, R2P1cm was measured at 18 Ω, i.e., 65% lower than samples
without tBuOH. Similarly to AgNWA fabricated at −50 °C,
AgNWA-tBuOH had bigger pores and thicker and presumably
denser pore walls, resulting in a higher number of electrical

Figure 3. Electrical, mechanical and morphological characterizations of AgNW:CMC aerogels with three different cellulosic polymers.
Selected molecular weights of CMC are 90k (red), 250k (green) and 700k (blue). Freezing conditions set at −50 °C. AgNW:CMC ratios are
set to 1:1 in weight. (a) R2P

1cm (left) and density (right) of AgNWA (in dark gray) and AgNW:CMC aerogels with CMC molecular weight of
90k, 250k and 700k; schematic view of perpendicular and parallel electrical measurements (left upper corner) and optical pictures of
AgNW:CMC aerogels (inset). (b) Young’s modulus of pure CMC (dashed bars) and hybrid (plain bars) aerogels. (c) Young’s modulus and
(d) yield strength of hybrid aerogels with CMC 250k and 700k, as a function of their relative densities and corresponding fitted power-laws.
(e−j) SEM images of AgNW:CMC aerogels with different magnifications for CMC molecular weight of (e and h) 90k, (f and i) 250k, and (g
and j) 700k. White arrows represent the z-axis of the structure parallel to the freeze-drying front.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c04288
ACS Nano XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acsnano.2c04288?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c04288?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c04288?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c04288?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c04288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


contacts between AgNWs, and therefore a lower electrical
resistance. More importantly, both Young’s modulus and yield
strength were, however, divided by 4 compared to free-tBuOH
samples (3.4 ± 0.3 kPa and 0.16 ± 0.02 kPa against 12.0 ± 1.5
kPa, 0.74 ± 0.05 kPa for AgNWA-tBuOH-196 °C and
AgNWA-196 °C respectively), which could be detrimental
for some applications. Since AgNWA fabricated at −50 °C
displayed the best electrical and mechanical properties, the
study was then carried out by freezing on the trays at −50 °C,
without addition of tBuOH.
Effects of AgNW Concentration. We first assessed the

impact of the AgNW initial concentration on the density of the
aerogels. We found that the measured density of the aerogels
increases linearly as a function of the AgNW concentration in
the solution, as shown in Figure 2a. The theoretical density
(dotted line in the figure) was calculated from the initial
volume of the solution and the corresponding weight of
AgNWs. The AgNWA experimental densities are close to the
theoretical density, indicating once again that the shrinkage
due to the freeze-drying is very limited, in the range from 0.5
to 4.0 wt %. Concurrently, when the AgNW loading is
increased from 0.5 to 4.0 wt %, the electrical resistance R2P1cm
decreases from 6.7 to 0.2 Ω (Figure 2b), which is probably due
to an increase of electrical contacts throughout the volume
with the concentration of AgNWs.56

In addition, the compression stress−strain curves of
AgNWAs with different AgNW concentrations are shown in
Figure S2. Stress−strain curves are very different from those
observed during the compaction of elastic homogeneous
entangled fibrous materials.57−61 They rather resemble to
those observed in numerous elasto-plastic cellular materials
with (or without) cell walls,62,63 i.e., with first a linear region
(apparently elastic) up to a yield strength that is followed by a
marked elastoplastic stress plateau characterizing an easy
densification phase, followed by a more difficult densification
phase with a sharp increase of stress levels. The AgNWA
elastoplastic plateau reaches a compression strain up to 0.6
when the AgNW concentration ranges from 0.5 to 3.0 wt %
and up to 0.5 at 4.0 wt %. As for other cellular materials, the
mechanical stiffness and resistance of AgNWAs strongly
depend on their relative density62 and thus on the AgNW
concentration. Hence, from 0.5 wt % (for a density of 6.1 ± 0.3
mg.cm−3) to 4.0 wt % of AgNW loading (density of 45.1 ± 2.0
mg.cm−3), the Young’s modulus was increased from 0.8 to 480
kPa. To the best of our knowledge, this is the highest Young’s
modulus reported so far for pure metallic nanowire aerogels.
More precisely, Figure 2.c-d. shows the evolution of the
relative Young’s modulus and yield strength as a function of
the relative density ρ/ρs of the AgNWAs, ρ and ρs being the
density of the AgNWAs and AgNWs, respectively. Both of
them rapidly increase with the relative density and follow
power-laws, as often observed for cellular materials.62 Here, the
power-law exponents are n = 2.9 ± 0.1 and m = 2.3 ± 0.1 for
the Young’s modulus and the yield strength, respectively.
These exponents are in-line with those already observed for
other stochastic foams made of CuNWs or CNTs.24,51−53 The
value of n is also consistent with that found by Qian et al.23 for
similar AgNWAs, i.e., n = 2.4 for the relative Young’s modulus
as a function of the relative density for AgNWAs, and the
scaling exponent of 3 reported by Tang et al. for CuNWs
aerogels.24

