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A B S T R A C T   

Cellulose-based xerogels, cryogels and aerogels have been proposed to deliver the functions required by next- 
generation wearable electronics and energy materials. However, such systems often lack functionality and 
present limited mechanical resilience. Herein, we introduce a simple strategy to synthesize high-performance 
cryogels that combine cellulose and silica nanofibers that form ice-templated cellular architectures. Specif
ically, dual networks are produced by incorporating organic (cellulose) and inorganic (silica) nanofibers to form 
highly interconnected and vertically-aligned channels. Hence, ultralight structures (7.37 mg cm−3 in density and 
porosity of 99.37%) are produced with high mechanical strength, compressibility (dimensional recovery of up to 
90%) and fatigue resistance (1000 loading cycles) along with low thermal conductivity (29.65 mW m−1K−1). 
Electrical responsiveness is supplemented by in situ polymerization of pyrrole, ensuing operation in a wide load 
range (0–18 kPa with sensitivity of 6.63 kPa−1 during > 1000 cycles). The obtained thermal insulating and 
electroactive materials are demonstrated for operation under extreme conditions (solvent and temperature). 
Overall, our dual network system provides a universal, multifunctional platform that can substitute state-of-the- 
art carbonized or carbon-based light-weight materials.   

1. Introduction 

Superelastic, lightweight materials that are simultaneously fatigue 
resistant fit ideally the needs of wearable electronics [1,2], flexible 
sensors [3,4], and portable devices [5,6], among others. Particularly, 
development of electroactive sensors has become an active research area 
owing to their wide use, for instance, in health diagnosis and physio
logical monitoring [7,8]. Moreover, the next-generation sensors need to 
perform in a wide range of environments and, for such purpose, cryogels 
exhibiting compressibility, conductivity, and thermal insulation prop
erties are ideal, provided they are strong and sustain extreme conditions 
[9,10]. Considering electrical conductivity, cryogels are often produced 
from expensive, synthetic building blocks, such as carbon nanofibers 
[11] and nanotubes [12], graphene oxide [13] and MXene [14], all of 
which are associated with costly and energy-intensive processing. In 
addition, they exhibit uncontrollable volume shrinkage and resistivity, 

and are associated with negative carbon footprint [15]. Therefore, there 
is a pressing need for sustainable, non-carbonaceous, elastic and cost- 
effective cryogels. 

Naturally-derived materials are ideal alternatives for synthesizing 
sustainable cryogels. Moreover, organic–inorganic hybridization is 
effective to improve the elasticity of biobased cryogels while retaining 
their lightweight [16]. For instance, hybrid cryogels composed of 
entangled dual fibers, cellulose nanofibrils (CNF) and silica fibers, 
showed improved flexibility and formability [17,18]. However, the 
typical uncontrollable, disorganized microstructures prevalent in hybrid 
cryogels undermine the potential benefits of the inorganic phase. To 
overcome this issue, structural design can be considered, for instance, 
following the example of living organisms [19], including wood and its 
highly aligned cellular structure formed by cellulose microfibers [20]. 
The latter are tightly entangled in macrofibers embedded in a matrix 
(containing lignin and hemicellulose) that maximize strength [21,22]. 
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By using chemical treatment, it is possible to produce compressible and 
elastic sponge-like materials from wood [23–25]. Although such wood- 
derived sponge retains the unique hierarchical nanostructure and high 
specific surface area of the precursor, the synthesis involves chemically- 
intensive processes. Hence, an alternative route to achieve the desired 
properties involves cryogels that emulate the hierarchical characteristics 
encoded in natural wood. 

Inspired by wood biomimicry, we develop a hybridization strategy to 
produce cryogels with an ordered, cellular-like structure composed of 
cellulose nanofibrils (CNF, TEMPO-oxidized) and a mineral phase (sil
ica). In this design, CNF acts as the skeleton of the cryogel, which ben
efits from unique porous and structural templating [26]. Meanwhile, 
electrospun silica nanofibers are embedded in the scaffold and improve 
the microstructure of the cryogel by connecting with CNF, achieving an 
excellent balance between elasticity and fatigue resistance (> 1000 
loading cycles, maintaining 82.99% of maximum stress), as well as 
thermal insulation (29.65 mW m−1K−1 heat conductivity). The hybrid 
and superelastic cryogels are further modified to develop electrical 
conductivity through in situ polymerization of pyrrole, forming poly
pyrrole (PPy) that crosses the lumen of the cells. When acting as an 
electroactive sensor, the cryogel shows a high sensitivity (up to 6.63 
kPa−1) under a broad range of pressure (0–18 kPa) and an excellent 
durability (1000 cycles). Hence, flexibility and electroactivity are ach
ieved with the hybrid, non-carbonaceous cryogels, ideally suited for 
high-performance, multifunctional devices. 