Silver Nanowires−CMC Hybrid Aerogels. It is worth
noticing that, even with an AgNW concentration of 4.0 wt %

and a density of 45.1 mg cm−3, AgNWAs respectively exhibit a
Young’s modulus and a yield strength of 480 and 11 kPa only.
Though these are high values for such materials, they remain
rather moderate at low AgNW concentrations, which could be
detrimental for some applications. They are mainly ascribed to
the very high porosity of the aerogel (99.6%) but also to the
weak and presumably poorly cohesive nanowire−nanowire
interactions. Therefore, we added CMC to the AgNW aqueous
solution in order to assess its effects on the reinforcement of
the resulting freeze-dried aerogels and thus to overcome the
aforementioned problem. We chose CMC among a wide
variety of polymers because of its good ability to disperse
AgNW and its low impact on the electrical conductivity of
percolative 2D networks. In addition, CMC is easily processed
in water, which is convenient for freeze-drying. The polymer
can constitute a self-supporting material even if the AgNWs do
not percolate within the CMC matrix. Electrical, mechanical
and morphological properties of these hybrid aerogels are
reported in Figure 3.
With the addition of CMC, the total weight loading is

doubled from 1.0 wt % of AgNW to 2.0 wt % of AgNW and
CMC. The densities of the hybrid aerogels almost double
from12.0 ± 1 mg·cm−3 to 23.2 ± 0.7 mg·cm−3, indicating that
the shrinkage due to the freeze-drying process is also very
limited for the hybrid aerogels.
Even with the polymer addition, the values of R2P1cm remain

low, all of them being lower than 10 Ω for the three CMCs
with various molecular weights (Figure 3a). It is observed that
the R2P1cm decreases when the molecular weight of the CMC
increases. This is attributed to a better dispersion of the
AgNWs in the CMC 700k than in the CMC 250k and even
more than in the CMC 90k, as clearly observable on the
scanning electron microscopy (SEM) images focused on the
pore walls of the aerogels (Figure 3h−j). The viscosities of
CMC dispersions increase with the CMC’s molecular weight
(Table S1), certainly due to enhanced entanglement of longer
polymer chains. The viscosity in the CMC 700k dispersion
appears sufficient to block the formation of AgNWs bundles
during the freeze-drying process, which leads to the presence
of more dispersed nanowires within the matrix. This results in
an extended 3D connectivity of the nanowire network, and in
f ine in a lower electrical resistance of the aerogel as shown in
Figure 3a.
Another significant effect that depends on the CMC

molecular weight is the lamellar structuration of the
AgNW:CMC 90k aerogel (Figure 3e). The ice crystal growth
is favored in a less viscous solution: ice lamellae can grow along
the freezing axis. Consequently, anisotropic lamellae of AgNW
and CMC pore walls are formed and thus the R2P1 cm of this
aerogel is spatially different with a lower resistance (4.6 ± 0.2
Ω at 1 cm) along the freezing axis compared to the
perpendicular axis (10.2 ± 2.1 Ω at 1 cm). On the contrary,
both AgNW:CMC 250k and 700k aerogels resulting from
more viscous solutions exhibit more isotropic cellular
structures (Figure 3f,g) and therefore isotropic values of
R2P1cm. A SEM image of a pure CMC 700k aerogel is shown if
Figure S3 for comparison. As already observed for AgNWA
without CMC, when the porosity decreases (i.e., when the
total concentration increases), the electrical conductivity of the
samples increases because more electrical pathways are created.
The electrical resistance and resistivity of hybrid aerogels made
of AgNW and CMC 700k at different weight ratios and total
concentrations are presented in Table S2.
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The Young’s moduli and the yield strengths of aerogels with
a single component, either AgNW or CMC, or hybrid aerogels
are shown in Figure 3b. Adding 1.0 wt % of CMC to 1.0 wt %
of AgNWs resulted in a dramatic increase in Young’s modulus
and yield strength for the three CMCs. For instance, the
comparison of a pure AgNWA with the AgNW:CMC-700k
hybrid aerogel shows a Young’s modulus gain higher than
7100% from 10.4 to 740 kPa and a 50-fold yield strength
increase from 0.62 to 31 kPa. Such an increase was unexpected
and resulted from a great synergetic effect. Indeed, the neat
CMC-based aerogels present significantly lower Young’s
modulus and yield strength. For instance, the comparison of
pure CMC-based aerogels properties compared to
AgNW:CMC-700k aerogels results in a large Young’s modulus
improvement from 336 to 740 kPa and a nearly 3-fold yield
strength gain from 10.6 to 31.1 kPa. The neat CMC 700k-
based aerogel displays the higher mechanical resistance of the
three CMCs, and logically the hybrid aerogel AgNW:CMC
700k exhibits the highest mechanical resistance.
The evolution of the Young’s modulus and the yield strength