2. Experimental section 

2.1. Materials and chemicals 

Cellulose nanofibrils with a length and diameter of approximately 
1–2 μm and 10–20 nm, respectively, were purchased as aqueous sus
pension from Tianjin Woodelf biotechnology Co. ltd (Tianjin, China). 
The nanofibrils were produced from bleached kraft hardwood pulp 
using TEMPO-mediated oxidation (carboxylate content of ca. 1.4 mmol/ 
g). For simplicity, we refer to the oxidized cellulose nanofibrils as CNF. 
Tetraethyl orthosilicate (TEOS), polyvinyl alcohol (PVA, 1788), meth
yltrimethoxysilane (MTMS), phosphoric acid, and hydrochloric acid 
were obtained from Aladdin (Shanghai, China). The hydrolyzed MTMS 
sol was prepared by mixing 0.5 g of MTMS solution, 0.5 g of hydro
chloric acid solution (0.1 M), and 4.5 g of deionized (DI) water, 
following with continuously stirring for 2 h to fully hydrolyze MTMS. All 
reagents were analytical grade and used as received without any further 
purification. 

2.2. Sol-gel electrospinning of SiO2 

An aqueous solution of PVA (10 wt%) was prepared by stirring 2 g 
PVA in 18 g water at 85 ◦C for 2 h. Silica precursor sol solution was 
prepared by mixing TEOS:H3PO4:H2O in 1:0.01:11 molar ratio and 
stirred at room temperature for 8 h to obtain silica sol solution. Subse
quently, the silica precursor sol solution was slowly added to 10 wt% 
PVA solution at a mass ratio of 1:1 and stirred for 4 h to obtain a ho
mogeneous spinning solution. The solution was loaded into a 5-ml sy
ringe and pumped at a constant rate (1 ml h−1) under an applied 
electrospinning high voltage of 20 kV. The ambient temperature and 
relative humidity were 25 ± 5 ◦C and 45 ± 5%, respectively. To obtain 
the silica nanofibers, the PVA/TEOS hybrid membranes were calcined at 
800 ◦C in air for 2 h at a heating rate of 5 ◦C min−1. For simplicity, these 
fibers are referred to as SiO2 or silica nanofibers. 

2.3. Preparation of CNF/SiO2 cryogels 

Briefly, 23 g CNF aqueous suspension (1.3 wt%) and 0.2 g SiO2 
nanofiber membrane were dispersed in deionized water, wherein the 
mixture was homogenized at high speed (19000 rpm, SCI-160 

homogenizer) for 20 min to obtain a homogeneous dispersion with a 
total solid content of 0.5 wt%. Then, hydrolyzed MTMS sol (crosslinking 
agent) was slowly added into the dispersion, and the mixture was stirred 
for 2 h to ensure full reaction. The mass ratio of MTMS:CNF:SiO2 was 
5:3:2. Subsequently, the obtained dispersion was frozen in a specially- 
designed mold attached to a copper base cooled with liquid nitrogen, 
following by drying the sample for at least 36 h in the freeze-dryer 
(-50 ◦C and 4 Pa) to obtain cryogel. According to the mass ratio of 
CNF-to-SiO2, a series of cryogels were obtained, referred to as CNF/SiO2- 
0 (5/0), CNF/SiO2-1 (4/1), CNF/SiO2-2 (3/2) and CNF/SiO2-3 (2/3). 

2.4. Preparation of PPy@CNF/SiO2 cryogels 

The PPy@CNF/SiO2 cryogels were fabricated by in situ polymeriza
tion of pyrrole. Briefly, the as-prepared CNF/SiO2 cryogels were fully 
immersed into ethanol and exchanged with 0.5 M HCl to tailor their 
wettability. Based on preliminary experiments and considering the level 
of electrical conductivity and performance of the cryogels, a 0.1 M 
pyrrole solution was used to form PPy. Briefly, pyrrole solution was 
prepared by dissolving the given amount of pyrrole in 0.5 M HCl with 
continuous stirring at room temperature. The pretreated CNF/SiO2 
cryogels were then added to the above solution and left at rest for 2 h to 
allow pyrrole to completely penetrate into the interior of the cryogels. 
Following, the as-prepared cryogels were placed in a FeCl3 solution (0.2 
M FeCl3⋅6H2O dissolved in 0.5 M HCl) with an ice-water bath at 0 ◦C for 
6 h. After reaction, and to remove residual pyrrole and FeCl3, the sam
ples were repeatedly washed with ethanol and deionized water. Finally, 
the PPy@CNF/SiO2 cryogels were frozen in a refrigerator at -18 ◦C for at 
least 24 h, followed by drying in a freeze-dryer (-50 ◦C and 4 Pa) for at 
least 48 h. 