with the relative density of two hybrid aerogels (weight ratio of
AgNW/CMC = 1) is presented in Figure 3c,d. For
AgNW:CMC 250k, the scaling exponents of n = 3.2 ± 0.1
for the Young’s modulus and m = 2.6 ± 0.1 for the yield
strength are consistent with other stochastic foams for which
parameters are 3 < n < 4 and 2.5 < m < 3.5. The Young’s
modulus of AgNW:CMC 700k appears to scale of with (ρ/
ρs)2.5. Concerning AgNW:CMC 700k, the scaling exponents of
n = 2.5 ± 0.1 for the Young’s modulus and m = 2.1 ± 0.1 for
the yield strength are closer to the scaling exponents of open
cells porous materials than to stochastic foams.
Electromechanical Characterizations. We then inves-

tigated the capability of the AgNW:CMC aerogels to be used
as lightweight pressure sensors. To this end, we developed a
test bench to measure simultaneously electrical and mechanical
properties (Figure S4). The compression cycles did not induce

any significant degradation of the electrical conductivity after 5
cycles with a maximal deformation of 2/3 of the height of the
sample (Figure S5). Therefore, the AgNW percolating network
within the CMC is not significantly degraded, the pore walls
were mainly elastically deformed and not broken by the
compression cycles. This demonstrates that the CMC affords
an efficient elasticity to the composite aerogels at 0.5 wt % and
at 1.0 wt %.
When the total concentration is divided by 2 from 1.0 to 0.5

wt % at the same weight ratio of 1:1, the nominal applied stress
for the same maximal displacement is lowered by 57% (from
16.5 down to 7.0 kPa). The aerogel becomes less mechanically
resistant and the force needed to reach the same relative
deformation of 2/3 of the height of the sample is significantly
lowered. This points out that the mechanical resistance of the
aerogels is largely tunable with the total concentration used at
the synthesis stage.
Both AgNW:CMC 700-1:1-0.5 wt % and AgNW:CMC700-

1:1-1.0 wt % aerogels were compared for their stress sensitivity
(S) and their strain gauge factor (GF) during compression up
to a 70% compression strain. Corresponding stress−strain and
resistivity−strain curves are reported in Figure S6, and an
example of the sample compression-induced deformation is
shown in Figure 4c. Those two figures prove that the produced
aerogels exhibit a typical elastoplastic compression behavior
with (i) a first sharp increase of stress levels (apparent elastic
regime) (ii) followed by a softer compression plateau with
weak strain hardening of stress levels during which
consolidation occurs without marked Poisson effects, (iii)
noticeable elastic recovery even at high compression strains,
such a recovery being more efficient to that observed for
AgNW aerogels (Figure S2), (iv) stress levels two to three
times higher for 1 wt % aerogel, (v) noticeable strain-induced
decrease of the foam resistivity. The corresponding stress
sensitivities S and strain gauge factors GF are displayed in
Figure 4a,b. It is interesting to notice that after the apparent

Figure 4. Electromechanical characterizations of AgNW:CMC hybrid aerogels. Freezing conditions were set at −50 °C. (a) Sensitivity and
(b) gauge factor for AgNW:CMC 700-1:1-0.5 wt % and AgNW:CMC700-1:1-1.0 wt % aerogels. (c) Photographs of AgNW:CMC 700k ratio
of 1:1 and 1.0 wt % at 4 different stages of compression. (d) Mechanical stability over a hundred cycles at the same maximum compressive
displacement of half of the sample height. The composition of the sample is AgNW:CMC 700k ratio of 1:1 in weight and total concentration
of 1.0 wt %.
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elastic domain (for strains below 10% where S is practically
zero-valued), S becomes finite and constant. The sensitivity for
the 0.5 wt % aerogel is measured at 2.64 k·Pa−1, which
compares very well with the state of the art of similar
lightweight materials.45,64−66 It is also worth noting that S
diminishes with the solid content. This is ascribed to a strain
hardening of stress levels that is more pronounced for the 1 wt
% aerogels (see Figure S6). In addition, Figure 4b shows that
the strain gauge factor GF is not constant but evolves as a
power-law function of the compression strain (and thus of the
solid content), whatever the considered aerogels: increasing
the compression strain leads to increase the solid content,
which in turn increases the AgNW connectivity, and thus GF.
Figure 4d shows the stability study of a AgNW:CMC700-