2.5. Characterization 

The morphology of the cryogels was followed by scanning electron 
microscopy (SEM, JEM-7500F, JEOL, Japan) and elemental mapping 
was recorded using EDS spectroscopy attached to the SEM. The surface 
functional groups were identified by Fourier Transform Infrared Spec
troscopy (FTIR) using Nicolet iN10 Spectrometer (Thermo Fisher Sci
entific Inc., USA). The surface chemical composition was confirmed 
using X-ray photoelectron spectrometer (K-Alpha, Thermo Fisher Sci
entific Inc., USA). Cryogel samples with size of 20 × 20 × 20 mm3 were 
prepared for compression tests: compression, elasticity, and fatigue 
resistance were recorded on a universal testing machine (Suns, 
UTM2503, China) with a 100-N load cell and compression speed of 10 
mm/min. The thermal stability of the cryogels was evaluated by ther
mogravimetric (TG) analysis using a thermal analyzer (DSC/DTA-TG, 
STA449 F3, Netzsch, Germany) by heating from room temperature to 
800 ◦C (heating rate of 10 ◦C min−1) under nitrogen atmosphere. 
Thermal conductivity was measured by a Hot Disk TPS 2500 S instru
ment (Hot Disk AB, Sweden), and thermographic images were taken 
with an infrared thermal camera (Testo 869, Testo AG, Germany). 

The PPy@CNF/SiO2 sensor was fabricated by assembling a conduc
tive cryogel between two polyethylene terephthalate (PET) supports, 
adhered with two copper sheets. The compression-strain profiles of the 
PPy@CNF/SiO2 sensor were recorded by connecting the universal 
testing machine (Suns, UTM2503) with an electrochemical workstation 
(CHI 660E, applying a voltage of 1 V). Signal detection of human mo
tions was carried out with the help of a volunteer who was installed with 
the PPy@CNF/SiO2 sensor. The gauge factor (GF) for sensitivity of strain 
sensors was calculated according to the following formula: 

GF = (ΔR/R0)/ε 

where R0 is the initial resistance of the PPy@CNF/SiO2 sensor 
(without pressure), ΔR is the relative change in resistance, and ε is the 
applied stain. The sensitivity (S, kPa−1) of the sensors was calculated 
according to the following formula: 
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S = δ(ΔI/I0)/δP 

where I0 is the initial current of the PPy@CNF/SiO2 sensor (without 
pressure), ΔI is the relative change in current, and δP is the change of the 
applied pressure. 

3. Results and discussion 

3.1. CNF/SiO2 cryogels 

Elastic, conductive nanofiber-based cryogels are designed consid
ering a number of features. Fist, flexible nanofibers are assembled into a 
robust 3D framework, leading to a cellular-like, ordered, open-pore 
structure. Secondly, cryogels are formed to enable mechanically 
strong but deformable light-weight materials. Finally, electrical con
ductivity is optionally added by in situ synthesis of polypyrrole (PPy). In 
this design, the ordered internal microstructure is achieved by direc
tional freezing, incorporating CNF and electrospun silica (SiO2) nano
fibers that are tightly entangled. Hydrolyzed methyltrimethoxysilane 
(MTMS) is added to further reinforce the connections between CNF and 
the SiO2 nanofibers by reaction with CNF’s surface hydroxyl groups. The 
obtained system can preserves the ordered microstructure achieved by 
directional freezing but enhances its mechanical strength, compress
ibility and flexibility. 

Our three-step synthesis of CNF/SiO2 cryogels firstly involved SiO2 
nanofibrous membranes prepared by sol–gel electrospinning [27], 
where the fiber (diameter of 357 nm) formed a highly flexible structure 
(Fig. 1 and S1). For this purpose, the CNF aqueous suspension was 
combined with the SiO2 nanofiber membranes and homogenized to 
reduce the length of the SiO2 nanofibers to about 84 μm, which was still 
much longer than that of CNF (Figure S2). This enabled entanglement 

with CNF and formation of a skeleton with adjusted CNF/SiO2 nanofiber 
ratio in the presence of MTMS that was used as a binder. The nanofiber 
dispersion was directionally frozen with liquid nitrogen, and then 
freeze-dried to generate MTMS-bound CNF/SiO2 cryogels. Benefitting 
from ice crystal nucleation and phase separation between CNF/SiO2 
nanofibers and ice crystals, interconnected, ordered, cellular-like 
structures were formed within the network, composed of a dual nano
fiber system. According to the relative mass ratio of CNF/SiO2 at 5/0, 4/ 
1, 3/2 and 2/3, the cryogels are referred to as CNF/SiO2-0, CNF/SiO2-1, 
CNF/SiO2-2 and CNF/SiO2-3, respectively. As a last optional step, PPy 
was polymerized in situ within the CNF/SiO2 cryogels using the 
respective monomer (PPy@CNF/SiO2). 

3.2. Morphology and material characterization 

Hydrogen bonding of surface hydroxyl groups of CNF enabled self- 
supporting cryogels and prevented volume shrinkage of the CNF/SiO2 
system during freeze-drying [28]. The flexible, high-aspect-ratio SiO2 
nanofibers strengthened the CNF scaffold, improving the mechanical 
strength and structural stability. Upon reaction, hydrolyzed MTMS 
molecules reacted with hydroxyl groups of CNF and bound SiO2 nano
fibers, preventing slippage between the dual nanofibrous network and 
improving its surface hydrophobicity (Figure S3) [29]. 

The as-prepared cryogels revealed a porous, ordered cellular-like 
structure consisting of open-cell walls and interconnected hybrid 
nanofibers (SEM images, Fig. 2a-2e). The formation mechanism leading 
to ordered cellular structures was mainly produced by directional ice 
templating following the three-phase change of water under a suitable 
temperature gradient during freezing and freeze-drying [30]. We note 
the microstructure of neat CNF cryogels, Fig. 2a, which exhibited a low- 
elasticity, disordered lamellar microporous structure and a random 

Fig. 1. Schematic illustration (not to scale) of synthesis of CNF/SiO2 cryogel. Homogenized CNF/SiO2 nanofibers and MTMS were first prepared through high-speed 
homogenization, and then the dispersion was directionally freeze-dried into CNF/SiO2 cryogels. The resultant CNF/SiO2 cryogel was loaded with PPy after in situ 
polymerization of pyrrole, obtaining an electrically conductive cryogel (PPy@CNF/SiO2). 
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three-dimensional assembly that included thin sheets and nanofila
ments. The structure formed by CNF resulted from the entanglement of 
the fibrils during ice growth, resulting in a continuous but disordered 
system. Comparatively, MTMS-crosslinked CNF cryogels (CNF/SiO2-0, 
mass ratio of CNF/SiO2 = 5:0) presented a regular and uniform structure 
(Fig. 2b). The addition of MTMS not only facilitated the formation of 
more uniform ice crystals, but also reduced CNF aggregation. 

The length of the cell system gradually increased with the loading of 
SiO2 nanofibers, forming a parallel “layer-strut” with inter-linked fibers 
(ca. 50 μm) between the thin cell walls. The results indicated that SiO2 
nanofibers facilitated parallel alignment of CNF (Fig. 2c and Figure S4), 
which was attributed to the strength of the long electrospun nanofibers 
during freezing. The CNF/SiO2-2 (mass ratio of CNF/SiO2 = 3/2) 

indicated SiO2 nanofibers connected and entangled with the cellulose 
counterparts, embedded within the CNF skeleton, which mechanically 
reinforced the system and enabled elasticity via efficient energy dissi
pation. The strong interaction between the nanofiber components in the 
hybrid system played a key role in creating ordered architectures. 
Meanwhile, directional ice templating led to the formation of an 
anisotropic structure. By freezing the nanofiber dispersion, the CNF and 
SiO2 nanofibers were displaced and concentrated in the interstitial space 
between the growing ice crystals and produced a tracheid-like texture 
(Figure S5) [31]. 

After in situ polymerization of pyrrole, Fig. 2d and 2e, the cryogel 
morphology was largely retained, and PPy particles were observed to be 
randomly distributed on the surface of the nanofibers and pore walls, 

Fig. 2. Morphology and material characterization of CNF/SiO2 cryogels. SEM images of (a) pure CNF cryogel, (b) CNF/SiO2-0, (c) CNF/SiO2-2, (d) and (e) 
PPy@CNF/SiO2-2 showing nanofibers and pore walls coated with PPy. The red circles in (e) highlight aggregated PPy protruding on the SiO2 nanofibers. (f) EDS 
elemental (C, O, N, and Si) mapping images of PPy@CNF/SiO2-2. (g) Photographs displaying the shape-controllable, ultralight and flexible CNF/SiO2-2 cryogels. (h) 
FTIR and (i) wide XPS spectra of as-prepared cryogels. (j) C 1 s spectra of pure CNF and CNF/SiO2-2 cryogels. 
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crossing the lumen of the cells and forming a continuous nano-sheath 
structure [32]. The latter observation was confirmed by energy- 
dispersive X-ray spectroscopy (EDS) mapping, wherein C and O atoms 
were uniformly distributed along the walls of the cryogels (Fig. 2f), 
revealing that CNF was the main component. Due to MTMS crosslinking 
and the presence of SiO2 nanofibers, Si was randomly dispersed 
throughout the space. Meanwhile, the N signal, characteristic of PPy, 
was evenly distributed within the cells, indicating that the conductive 
polymer formed uniformly on the surface and across the pore walls [33]. 