1:1-1.0 wt % aerogel enduring a hundred compressions at the
same maximum displacement (half of its initial height, i.e., at a
70% compression strain, 100 cycles in 48 min). After the first
compression, the R/R0 variation from zero pressure to the
maximum stress is measured at −4.5%. After 100 cycles, the R/
R0 variation is very similar at −4.2%. In addition, the R/R0
value without applied pressure between the first and the 100th
cycles raised only from 1.02 to 1.04. In a complementary
measurement, the value of R/R0 under the maximal stress
between the first and the 100th cycles increased slightly from
0.97 to 0.99. Therefore, the degradation of the electro-
mechanical properties of the aerogel appears very limited after
100 compressions at a severe compression strain.
The composition of the aerogels can be adjusted on

demand. For instance adding polymer allows to drastically
improve the mechanical resistance of the sample, and reducing
the weight ratio of AgNW/CMC leads to an increase of the R/
R0 variation range. Hence, by modifying the composition of the
aerogel it is possible to fine-tune the sensor sensitivity.

CONCLUSIONS
In summary, extremely lightweight metallic materials (down to
6 mg cm−3) were synthesized by ice templating one-
dimensional silver nanostructures and freeze-drying. These
aerogels exhibit very good electrical conduction properties, but
their intrinsic mechanical resistance is somewhat limited. The
fabrication of hybrid aerogels relying on the addition of CMC
results in a dramatic improvement of the mechanical resistance
(above 7000%), while keeping excellent electrical conductivity
(0.9 ± 0.2 Ω·cm at 1:1 AgNW/CMC ratio, and 2.0 wt %
total). The molecular weight of the CMC was shown to play a
crucial role to enhance the 3D percolative network through
higher dispersion of the AgNWs with the CMC matrix and
thus to strengthen both the mechanical and electrical
properties of ice-templated aerogels. Moreover, the values of
the Young’s modulus are among the highest reported so far for
very lightweight aerogels (<25 mg cm−3). Finally, electro-
mechanical characterization revealed that hybrid aerogels with
AgNWs and CMC are piezoresistive with a very stable electro-
mechanical behavior over a hundred cycles performed at severe
compression strains. We think that the reported approach
could expand the materials portfolio of lightweight electrically
conductive materials, which are of interest for a wide set of
applications including pressure sensors.

MATERIALS AND METHODS
Chemical Reagents. Carboxymethylcellulose (CMC) with

molecular weights of 90, 250 and 700 kg mol−1 and tBuOH were
purchased from Sigma-Aldrich and used without further purification.

Synthesis and Purification of AgNWs. In a typical synthesis,
AgNO3 (0.68 g) was dissolved in EG (40 mL) at a slow stirring rate in
a round flask. In another flask, polyvinylpyrrolidone (PVP, average
mol. wt. 40 000, 1.77 g), NaCl, was dissolved in EG (80 mL) at 120
°C. The solution was cooled to room temperature and then slowly
added to the first flask within 8 min. The mixture was finally heated at
160 °C and cooled down at ambient temperature. To remove EG and
PVP, the purification of the AgNWs was first realized by decantation.
The settled product that contains the AgNWs was redispersed into a
minimal amount of water. Then three consecutives steps with acetone
flocculation and water washing were carried out. After this purification
process, only a thin layer of PVP remained around the AgNWs.35,38,67

Resulting AgNWs exhibited a mean diameter of 55 ± 13 nm and an
average length of 6.8 ± 3.8 μm.
Synthesis of AgNW Aerogels (AgNWA). AgNWs were

dispersed at the desired concentration (wt %) in water under gentle
mechanical agitation. tBuOH was then added to the dispersion at a
concentration of 5.0 wt % for samples named AgNWA-tBuOH. Then,
1.5 g of this solution was poured into a flat bottom cylindrical flask
with straight edge. The molds were then inserted into a MUT 004 A
benchtop pilot freeze-dryer from Cryotec with cooling trays. The
temperature evolution of the trays as well as the pressure in the
chamber are reported in Figure S1. Freezing by immersion of the
molds into liquid N2 was also performed for the samples called
AgNWA-liqN2, i.e, without tBuOH. After freezing, the lyophilization
was performed as explained before, but starting directly from the
plateau at −50 °C and atmospheric pressure.
Synthesis of Hybrid AgNW:CMC Aerogels (AgNW:CMC-A).