The CNF/SiO2 cryogels showed excellent shape flexibility and low 
density (Fig. 2g). For instance, the cryogels easily shaped into 3D ob
jects. The CNF/SiO2 cryogels were ultralight (≈7.37 mg cm3, Table S1) 
and were supported by a feather, with no bending deformation. In 
addition, the as-prepared cryogels were easily folded in half, with no 
rupture, and rapidly recovered the initial state after unloading. 

We used FTIR and XPS to investigate the chemical structure and 
interactions between CNF and SiO2 nanofibers in the CNF/SiO2 cryogels 
(Fig. 2h to 2j). FTIR spectra of neat CNF cryogels showed peaks at 3340, 
2900 and 1600 cm−1, corresponding to the stretching vibration of –OH, 
CH2 and C––O (sodium carboxylate groups were introduced during 
TEMPO oxidation [34]) (Fig. 2h). After modification with MTMS and 
SiO2, additional FTIR peaks at 2970, 1270, and 898 cm−1 and between 
800 and 778 cm−1 appeared, assigned to the ν(C–H) of the methyl 
groups δ(Si-CH3), ν(Si-OH) of hydrogen bonds with cellulose hydroxyl 

groups, and ν(Si-O-Si) and/or ν(Si-C), respectively [28]. These results 
indicated the formation of covalent bonds between CNF and hydrolyzed 
MTMS. 

Wide XPS elemental spectra showed C and O as the main elements in 
the CNF cryogel, while the other composite cryogels included C, O, and 
Si (Fig. 2i). For PPy@CNF/SiO2-2, the characteristic N elemental peak of 
PPy was observed. The C 1 s spectra revealed the characteristic C peaks 
at 284.8, 286.8, and 288.3 eV (Fig. 2j), assigned to sp2 C, -C–O-, and 
-O–C–O-, respectively [35]. After crosslinking, the peak at 284.8 eV 
increased markedly, from 22% (CNF) to 58% (CNF/SiO2-2), implying 
the formation of C-Si binds mediated by MTMS [36]. Simultaneously, 
the XPS spectra of PPy@CNF/SiO2 confirmed that a stable PPy shell 
layer was produced on the inner surface of the cryogels (Figure S6 and 
discussion in Supporting Information). 

3.3. Mechanical and shape adaptability 

To explore the mechanical properties of CNF/SiO2 cryogels, we 
compared the compressive stress–strain profiles of different samples 
using a 50% strain loading. As shown in Fig. 3a, both yield stress and 
elasticity increased with SiO2 nanofiber loadings, up to an optimal mass 
ratio of CNF/SiO2 (3/2), showing only 1.49% plastic deformation and 
relatively high compressive strength (4.92 kPa, strain = 50%). Fig. 3b 
presents the compressive stress–strain curves of CNF/SiO2-2 

Fig. 3. Mechanical strength and shape-recovery of CNF/SiO2 cryogels. (a) Stress–strain profiles of samples subjected to 50% strain. (b) Stress–strain curves at given 
strains. (c) Fatigue resistance at 50% strain for 1000 cycles. (d) Stress–strain curves along different directions at 80% strain. (e) Young’s modulus, energy loss 
coefficient and max stress at 50% strain following 1000 loading/unloading cycles. (f) Schematic illustration (not to scale) of the compression and recovery of cell 
structure. Photographs illustrating (g) instantaneous shape recovery of cryogels CNF/SiO2-2 initially infused with ethanol following loading and unloading and (h) 
compressive deformation and full recovery in ethanol. 
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corresponding to the loading/unloading cycles at a set series of strain 
(10 to 50%), which indicates that the maximum compressive strain 
gradually increased from 10% to 50%. The CNF/SiO2-2 system recov
ered its initial height after unloading. Recovery after multiple cycles of 
long-term compression is critical in most practical applications. The 
CNF/SiO2-2 cryogel recovered its original shape and size after unload
ing, even after 90% deformation (strain) in the radial direction (Video 
S1). The CNF/SiO2-2 was further subjected to fatigue hysteresis tests 
following 1000 loading–unloading compressive cycles at 50% strain 
(Fig. 3c), showing that the cryogel largely recovered the initial shape. 
Only a slight plastic deformation (3.57% at the 100th cycle and 7.14% at 
the 1000th cycle) were noted. The observations highlight an excellent 
fatigue resistance. The anisotropic cryogel exhibited excellent elasticity 
and compression resistance in both directions (Fig. 3d), which is a 
typical characteristic of foam-like structures. 