The CMC was added into water and dispersed at 60 °C under
vigorous agitation. AgNWs were dispersed in water. Both solutions
were mixed together at 120 rpm at room temperature. The sum of
both polymer and AgNWs concentrations at this step is named total
load in wt %. The solutions were left 21 h at room temperature in
hermetically closed vials without agitation. Then, the solutions were
agitated at 120 rpm at room temperature for 3 h and 1.5 g of this
solution was poured into a cylindrical flask. The molds were then
inserted into the MUT 004 A benchtop pilot freeze-dryer from
Cryotec. Then, the protocol of freeze-drying was identical to AgNWA.
Two-Probes Electrical Resistance at 1 cm (R2P1cm). An IDM19

pocket multimeter from RS components was used to measure the
electrical resistance. The probes were separated by 1 cm. Small
droplets of GaIn eutectic were used to ensure good electrical contacts
between the probes and the aerogels.
SEM Analysis. Electrically conductive samples were cut

longitudinally and transversally and their micro and nanostructures
were observed in a SEM Zeiss Ultra. For that purpose, a 10 nm layer
of Pt was deposited with a Biorad sputter coater SC500 on
nonelectrically conductive aerogels made of neat CMC prior to
SEM observation. In addition, AgNWA were impregnated with an
epoxy resin and polished before SEM characterization.
Compressive Mechanical Resistance. To characterize the

mechanical properties of the AgNW-based aerogels, uniaxial
compression tests were performed on cylindrical samples (initial
diameter d0 ≈ 11 mm and initial height h0 ≈ 10 mm) using an
electromechanical testing machine (Instron 5960, USA) equipped
with a force sensor of 10 N or 5 kN and compression platens. During
the tests, the actual sample height h together with the compression
forces F were recorded so that the nominal compression stress σ0 = 4|
F|/(πd02) and the Hencky strain ε = |ln (h/h0)| could be estimated to
build stress−strain curves. Tests were achieved at a constant
compression velocity |ḣ| with an initial strain rate |ε0̇| = |ḣ|/h0 =
0.01 s−1. As shown in the typical stress−strain curve σ0(ε) of Figure
S2, a first compression loading was carried out up to a small strain |ε|
= 5%, then sample were unloaded. The early stage of this unloading
phase was used to estimate the sample Young moduli. Therefrom, the
sample were reloaded up to |ε| = 70% and unloaded again. From this
sequence, the compression yield strength was also assessed, as
sketched in Figure S2.
Electromechanical Measurements. To assess the evolution of

the sample conductivity upon mechanical cycling, we performed in

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c04288
ACS Nano XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c04288/suppl_file/nn2c04288_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c04288/suppl_file/nn2c04288_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c04288/suppl_file/nn2c04288_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c04288/suppl_file/nn2c04288_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c04288/suppl_file/nn2c04288_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c04288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


situ conductivity measurement during cyclic compression tests. For
that purpose, electrically conductive silver paint (Conductive Silver
Lacquer L200N from Ferro) was used to glue the aerogel samples on
a PEN (polyethylene naphthalate) substrate. An electric track was also
drawn from the sample to one border of the substrate. The upper face
of the aerogel sample was stuck onto a thinner PEN foil with silver
paint. Three 25 μm diameter Au wires from Heraeus were used to
make the electrical junctions between the upper face of the aerogel
and a second silver paint electric track on the substrate. The electric
grippers connected to a Keysight B2902A potential and current
alimentation were pinched on metallic adhesives connected to both
silver paint tracks. Constant potential was applied during the
compression cycles and both potential and current were measured
every 0.01 s with a holding time of 0.02 s. The noise from the
measured signals was removed with Origin Lab’ signal processing
filtering method of Savitzky-Golay on a window size of 100 points.
The compression cycles that were carried out during electrical
measurements consisted in a first loading up to |ε| = 5%, followed by
unload and reload sequences up to |ε| = 27.5%, 55%, 82.5% and 110%,
respectively. Then, last, samples were subjected to 100 cycles of
unload−reload at this maximal compression strain.
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