We note a three-stage deformation regime that included a linear 
elastic region (< 10% strain), a plateau stage at intermediate strain 
(from 10% to 60%), and a densification stage with the stress increasing 
sharply at a high strain value (over 60%). Surprisingly, no significant 
reduction of the Young’s modulus, energy loss coefficient, and 
maximum stress of CNF/SiO2-2 was observed after 1000 cycles. Over 
70% of the initial modulus and 80% of the maximum stress were 
maintained, demonstrating that the CNF/SiO2-2 cryogel had an 
outstanding mechanical performance and structural stability (Fig. 3e). 
Upon loading and unloading, the flexibility of CNF and SiO2 nanofibers 
allowed the tracheid-like structure to freely fold and recover, effectively 

dissipating stress and resulting in excellent elasticity (Fig. 3f). Moreover, 
the CNF/SiO2-2 cryogel was elastic when compressed under a heavy 
weight (Fig. 3g) and under immersion in liquid nitrogen (-196 ◦C) 
(Video S2), indicating superelastic and adaptability under extreme low 
temperature. 

The shape recovery features of the CNF/SiO2-2 cryogel was further 
demonstrated with tests following an initial deformation and holding 
during a given time, indicating a full shape recovery [37]. We note that 
MTMS-crosslinked cryogels, with their reduced free surface hydroxyl 
groups (from CNF), enabled a relatively high water resistance. On the 
other hand, an ethanol-impregnated CNF/SiO2-2 cryogel was com
pressed into a thin sheet and, upon unloading, the channels expanded 
back to their original shape (Fig. 3h and Video S3). The continuous 
cellular structure quickly swelled, following ethanol impregnation by 
capillarity. The strong hydrogen bonding and stable structure prevented 
internal cellular channels from collapsing during compression [38]. In 
sum, excellent mechanical strength and shape-recovery properties were 
confirmed for CNF/SiO2-2 cryogel. 

Taking advantage of the dual network pore structure of CNF/SiO2 
cryogels, they can be considered as a matrix for electroactive materials. 
As shown in Figure S7, after uniform incorporation of PPy, the 
PPy@CNF/SiO2 cryogels exhibited better compressibility and fatigue 
resistance compared to respective unmodified CNF/SiO2-2. This obser
vation can be attributed to the high number density of PPy crosslinking 
sites. Notably, compared with the unmodified cryogel, the PPy@CNF/ 
SiO2 sample demonstrated a remarkably higher compressive strength 

Fig. 4. Thermal stability and anisotropic thermal insulation performance of CNF/SiO2 cryogels. (a) TG and (b) DTG curves of CNF, CNF/SiO2-0, and CNF/SiO2-2. (c) 
Average thermal conductivity of CNF and CNF/SiO2 cryogels in the radial and axial directions. (d) Schematic illustration (not to scale) of the heat transfer mechanism 
of CNF/SiO2 cryogels in the radial (upper) and axial (bottom) directions and infrared images of CNF/SiO2 cryogel placed on a hot plate heated to 150 ℃ for 10, 20, 
30 and 60 min. 
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(6.52 kPa, strain = 50%), lower plastic deformation (2.83% at the 
1000th cycle), and higher Young’s modulus, suggesting that the PPy- 
loaded conductive cryogels presented excellent structural stability and 
mechanical strength. 

3.4. Thermal insulation 

Thermogravimetric (TG) analyses were performed to explore the 
thermal stability of CNF and CNF/SiO2 cryogels (Fig. 4a), showing that 
the addition of MTMS and SiO2 nanofibers decreased the weight loss 
rate, which is attributed to the high thermal stability of SiO2 nanofibers. 
The presence of crosslinked silica network also blocked the volatile 
composition and heat generated by cellulose pyrolysis (see analysis in 
the Supporting Information).33 This result was supported by the DTG 
peaks of CNF/SiO2-0 (Fig. 4b), which showed a shift to higher temper
atures (from 309 to 318 ◦C) and a significantly lower weight loss (re
sidual weight increased from 7.07% to 33.5% after crosslinking with 
MTMS). In sum, the addition of MTMS and SiO2 nanofibers improved the 
thermal stability of the CNF-based cryogels. 

Benefitting from the high thermal stability, we studied the insulation 
properties of the CNF/SiO2 cryogels. The thermal conductivity of the 
neat CNF cryogel measured in the radial and axial directions were 44.3 
and 46.3 mW m−1 K−1, respectively (Fig. 4c). With increased addition of 
SiO2 nanofibers, the thermal conductivity of the CNF/SiO2 cryogels 
gradually decreased, given their more regular and uniform microstruc
ture. The CNF/SiO2 cryogels showed the lowest radial and axial thermal 
conductivity (29.7 and 34.5 mW m−1K−1, respectively) at a mass ratio of 
2/3. The measured thermal conductivity and density were lower 
compared to other reported cryogels (Figure S8 and Table S2). As 
illustrated in Fig. 4d, the thermal conductivity of highly porous mate
rials in air results, in theory, from the contribution of conduction, con
vection, and radiation (with the latter being ignored at ambient 
temperature) [39]. When the thermal energy is propagated along the 
radial direction, the parallel “layer-strut” structure of CNF/SiO2 cryogels 
was expected to effectively weaken the solid heat conduction and 
restrict thermal convection via multiple refraction and scattering at 
solid-air interfaces. Hence, a significant reduction of total thermal 
conductivity occurred (enhanced thermal insulation). 

The anisotropic cryogels, as expected, displayed direction-dependent 
thermal conductivity. In the axial direction, heat was transferred 
through the cavity of the cell structure, resulting in higher thermal 
conductivity compared to that in the radial direction [40]. Hence, 
thermal dissipation was favored along the axial direction, while the 
insulation performance was more significant in the radial direction. The 
discussed anisotropy was confirmed by irradiating a cryogel with a red- 
light beam (Figure S9), wherein the light passed through when directed 
along the axial direction but was blocked along the radial direction. The 
anisotropic thermal insulation performance of CNF/SiO2 cryogels along 
the radial and axial directions was further demonstrated by infrared 
imaging when the system was placed on a hot plate kept at 150 ◦C. Once 
the cryogel reached a stable temperature, the heat transfer through the 
cryogel on the side of the samples (20 × 20 × 20 mm3) was monitored 
(see temperature versus height profile in Figure S10). The temperature of 
the samples measured at a given height, upon placing a cryogel in the 
axial direction on a hot place, was significantly higher than that 
measured in the radial direction, indicating a much better thermal 
insulation performance in the latter case. Heat transfer in the axial di
rection was effective in the first 10 min, while the surface temperature 
was maintained at 45.4 ◦C in the radial direction (for a hot plate tem
perature of 150 ◦C), only slightly higher than the initial temperature, 
indicating that heat transfer was effectively blocked by the cryogel, 
which displayed a long-lasting high thermal stability. Overall, the re
sults show that structural and nanoscale features of the designed cry
ogels enabled insulation and excellent properties from the combination 
of cellulose and other nanosized fibrous materials [41]. 

3.5. Pressure sensitivity of PPy@CNF/SiO2 

The structural stability and fatigue resistance of the CNF/SiO2 cry
ogel make them a promising candidate for electroactive sensing. As 
such, three-dimensional conductive networks were formed in the CNF/ 
SiO2 cryogel with the addition of the conductive polymer (PPy), forming 
PPy@CNF/SiO2. The electroactive and sensing performance were tested 
in a device comprising PPy@CNF/SiO2 sandwiched between two poly
ethylene terephthalate (PET) films adhered with copper sheets 
(Figure S11). Fig. 5a reveals the real-time current response of 
PPy@CNF/SiO2 during 5 cycles under given compression strain, from 
20% to 80%. As expected, the current increased rapidly and significantly 
under compression, indicating a highly sensitive conductivity and fast 
response capability under compressive strain. Furthermore, the real- 
time I-V curves at given loads demonstrated that the assembled 
conductive cryogels were sensitive in a wide range of pressures (Fig. 5b). 
Under an increased external pressure, the pores surrounded by a dual 
nanofiber network reached close contact; hence, the distance between 
the PPy@CNF/SiO2 conductive layers decreased, leading to lower con
tact electrical resistivity and thus increasing the current. In addition, 
characteristics of the linear I-V curves suggested a stable resistance of 
the PPy@CNF/SiO2 sensor under different pressures. Furthermore, the 
electrical current was maintained almost at the same level after 1000 
cycles at 50% strain (Fig. 5c), demonstrating PPy@CNF/SiO2 cryogels 
with an excellent current stability, given the high compressibility and 
superelastic networks. 

We further evaluated the sensitivity of the cryogel when tested as 
strain sensor using the gauge factor (GF) [42]. PPy@CNF/SiO2 showed a 
high GF, 9.38 (strain < 4%) (Fig. 5d), demonstrating a steady linear and 
sensitive relationship between current output and strain. Moreover, the 
sensitivity (S, kPa−1) of the PPy@CNF/SiO2 sensors was used to evaluate 
their ability to monitor deformations [8]. A linear relationship between 
ΔI/I0 and pressure change is critical for a sensor to accurately report 
output signals. The sensitive current response to different pressures is 
shown in Fig. 5e. The linear S of the PPy@CNF/SiO2 was 6.63 (R2 =

0.9986) for a pressure range between 0 and 18.21 kPa, demonstrating a 
linear relationship between current output signal and applied pressure 
in a wide working range. The linear S was not only superior to other 
cellulose-based cryogels, but higher than those reported for carbon- 
based cryogels (Fig. 5f and Table S3) [43–53]. The excellent S of 
PPy@CNF/SiO2 is attributed to the highly compressible, elastic, ordered 
tracheid-like architecture and the uniform PPy coverage. 

The cryogel-based sensors showed underwater electrical conductiv
ity, involving three stages of current change: stabilization, loading 
compression and underwater self-recovery, given the shape-memory 
property of the cryogels (Fig. 5g). This current response was stable 
and durable, showing full recovery of the initial value without observ
able shift after removal of the pressure. More importantly, given the 
excellent physical properties of the CNF/SiO2 cryogel, PPy@CNF/SiO2 
exhibited a relatively stable cyclic stability at low (liquid nitrogen, 
Figure S12) and high (50, 100, and 150 ◦C, Fig. 5h) temperatures. The 
change of current under different applied pressures was further 
demonstrated by connecting the cryogel sensor with a light-emitting 
diode (LED) circuit (Fig. 5i). The luminance of green LED varied with 
the loading pressures (it became brighter at an increased external force, 
from 0 to 12.4 kPa), reflecting an increase in current (reduced resis
tance) under load. 

Considering remarkable mechanical performance, deformability, 
excellent sensitivity, and strain/pressure detection capability of 
PPy@CNF/SiO2, the cryogels were tested as a wearable device. They 
reliably captured the bending movement when attached to a finger, as 
registered by the current signals measured at given bending angles 
(Fig. 5j). The ΔI/I0 signals intensified with the increase in bending angle 
and stayed almost unchanged when keeping the finger at a given 
bending angle, demonstrating real-time stability and responsiveness. 
The time-dependent changes in the electrical current were demonstrated 
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in regular blood pulse signals (periodicity of about 81 beats min−1, 
Fig. 5k), including three peaks corresponding to incoming blood wave 
(P1), ejected by left ventricular wave (P2), and reflected wave (P3). This 
demonstration confirmed that the PPy@CNF/SiO2 system sensed with 
high precision, subtle changes in pulse signals. The PPy@CNF/SiO2- 
based sensor also enabled rapid sensing of large bending motions 
(elbow), accurately recording the current signals (Fig. 5l). The repeat
able ΔI/I0 signal was highly reversible and stable during multiple 
bending/relaxing cycles, indicating suitability to monitor dynamic 
motion. 

4. Conclusions 

In summary, we demonstrated a simple strategy to synthesize CNF- 
based dual nanofiber cryogels comprising a cellular structure formed 
via ice crystals, which displayed superelasticity, thermal insulation and 
electroactive properties. CNF formed a 3D-network intertwined with 
flexible SiO2 nanofibers, resulting in a highly-ordered porous structure. 
The cellular structure not only effectively dissipated stress, but also 
contributed to good thermal insulation (29.65 mW m−1 K−1). Given the 
excellent mechanical strength and flexibility, as well as unique internal 
porous architecture, the CNF/SiO2 cryogels were modified with 

Fig. 5. Pressure-sensing tests and application of a cryogel-based sensor to measure physiological signals. (a) Current response at different strains. (b) I-V curves with 
a voltage ranging from −1 to 1 V at different external pressures. (c) Current stability at 50% strain for 1000 cycles. (d) ΔR/R0 at 80% strain. (e) Linear sensitivity (S) 
with a working pressure range of 0–18.21 kPa. (f) Comparison of sensitivity versus working pressure range of PPy@CNF/SiO2 compared to other reported sensing 
materials [43–53]. (g) Current response through underwater compression. (h) Multiple-cycle sensing performance of PPy@CNF/SiO2 cryogel in high temperature 
environment. (i) LED brightness changes under different pressures. Detection of (j) finger bending at various angles, (k) arm pulse and (l) elbow bending. 
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conductive PPy to develop electroactive (sensing) devices. The 
PPy@CNF/SiO2-based sensor showed excellent sensitivity (up to 6.63 
kPa−1) and detected a broad range of pressures (0–18 kPa) with an 
excellent durability (1000 cycles). The presented hybrid materials 
represent a facile, low-cost, and scalable approach based on nano
cellulose cryogels that achieve a superior performance inspired by nat
ural, cellular materials. The introduced dual nanofiber cryogels offer a 
pathway to create high-performance, multifunctional and superelastic 
platforms that compete or outperform carbon-based materials for the 
next-generation wearable electroactive materials, particularly for ap
plications under various environments. 
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